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WATER SOAKING OF LEAVES IN RELATION TO DEVELOPMENT OF THE WILDFIRE DISEASE OF TOBACCO '
By E. E. CLAYTON
Plant pathologisty Division of Tobacco and Plant Nutrition^ Bureau of Plant
Industry, United States Department of Agriculture
INTRODUCTION

Leaf spot diseases, popularly referred to as red rust, black rust,
and white rust, have long been a problem in the culture of tobacco
(Nicotiana tabacum L.)> but until recently nothing was known as to
either their cause or prevention. During the period 1917 to 1925,
however, serious outbreaks of these leaf-spot diseases led to scientific
investigations, and in consequence the two most important types of
leaf spot were described respectively as wildfire {Bacterium tabacumY
by Wolf and Foster {lôY and blackfire or angular leaf spot (Bad.
angulatum) by Fromme and Murray (9). Seed treatment, seedbed
sanitation, and, in some localities, seedbed spraying were recommended as control measures. These proved very effective in eliminating or greatly reducing the amount of seedbed infection, but they
have not been eft'ective in preventing destructive field outbreaks of
leaf spot.
The field epidemics occur late in the season and have been closely
associated with certain weather conditions and fertilization and
cultural practices. Recently there has been a growing tendency to
question whether either Bacterium, tabacum or Bact. angulatum is
capable of causing destructive leaf spot epidemics in the field, and to
regard this leaf break-down as, at least in part, a nonparasitic trouble
due to unbalanced nutritional conditions, possibly assisted by over
maturity of the leaf. In support of this view Valleau {14) has cited
the fact that Bact. angulatum when inoculated into leaves produces
only very small lesions of a harmless nature, while field blackfire is
characterized by large rapidly developing lesions that cause great
destruction. In the earlier work, the fact that the organism could be
isolated from the large field lesions and would produce small lesions
from controlled inoculations led to the assumption that it would also
be able to produce the large type of lesion if suitable conditions were
provided.
Exactly the same situation exists with respect to Bacterium tabacum
and wildfire. Artificial inoculations with the organism have always
produced lesions consisting of a small central dead area surrounded
1 Received for publication Sept. 10, 1935; issued March 1936.
2 Synonym, Phytomonas tabaca (Wolf and Foster) Bergey et al.
8 Reference is made by number (italic) to Literature Cited, p. 268.
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by a broad yellow halo (fig. 1, A), and these lesions require about a
week to develop fully. In the field, on the other hand, lesions of
large size may appear in 2 or 3 days with little or no suggestion of a
halo (fig. 1,5). The halo-type lesions produced by artificial inocula-

FiGUEE I.—^, Halo wildfire. Lesions ol this type result when young leaves are pricked with a needle
dipped in a Bacteñum labrzcum culture. Note the small central dead area surrounded by a broad yellow
halo. B, Epidemic wildfire. These lesions are typical of those which developed in the field during the
leaf spot epidemic of 1933. Note the large irregular dead areas with little or no evidence of halos around
the margins.

tion have been regarded as typical wildfire, but the exact cause of the
large field-type lesions, referred to in this paper as "epidemic wildfire",
has been questioned by various writers. Thus as early as 1921 Chap-
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man and Anderson (4) reported that in the Connecticut Valley they
found much ^^rust'\ which they suggested was probably caused by
excess of nitrogen and deficiency of potash. Reference to a nonparasitic rust which might be confused with wildfire is also made by
Johnson and Fracker (11). Beach (1) has logically connected the
nonparasitic blackfire suggested by Valleau (14) with the nonparasitic
rust mentioned above, and he states:
Nonparasitic spots, including what the farmers have called ''rust" but referred
to by pathologists as ''blackfire", often develop on the tobacco at maturity when
the weather is very wet.

Thus, both in the southern tobacco region with Bacteriuin angulatum
and in the northern region with Bad, tahacurUj the leaf spot situation
is complicated by the possibility that the destructive late-season epidemics are in part nonparasitic. This view is supported indirectly by
the failure of recommended control measures to give protection under
field conditions, and directly by the fact that artificial inoculations
with either organism produce small harmless lesions (fig. I, A) which
fail to develop into anything resembling the large field lesions (fig. 1,
B). No one, however, has been able to reproduce the large lesions
under controlled conditions by either pathological or physiological
methods.
In seeking an explanation of this situation, the writer has conducted
work simultaneously with the bacteria mentioned and also with
various fungi. The present paper, however, records only the results
secured witli Bacterium tabacum.
The fundamental importance of this study lies in the fact that if the
destructive, late-season type of leaf spot is not caused by an organism,
then obviously the present control methods, which are directed at
eliminating the organism, have no chance of success, and the entire
problem of leaf spot control must be reconsidered. On the other hand,
if the organism can be proved to be an essential factor in leaf spot
development, then the failure of the present control program can be
safely ascribed to inadequacy of measures recommended and not to
misdirection of efforts. Obviously, the only way to prove definitely
either the parasitic or the nonparasitic theory of the cause of leaf spot
is actually to reproduce the large destructive type of field lesions under
controlled conditions.
METHODS OF STUDY

The organism was isolated from material obtained in many localities
and from lesions of widely varying appearance. Cultural and inoculation studies with these isolations showed no differences. The pathogenicity of all isolations decreased rapidly in artificial culture, but was
readily maintained by frequent inoculation and reisolation. Inoculations were usually made with 6- to 10-day-old broth cultures
diluted 10 times with water. Wound inoculations were made with
sharp-pointed glass tubes, leaving a small drop of the inoculum at each
prick. Following inoculation the plants were incubated in a saturated
atmosphere at a favorable temperature (70°-80° F.) for 48 to 72 hours.
In prior studies the general practice had been to use very young plants,
but in this work large plants were employed for both greenhouse and
field studies. Since the different leaves of large plants do not respond
in the same manner to infection, it was found advisable to classify
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leaves as basal, middle, or tip. All measurements of lesion size
refer only to the area of tissue actually dead. Nutrition studies in
the greenhouse were conducted with field soils of low fertility to which
the various nutrient salts were added in solution at weekly intervals.
Field studies were conducted at the Arlington Experiment Farm,
near Rosslyn, Va., and at Upper Marlboro, Md. At the former
location the soil was a medium sandy loam of moderate fertility, and
at the latter location the soil was a light sandy loam of low fertility.
At Upper Marlboro there was available an extensive series of agronomic experiments which provided a wide range of nutritional and
topping conditions. The disease was well distributed each year in
these plantings, and the epidemic type of wildfire was general in 1933.
The Upper Marlboro plantings provided an exceptional opportunity
to study the influence of cultural and nutritional factors on disease
development. The object of the work necessitated taking data in
much detail, often as counts of the number of lesions and measurements of the size of lesions, leaf by leaf. Presentation of any considerable amount of these data is impracticable, and consequently in
this report significant developments are summarized and supplemented with representative data. The large volume of negative
results secured during the early phases of the study will first be
referred to very briefly.
The Maryland Broadleaf variety was used throughout this work,
and supplementary tests were conducted with Connecticut Havana
and Cash, the latter being a strain of Orinoco.
RESULTS OF PRELIMINARY EXPERIMENTS

It has been suggested that the epidemic type of wildfire is due (1)
to intensive dissemination of the organism by rain spattering plus
high humidity, and (2) to excessive plant susceptibility induced by low
topping and high-nitrogen or low-potash fertilization. During the
first year and a half of this study, numerous experiments were conducted along these lines.
Plants in the field were sprayed with bacteria during the progress of
rains to find whether intensive inoculation under supposedly favorable
natural conditions would be effective. In the greenhouse, plants were
similarly inoculated and incubated in a saturated atmosphere for
various periods and at different temperatures. Excellent infection,
as judged by the number of lesions, was obtained in both field and
greenhouse experiments. This was favored by temperatures between
70° and 80° F. and by incubation periods of 48 to 72 hours. The
lesions that resulted, however, were all of the halo type, and consequently they bore no resemblance to epidemic wildfire.
In other experiments, the effect of height of topping was studied,
and it was found that low topping increased both the number and the
size of lesions, but again all lesions were of the halo type. Many
infection experiments were conducted with leaves of different ages,
with inoculations of both the upper and the lower leaf surfaces, both
with and without wounding. Wound inoculations were positive under
all circumstances. Without wounding, young leaves and lower surfaces were more easily infected than were old leaves and upper surfaces. The lesions secured were all of the halo type, and the results
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tended to indicate that halo and epidemic wildfire are different, for
in the field old leaves, and not young ones, were most severely injured.
Extensive nutrition experiments were conducted with nitrogen,
phosphorus, potassium, magnesium, and chlorine. The effect of both
deficiencies and excesses of these elements alone and in combination
was considered. High nitrogen consistently increased the number and
size of lesions. High potash was more variable in its effect, in some
experiments distinctly reducing the amount of infection and in others
yielding negative results. Phosphorus and magnesium had little
effect on disease development. Chlorine in excess distinctly reduced
the amount of disease in some experiments. However, none of these
treatments altered the character of the lesions, all of which were of
the halo type of wildfire and consequently caused but little actual
leaf damage.
The one conclusion from these experiments was that epidemic wildfire had not been produced by any of the methods tried. On the
other hand, the failure to produce extensive leaf break-down could
not be interpreted as proving the nonparasitic leaf spot conception.
Rather, it appeared that the essential cause of epidemic wildfire
might have been missed entirely, and later developments proved this
to be the case.
The first clue as to the real predisposing factor was obtained during
the summer of 1933, when it was possible for the first time to follow
the entire development of an epidemic of leaf spot that was associated
with a severe wind and rain storm. The storm occurred in August of
that year.
RELATION OF STORM-INDUCED WATER SOAKING OF LEAVES TO
EPIDEMIC WILDFIRE
FIELD OBSERVATIONS

During the storm of August 1933 numerous water-soaked areas
scattered over the leaves were observed. As the strong wind and
heavy rain continued, these areas increased greatly in number and
size. Plants were partly tilted over by the wind, and the leaves so
turned up became extensively water-soaked (fig. 2). There were
noticeable differences in the amount of water soaking, depending on
methods of topping and fertilization. These water-soaked areas
were plainly the result of flooding of the intercellular spaces, and, following the first violent phase of the storm, they persisted for some
48 hours, until the weather began to clear. As the sun came out,
many of these areas cleared up completely, but at the same time
many others began to turn brown and die (figs. 3 and 4). Microscopic examinations showed abundant evidences of bacteria in the
dying tissues. Isolations yielded practically pure cultures of Bacterium tabacum. The lesions that resulted were of the typical epidemic type of wildfire, and the disease caused great destruction
throughout the tobacco sections of Maryland and Pennsylvania. As
a check on the question of whether the storm itself produced this
destructive leaf spot in the absence of the organism, the writer fortunately had a disease-free plot of tobacco at College Park, Md. This
plot developed no leaf spot following the storm, regardless of fertilizer
or topping treatment.
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FiQUEE 2.—Water soaking as it developed on leaves in the field following a severe wind and rain storm.
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3.—Epidemic wildüre as it appeared on leaves a few days after they had been water-soaked as
shown in figure 2. Note the irregular shape of the lesions and the absence of any halo effect. These
lesions were red brown and typical of the condition often referred to as rust.

FIGURE
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4.—Epidemic wildfire showing dark, zonate lesions of the type often referred to as blackûre. The
color, however, is due to the fact that this was a heavy, mature leal as compared with the immature leaf
shown in figure 3. The zonate markings in this case are the indications of smaller wildfire lesions formed
at an earlier date, which spread rapidly after a storm and coalesced to form the large dead area shown.

FIGURE

Feb. 15,1936

Development oj Wildfire Disease of Tobacco

247

ARTIFICIAL WATER SOAKING OF LEAVES

As a result of the observations just described, the entire problem of
epidemic wildfire was reconsidered. Water soaking had never been
encountered in previous inoculation experiments, because the plants
had always been dampened with a fine mist. Tests now showed that
typical leaf water soaking could be produced with a strong water
spray. By using a coarse spray and holding the nozzle about 3 feet
away, it was possible to produce large water-soaked areas on leaves
laid against a padded board in K to 2 minutes. These treated leaves
recovered without injury when they were not inoculated.
INOCULATION OF WATER-SOAKED LEAVES

Inoculations made in the usual manner, except that the leaves were
previously water-soaked, yielded outstanding results. Figure 5 illustrates the disease development in an experiment in which halves
of leaves were water-sprayed from above until scattered areas appeared, and the entire leaves were then atomized from below with a
suspension of bacteria. The tissues that were water-soaked began
to break down after 64 hours, when the plants were removed from the
damp chamber, and large dead areas were soon formed which coalesced
to produce the dead area shown. This was still enlarging when the
photograph was taken, 9 days after inoculation. Obviously, although
the water-soaked areas provided the starting points, the ultimate
lesions extended far beyond the borders of the original water-soaked
areas.
This same sequence also occurs under natural conditions; (1) the
quick break-down of the infected, water-soaked areas, which takes
place during the few hours following the storm, and (2) the more
gradual extension of the lesions, which continues for as much as 2
weeks. In contrast to this, the small halo lesions, on the side of the
leaf that was not water-soaked (fig. 5), were not visible until about 5
days after inoculation, and after a few days they ceased to enlarge.
It seems evident that the secondary extension of lesions originating
with water-soaked areas can be attributed to the mass action of the
tremendous population of bacteria within the host tissues. Isolations
show that, whereas without water soaking the bacteria remain confined
to the tissues close to the point of inoculation, with water soaking
large areas of tissue may be swarming with bacteria in as short a time
as 30 hours.
Since the major effect of water soaking was to increase the size of
the lesions, it seemed desirable to measure this effect quantitatively.
For this purpose 25 leaves were selected on plants of different ages, and
one-half of each leaf was water-sprayed. Four water-soaked areas
were selected on each treated half leaf and inoculated by pricking
lightly in the center with a needle dipped in a suspension of bacteria.
The half of each leaf not water-soaked was then inoculated similarly,
and all were incubated as usual. Each experimental leaf was then
outlined on a sheet of paper, and the location of the inoculations and
the size of the water-soaked areas were indicated. Outlines were
made of all lesions at 3, 7, and 16 days after inoculation. The results
from all 25 leaves were similar, and are indicated by the detailed
data from 3 representative leaves given in table 1.
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5.—Effect oí water soaking on disease development. The entire leaf was inoculated but only the
right half was water-sprayed before inoculation. The lesions on the right half soon spread and coalesced,
while those on the left remained small.

FIGURE
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1.—Results from Bacterium tahacum inoculations on leaf with and without
water soaking
Size of lesions after indicated number of days
Lesion
no.

Age of leaf

Young

_._...

Half grown

Mature

Total area killed

1 i
1 \
(

1

J
I

2
4

Water-soaked and inoculated

Inoculated only

3 days

7 days

16 days

3 days

7 days

16 days

Sg. in.
0.12
.00
.09
.13
.06
.09
.09
.04
.02
.04
.08
.08

Sq. in.
0.45
.34
.90

Sg. in.

Sq. in.

Sq. in.
0.06

Sq. in.
0.06

.52
.75
.75
.18
.30
.09
.50
.75

1.25
2.18
2.19
1.00
2.20
1.36
2.24
2.00

0
0
0
0
0
0
0
0
0
0
0
0

.90

5.53

20.22

0

' The 4 original lesions coalesced to form 1.

1 5.8

.02
.05
.06
.03
.04
.03

(2)

.02
.05
.06
.03
.04
.03
.03

.03
(2)

(2)

.32

.32

2 Trace.

The figures of table 1 show clearly how it is possible with the aid
of leaf water soaking to produce typical epidemic wildfire. Note that
with water soaking lesions of appreciable size had formed 3 days after
inoculation, while without water soaking no development was apparent at this time. After 7 days, 100 percent of infection had resulted
from all inoculations, but the total leaf area destroyed was increased
by water soaking 1,628 percent. After 7 days there was no further
increase in the size of the lesions on the half leaves not water-soaked,
but the lesions with water soaking continued to enlarge, and at the
end of 16 days the increase in area killed on water-soaked leaves
was 6,218 percent greater than that on leaves not water-soaked.
The lesions without water soaking were of the typical harmless halo
type, and with water soaking they were of the quick-forming destructive epidemic type. It is to be observed also that with water soaking
leaves of all ages were highly susceptible, as indicated by the large size
of lesions formed. Without water soaking the mature leaves were
most resistant, though the small size of all lesions indicates a high
degree of resistance for the normal leaf at any age.
EFFECT OF SIZE AND PERSISTENCE OF WATER-SOAKED AREAS ON LESION
DEVELOPMENT

Under natural conditions it has been observed that the water-soaked
condition of many areas disappears in a few hours, and that when
this occurs epidemic wildfire does not result. Both during the
extensive storm of 1933 and during a more local but equally severe
one in 1934, the water-soaked condition of the areas persisted for 48
hours, and then, as the weather cleared, the break-down of tissues
took place. Poured-plate isolations showed that after 15 hours the
bacteria were well distributed throughout some of the water-soaked
areas but were not numerous. Similar isolations after 30 hours
showed an enormous multiplication in numbers. It seemed desirable
to find out definitely whether large water-soaked areas tended to
facilitate the formation of large lesions. The large areas persist
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longer, as a rule, than the small ones, but the effect of persistence
will be considered separately. In seeking to evaluate the direct effect
of size of water-soaked areas, it was first shown conclusively that if
large and small areas are generally inoculated by atomizing the entire
leaf surface with a bacterial suspension the lesions resulting from the
larger areas are much the more extensive, owing to multiple infections.
It is probable, however, that under many field conditions the supply
of bacteria is limited, and hence comparisons were made with large
and small water-soaked areas inoculated at only a single central point.
In these experiments the large water-soaked areas ranged from % to
IK inches in diameter and the small areas from )i to K inch. All inoculations were incubated 48 hours, and the lesions were measured 5
days after inoculation. The results are shown in table 2.
TABLE

2.—Size of lesions in relation to size of water-soaked areas
Size of lesions on leaves with—
Large water-soaked areas

Experiment no.

1
2

.

,

3

Small water-soaked areas

Tip
leaves

Middle
leaves

Basal
leaves

Tip
leaves

Middle
leaves

Basal
leaves

Sq. in.
1.1
1.08
1.75

Sq. in.
1.25
1.25
1.17

Sq. in.
1.25
1.56
1.22

Sq. in.
0.25
.29
.30

Sq. in.
0.25
1.04
.96

Sq. in.
1 08
1.16
92

Records of the check inoculations, without water soaking, are not
included in table 2, because at the time data were taken they appeared
merely as faint halos and no dead tissue was observed. The tendency
of the large water-soaked areas to facilitate the formation of large
lesions is quite apparent, and the data again point to the marked
effect of the intercellular liquid in facilitating spread of the bacteria
through the tissues.
The relation of persistence of the water-soaked areas to the development of epidemic wildfire was studied by water soaking leaves and
then holding the plants for various periods in a saturated atmosphere.
The water soaking disappeared as soon as the plants were removed
to ordinary greenhouse conditions. The results, taken in terms of
percentage of leaf area killed 11 days after inoculation, are presented
in table 3.
TABLE

3.—Relation of persistence of water-soaked areas to disease development

Leaf no.

1
2
3
4
5
6
7

.,
.. .

Percentage of leaf killed after
11 days when water-soaked
areas were held for—

Leaf no.

Percentage of leaf killed after
11 days when water-soaked
areas were held for—

10 hours

24 hours

50 hours

10 hours

24 hours

50 hours

Percent
20
50
20
10
10
10
10

Percent
40
30
10
30
25
25
50

Percent
35
35
85
30
25
25
30

Percent
15
40
15
60
5

Percent
50
75
75
80
75

Percent
80
75
85
95
85

10
11
12..
Average

22
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Counts were made of number of lesions, and there were about as
many with 10 hours' as with 24 or 50 hours' incubation. Hence, the
differences in percentage of leaf area killed were the result of the much
larger lesions that developed with water-soaked areas persisting 24 and
50 hours. The great increase in leaf area killed occurred between 10
and 24 hours, and a further increase from 24 to 50 hours had but little
effect. The results obtained from this and similar experiments showed
that for the development of the destructive epidemic type of wildfire
the water-soaked areas must persist for 24 hours or more after inoculation has occurred. Under field conditions, inoculation and infection
may not occur for some time after the start of the storm; in fact, many
water-soaked areas never become infected, and all traces of water
soaking disappear. The persistence factor consequently is very important, and, with both natural epidemics studied, water soaking
persisted for about 48 hours.
EPIDEMIC WILDFIRE REPRODUCED IN THE FIELD

As a final proof of the relation of water soaking to epidemic wildfire
development, this type of disease was reproduced in the field. To
accomplish this, plants were sprayed during the early stages of ordinary
rainstorms until water-soaked areas appeared on the leaves. Part of
the sprayed plants were then inoculated with Bacterium tabacum, and
part were held as uninoculated checks. Other plants were inoculated
but not water-sprayed. Figure 6 shows epidemic wildfire that resulted
from the combination of water spraying and inoculation. Figure 7
shows the healthy condition of similar plants that were water-sprayed
but not inoculated. Plants inoculated but not water-sprayed developed the usual harmless halo spots.
FACTORS MODIFYING SUSCEPTIBILITY OF LEAVES TO WATER
SOAKING
SURFACE OF LEAF EXPOSED

It has been shown that when leaves are held in a firm position and
a strong water spray is applied extensive water soaking can be produced in one-half to 2 minutes. Under field conditions, however,
leaves do not become water-soaked so readily. In fact, only the
severest storms produce any considerable amount of water soaking,
and slight variations in the susceptibility of the leaves result in marked
differences in the amount of water soaking and hence in the severity
of disease development. Observations during storms indicated that
water soaking was greatly facilitated when the lower leaf surface was
exposed. The susceptibility to water soaking of upper and lower leaf
surfaces was measured under controlled conditions. Half of each leaf
was sprayed from above and the other half from below. Table 4
gives the results from such measurements with two sets of leaves—the
high-nitrogen leaves, which were very susceptible to disease, and the
low-nitrogen leaves, which were very resistant. All the plants from
which the leaves were taken were topped low. Even during the severe
epidemic of 1933 very little disease developed in the low-nitrogen plots.
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4.—Relative susceptibility to water soaking of upper and lower leaf surfaces
on high-nitrogen and low-nitrogen plants
Time required
to water-soak
indicated surface of leaf from
high-nitrogen
plants

Time required
to water-soak
indicated surface of leaf from
low-nitrogen
plants

Upper

Upper

Lower

Seconds Seconds Seconds
90
45
240
70
45
330
90
45
235

Seconds
180
270
160

Iveaf no.

1
2
3

Vol. 52, no. 4

Lower

Time required Time required
to water-soak
to water-soak
indicated surindicated surface of leaf from face of leaf from
high-nitrogen
low-nitrogen
plants
plants

Leaf no.

Upper

Lower

Upper

Lower

Seconds Seconds Seconds Seconds
105
60
360
360
110
40
300
420

4
5
Average.-

93

47

293

278

The marked difference in susceptibility to water soaking between
leaves from low-nitrogen and those from high-nitrogen plants is to
be noted first, and the extreme resistance of the former explains
adequately their freedom from epidemic wildfire. The most rapid
water soaking was secured with high-nitrogen leaves having the lower
leaf surface exposed, the average time being 47 seconds. The same
leaves, but with upper surface exposed, required an average of
93 seconds to water-soak.
In another experiment leaves were taken from plants given average
topping and fertilization treatment. As in the previous test, half of
each leaf was sprayed from above and the other half from below.
However, the duration of the spray treatment was 1 minute from
below and 2 minutes from above. The data were taken in terms of
size of water-soaked areas (table 5).
TABLE

5.—Relative susceptibility of upper and lower leaf surfaces to water soaking
Size of water-soaked
area
Leaf no.

1
2
3
4

,

..

Lower
surface
sprayed
] minute

Upper
surface
sprayed
2 minutes

Sq. in.
16.9
24.2
12.5
10.5

Sg. in.
12.26
15.0
4.5
7.5

Size of water-soaked
area
Leaf no.

Lower
surface
Ute

5
6

...
Average

Upper
surface
sprayed
2 minutes

Sg. in.
30.5
25.2

Sg. in.
18.8
9 7

20.0

1L3

A comparison of average results shows that a 2-minute treatment
of upper surfaces produced 11.3 square inches of water soaking, while
a treatment half as long of lower surfaces gave 20 square inches.
Similar experiments have been conducted with many lots of leaves.
Lower-surface exposures of equal duration have yielded water-soaked
areas as much as five times as large as those obtained with uppersurface exposures. Hence it may be concluded that if leaves are so
turned that the under surface is exposed to the rain, water soaking is
greatly facilitated.
Earlier in this study it was shown that the normal leaf, not watersoaked, is more readily infected by applying the inoculum to the
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lower leaf surface, and that the upper surface of mature leaves is
especially difficult to infect. In view of this, it seemed advisable
to consider the effects of different combinations of water-spray treatments of upper and lower leaf surfaces with inoculations, as shown
in table 6. This experiment was repeated several times with similar
results.
TABLE

6.—Effect of different combinations of water-spray and inoculation treatments on disease development in old and in young leaves
Leaf surface treated

Water-sprayed

None
Upper .
Lower
None
Lower
Upper -

__
- .

-

Old leaves

Young leaves

Inoculated

Average
number
of lesions

Average
percentage
of leaf area
killed

Upper
...do
_.
...do
Lower
do ...do

1
31
65
6
118
69

0
47
80
1
100
87

Average
number
of lesions
24
83
200485
200+
200+

Average
percentage
of leaf area
killed
1.5
50
80
3.5
90
80

In comparing results obtained with old and with young leaves, it
is to be noted that, although all leaves were equally water-soaked in
the beginning and saturated air conditions were maintained during
incubation, the water-soaked areas were always retained more completely by the more mature leaves. This difference is associated
with slightly higher values for percentage of leaf area killed in the
case of the mature leaves. The chief point brought out by table
6, however, is that there is little relation between susceptibility to
infection of the normal leaf and the development of epidemic wildfire.
The old leaves that were infected with difficulty when not watersoaked were destroyed by the disease after water soaking even more
completely than were the young leaves that were readily infected.
Table 6 shows also that, regardless of which leaf surface was watersp.rayed and which was inoculated, all developed the epidemic type
of disease; the minimum of leaf area destroyed was 47 percent and
the maximum 100 percent. Without water soaking, the same inoculations produced only the halo type of wildfire, and the minimuni and
maximum figures for area killed were 0 and 3.5 percent, respectively.
LEAF INJURIES

In the field, after storms, water-soaked areas were frequently
observed surrounding old wildfire lesions. Similar water-soaked areas
were noted about fresh mechanical injuries, but old injuries or insect
punctures had no effect. Experiments under controlled conditions
confirmed these observations and showed conclusively that both fresh
mechanical injuries and wildfire lesions of any age materially reduce
leaf resistance to water soaking. Toward the latter part of the
summer medium- to small-sized wildfire lesions often are very
numerous, and their function in supplying bacteria for further disease
development is obvious. The data in table 7 show their importance
in increasing susceptibility of leaves to water soaking. In this experiment pairs of adjoining healthy and diseased leaves from the same
plant were compared.
54105—36
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7.—Effect of old wildfire lesions on the susceptibility of leaves to water soaking
Size of water-soaked area of leaf with—

Leaf
pair
no.

Upper surface
sprayed IK minutes

Lower surface
sprayed % minute

Diseased Healthy Diseased
leaf
leaf
leaf

1
2.
3
4
5
6

Vol. 52, no. 4

Sq. in.
16.5
8.0
5.5
6.25
15.0
11.0

Sq. in.
3.2
4.0
.75
6.25
7.5
5.5

Sq in.
7.75
7.3
5.75
4.0
7.7
12.5

Size of water-soaked area of leaf with—

Leaf
pair
no.

Healthy
leaf
Sq. in.
7.75
6.7
1.0
4.2
3.4
12.5

Upper surface Lower surface
sprayed 13^ min- sprayed % minute
utes
Diseased Healfhy Diseased Healthy
leaf
leaf
leaf
leaf

7
8
9
10
Average-

Sq. in.
5.5
12.0
19.0
12.0

Sq. in.
3.2
4.5
12.5
2.6

Sq. in.
6.5
8.3
17.9
11.0

Sq. in.
2.0
9.0
18.6
12.0

11.1

5.0

8.9

7.7

The 10 pairs of leaves used in this experiment were selected with
special care to insure that they were as nearly alike as possible, except
for the presence or absence of wildfire lesions. These lesions, however, were neither numerous nor large. The outstanding development was the marked increase in susceptibihty of upper leaf surfaces
to water soaking, as a result of the presence of disease lesions. This
correlates with the field observation that diseased leaves often show
extensive water soaking while adjoining healthy leaves are but little
affected.
Indirectly these experiments indicated that the intercellidar water
is driven in from the outside rather than exuded from the cells, and
that many wildfire lesions which appear inactive are probably enlarging slowly, since otherwise they should behave in the same manner
as old mechanical injuries.
LEAF MATURITY

When tobacco plants are either topped high or not topped at all,
the basal leaves may be mature while the tip leaves are yet very young.
These differences in leaf maturity have been associated with marked
differences in the susceptibility of the leaves to water soaking and to
epidemic wildfire, and, while nutrition affected the total amount of
disease, it did not alter the base-tip relation. Thus, field counts
following the 1933 epidemic showed in the low-nitrogen plots averages
per plant of one basal leaf killed, the next two or three leaves severely
injured, and from there to the tip a rapid decrease in injury to a bare
trace. The upper three-fourths of these plants showed abundant infection, but the lesions were almost entirely of the harmless halo type.
Adjacent plots that received no potash averaged four basal leaves
killed and the next four or five severely injured, only the tip quarter
of the plant escaping injury. These differences in wildfire injury on
different portions of the same plant were clearly associated with
differences in water soaking. The areas were much larger on basal
leaves and persisted much longer.
Susceptibility to water soaking of different leaves from the same
plant was measured in the usual manner. Table 8 shows the results
from one experiment in which a half-minute treatment of the lower
leaf surface was used.
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8.—Relative susceptibility to water soaking of basal, middle, and tip leaves
Persistence of water-soaked
condition

Area water-soaked
Plant no.

1
2
3
4
5
6

__
Average

Basal
leaves

Middle
leaves

Tip
leaves

Basal
leaves

Middle
leaves

Tip
leaves

Sq. in.
27.5
18.3
12.8
21.3
13.0
11.5

Sq. in.
10.8
1.0
1.0
2.3
1.3
1.5

Sq. in.
0.0
.2
.3
.2

Hours
5.5
2.75
5.0
4.5
4.0
4.75

Hours
0.25
2.25
2.5
2.0
1.0
1.25

Hours
0.0
1.0
.5
1.0
.75
.75

4.42

1.54

.67

17.4

2.98

■À
.22

The results given in table 8 show clearly that from the base to the
tip of the plant the size of the water-soaked areas decreases rapidly, as
does also the length of time that the water-soaked condition persists.
These differences are quite adequate to explain the observed difference
in disease development. Additional studies of the relation of leaf
maturity were conducted by inoculating plants of different ages in
the greenhouse and by making successive plantings in the field. In
such tests the older plants were severely injured by the epidemic type
of wildfire, while the young plants, though freely infected, suffered
but little injury.
The data given in table 8 were secured by water spraying lower leaf
surfaces. Treatments applied to the upper leaf surfaces yielded
results quite as marked. Thus in one experiment, in which a 45second treatment was used, mature leaves developed large watersoaked areas that persisted for an average period of 5 hours and 50
minutes. The much smaller areas on the immature leaves persisted
for an average period of 37 minutes. In conclusion, it is to be noted
that while young leaves tend to escape water soaking, and hence
disease damage, yet under very severe storm conditions both young
and old leaves may become heavily water-soaked. When this
happens, there is no difference in the degree of subsequent disease
injury.
HEIGHT OF TOPPING

The height at which plants are topped has a consistent and marked
effect on their susceptibility to leaf spot. It is probable that the
primary effect of topping is on leaf maturity. Thus, as has been
pointed out in the discussion of leaf maturity, plants that either are
not topped or are topped high bear old leaves at the base and young
leaves at the tip. Topping hastens the maturity of the tip leaves
that remain, and the lower the plants are topped the greater is the
tendency for the remaining leaves to mature together. The effect of
such low topping on disease susceptibility is illustrated by a greenhouse experiment in which all leaves were uniformly water-sprayed
and inoculated; the results are summarized in table 9.
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9.—Effect of topping on leaf spot injury
Leaf area killed

Location of leaves on plants

Base
Middle
Tip

.

-

.

- --- .

Lowtopped

High,
topped

Not
topped

Percentage
79.3
8L7
75.4

Percentage
67.9
36.6
9.4

Percentage
76.0
43.4
7.1

The low-topped plants averaged 6 leaves, the high-topped 13
leaves, and those not topped 16 leaves. Infection was abundant on
all leaves, and the differences in percentage of leaf area killed were
due to differences in size of lesions. It is noteworthy that all the
leaves of the low-topped plants responded alike to the disease and
were highly susceptible, while in the other plants there were marked
differences in susceptibility between the basal and the tip leaves.
The effect of topping on disease was equally marked in the greenhouse and in the field. The data collected from the field plots at
Upper Marlboro, Md., following the epidemic of 1933, were of
special interest.
10.—Influence of topping on wildfire development in the field in 1933

TABLE

Plants topped low
Location of leaves on the plants

Base
Middle
Tip

_

-

Average Diameter
number
of
of lesions lesions 1

-

___...

800+
650
600

Inches
0.44
.28
.22

Area
killed
Percent
75
40
25

Plants not topped
Average Diameter
number
of
of lesions lesions

800
650
375

Inches
0.13
.09
.06

Area
killed
Percent
10
5
1

I The lesions measured had space enough for full development; many lesions were so close together that
they soon coalesced.

The low-topped plants averaged 13 leaves; the plants that were not
topped, 25 leaves. The figures for the average number of lesions per
leaf are given because they show clearly that all leaves were freely
infected, and the differences in disease loss were the result of the
much larger size of the lesions on the leaves of the plants topped low.
It is to be noted that in this field experiment even the basal leaves
of the plants that were not topped suffered but little injury.
Field observations indicated that the differences in disease susceptibihty induced by topping were the result of differences in susceptibihty to water soaking, which either facilitated or inhibited the development of the epidemic type of wildfire. Figure 8 illustrates this
effect of topping on type of disease developed. To measure susceptibility to water soaking under actual field conditions, selected plants
were treated with a power spray during the course of an ordinary rain,
and counts of number of water-soaked areas persisting were made
when the weather began to clear, 19 hours later. The average number of areas on low-topped plants was 15.3 per leaf; on high-topped
plants, 0.2 per leaf. In another test of susceptibility to water soaking,
21 leaves were picked from low-topped plants and an equal number
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from plants that were not topped. All were subjected to a uniform
water-spray treatment, and data were taken on both size and persistence of water-soaked areas. The comparative figures for watersoaked areas were as follows. For size: Low-topped, 15.45 square
inches; high-topped, 7.15 square inches. For persistence: Lowtopped, 5.8 hours; high-topped, 3.9 hours. The water spray in this
experiment was applied to the lower leaf surface. Previous experiments had indicated that where differences in susceptibility to water
soaking were involved these differences tended to be greater with

KiGUBE 8.—^, Halo wildfire on a plant that was not topped. B, Epidemic wildfire on an adjacent lowtopped plant. Leaves on plants that are not topped water-soak with difficulty and, except under the
most severe storm conditions, are but slightly injured. Leaves on low-topped plants water-soak easily
and the areas persist, hence their susceptibility to the epidemic type of disease.

upper leaf surfaces. The results of an experiment summarized in
table 11 tended to support this view.
TABLE

11.—Influence of topping on the susceptibility of leaves to water soaking
Water-soaked areas

Leaf no.

Lower surface
sprayed 1 minute

Upper surface
sprayed 2 minutes

LowNot
Lowtopped topped topped
1
2
3
4
5

in.
14.3
22.3
7.7
5.3
30.0

SQ.

S«. in.
12.0
10.0
4.0
1.0
12.3

Water-soaked areas

Sq. in.
10.9
U.8
2.8
4.3
15.3

Leaf no.

Not
topped
Sg. in.
7.3
2.6
1.3
1.0
7.6

Lower surface
sprayed 1 minute

Upper surface
sprayed 2 minutes

LowNot
LowNot
topped topped topped topped
6
7
8
Average

S?. in.
24.0
19.3
10. 0

Sg. in.
8.3
11.1
6.7

Sg. in.
6.3
6.0
9. S

Sv. in.
2.5

16.6

8.2

8.4

2.9

Q
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The data presented in table 11 show that when the water spray
was apphed to the lower leaf surface the areas produced were twice
as large on leaves from low-topped plants; when the upper surfaces
were treated, the areas on leaves from low-topped plants were three
times as large. The data show also the wide variation in size of watersoaked areas produced on supposedly similar leaves. Thus on leaves
from the low-topped plants the range was from 5.3 to 30.0 square
inches. Wide variations such as this have been the rule in the field,
where they were first assumed to be due entirely to unequal exposure.
Evidently leaves that are close together and look alike may yet possess
differences sufficient to have a marked effect on the amount of water
soaking. This explains why apparently similar leaves may be either
slightly or severely injured by the disease.
Before concluding the discussion of topping, attention should be
called to several modifying factors that are operative under field conditions and that tend to increase the differences previously noted. In
the first place, leaves on low-topped plants are stiff and brittle while
leaves on plants not topped are thinner and more pliable. Consequently, leaves on low-topped plants offer a much firmer resistance
to wind and rain, and, when they do bend, mechanical injuries are
frequent. In the controlled experiments all leaves were held against
a padded board and much care was taken not to injure them. This
procedure eliminated the field conditions mentioned. A second field
factor, facilitating the water soaking of leaves on low-topped plants,
was the tendency of these leaves to turn over in the normal course of
growth, and so to expose the under surface. The counts from field
plots given in table 12 indicate the comparative number of upturned
leaves found under different fertilization and topping treatments.
TABLE

12.—Topping in relation to number of upturned leaves ^ on plants grown with
various quantities of nitrogen
Upturned leaves
on—
Fertilizer treatment

No nitrogen
Regular nitrogen.High nitrogen

Lowtopped
plants

Plants
not
topped

Number
3
12
56

Number
0
7
26

1 Total for 40 plants in each case.

The coimts of leaves turned up were the totals in each case for 40
plants. Since there were twice as many leaves on the plants that
were not topped, the actual differences, in proportion to total number
of leaves, were much greater even than indicated in table 12. The
greater susceptibility of upturned leaves to water soaking results in
these being the first'to develop epidemic wildfire, and it is interesting
to note that low topping and high-nitrogen fertilization, the combination that produces maximum leaf susceptibihty, also produces the
maximum of upturned leaves. This factor, then, has an appreciable
effect in making a susceptible planting even more susceptible.
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FERTILIZATION

In the nutrition experiments at Upper Marlboro, the development
of wildfire has been consistently modified by variations in fertilization. The plots most susceptible to disease were those that were
topped low and received a high-nitrogen fertilizer, those receiving no
potash, and those receiving no fertiUzer at all. Kesistance was
clearly correlated with low-nitrogen and high-potash fertilization.
Figure 9 shows the marked effect of fertiUzation on disease development. Just as in the case of other factors, these differences have been
associated with modifications in leaf-water relations, by both field
observation and controlled experimentation. Table 13 clearly shows
the marked effects of fertilization on disease development.
TABLE

13.—Wildfire development as modified by fertilization. Upper Marlboro,
Md., 1933

Fertilizer treatment

No fertilizer
No potassium
No phosphorus
No nitrogen
Complete fertilizer.

Average
number
of lesions
per leaf

Average number of leaves per plant
Killed

Severely
injured

Slightly
injured

Not injured

Estimated
total
damage
Percent
80
55
20
3
25

(0

850
350
150
500

1 Lesions coalesced.

Table 14 shows the susceptibility to water soaking of leaves from
the above-mentioned plots. The values in each case are averages for
five leaves, and the experiment was duplicated with similar results.
TABLE

14.—Susceptibility of the leaves to water soaking as affected by fertilization

Fertilizer treatment

No fertilizer
No potassium
No phosphorus

_

_

Average »
size of
watersoaked
areas

Average i
persistence
of watersoaked
areas

Sq. in.
2L3
22.8
n.5

Hours
L9
2.75
1.2

Fertilizer treatment

No nitrogen _
Complete fertilizer

Average i
size of
watersoaked
areas
Sq. in.
3.9
12.58

Average ^
persistence
of watersoaked
areas
Hours

0.2
1.3

Í Average for 5 leaves.

The correspondence between susceptibility to water soaking, as
indicated either by the size or persistence of water-soaked areas
(table 14), and disease susceptibiHty, as indicated by the percentage
of estimated total damage (table 13), is so apparent as to require no
comment. The only variation from the expected was that, with no
fertilizer, water-soaking values were not so high as would be anticipated. Additional evidence that fertilization modifies disease development through its effect on water relations may be seen in table 4,
where susceptibility to water soaking of leaves from high- and lownitrogen plants is compared. The former were disease-susceptible
and easily water-soaked, the latter disease-resistant and difficult to
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water-soak. The effect of high-potash fertiHzation in retarding
disease development and of low potash in promoting disease development has been mentioned, and this, too, is correlated with water
:É^^

9.—Representative hiilfleaf (A) from a uo-iiilrogen plot and (Ü) from a no-potash plot. The former
IS resistant to water soakmg, the latter susceptible. The epidemic wildfire shown in B followed the severe

FIGURE

relations. Thus it was found that in the absence of potash the average size of the water-soaked areas was 28.4 square inches and their
average persistence 3.2 hours, whereas when potash at the rate of
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240 pounds per acre was used the average size of the water-soaked
areas was only 5.8 square inches and their average persistence 0.1
hour.
In conclusion, however, it is to be noted that these marked effects
from fertilization were obtained at Upper Marlboro, with a very light
sandy soil, and that the treatments indicated had been repeated for a
number of years. Experiments elsewhere, with more fertile soils and
with the different treatments applied to but a single year's crop,
failed to show marked differences in plant growth, in disease development, or in susceptibility to water soaking, except in the case of nitrogen. Hence, while it may be safely concluded that excessive nitrogen apphcations will generally produce increased susceptibility to
wildfire, both the nature of the soil and previous fertilization evidently
will determine the effectiveness of potash. For example, in Pennsylvania the soil type is such that plants absorb but little potash, regardless of the amount applied.
DISCUSSION
This investigation, which was undertaken to elucidate the etiology
of the destructive type of leaf spot that attacks tobacco in the Maryland-Pennsylvania area, resolved itself into a study of the relation of
storms to the development of epidemic wildfire. The relation of
storms to the development of destructive wildfire epidemics had been
reported many times and had been explained on the basis of dissemination. Thus Chapman and Anderson (^, p, 71) early showed that the
organism could be readily spread by rain spattering, and their explanation of storm effect was as follows:
It has been noted by all investigators of the disease and by tobacco growers
that rapid spread invariably follows heavy rains.
When the raindrops fall on
the diseased spots, the bacteria float out into the water and successive drops
splash them to other leaves of the same plant or neighboring plants. If the rain is
accompanied by wind, the drops are carried farther and the spread is greater to
the windward of diseased plants. * * * These two agents (wind and rain)
are undoubtedly the most potent of all the factors involved in dissemination.

While this conception was generally accepted, certain other workers
offered different hypotheses. Thus Johnson and Fracker {11, p. 13)
say:
Storms, especially beating rains, however, have a very important relation to
wildfire in that they favor infection to a high degree. The bacteria are often
unable to infect leaves except through slightly wounded tissue, such as may be
produced by beating rain, although with rapidly growing tobacco, moisture in
itself often suffices for considerable infection. The facts are, generally, that heavy
infection and damage practically depend on storms or continued rains.

Still another interpretation of storm effect was given by Clinton
and McCormick (7, pp, 387, 388) as follows:
The greatest injury comes just after the disease spreads over the plants during
the period of wet weather and the sun suddenly shines again. The halo spots
then turn to brown irregular burn-like areas. This transformation often takes
place quickly and so probably is largely a mechanical injury to the badly infected
tissues.

The statements given in the last two quotations appeared in 1922
and have not been referred to since then. More recently Boning
{2j py. 12-18) has advanced the hypothesis that rains affect disease
development by modifying plant nutrition. He suggested that during
dry weather nitrates accumulate in the surface soil, and that the rains
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then wash the nitrates down to where the roots can absorb them.
In this manner the nitrogen intake is increased and the leaves are made
more susceptible.
The negative results reported in the first part of this paper show
quite conclusively that the development of epidemic wildfire cannot
be adequately explained by dissemination, leaf injury, or nutrition.
Inoculations, in which these and all other known environmental and
plant factors were widely varied, always resulted in the formation of
small dead areas, rarely more than one-fourth inch in diameter, which
were surrounded by yellow halos. Even large numbers of these halo
lesions caused but little actual leaf damage.
The first definite clue to the factor responsible for the development
of the destructive epidemic type of wildfire was the discovery that
during very severe rain and wind storms numerous water-soaked areas
appeared scattered over the leaves. These were external evidence
that the intercellular spaces below were flooded. So far as the writer
is aware, the only previous observation of these water-soaked spots
was made by Valleau and Johnson {15), who associated them with
what they considered to be nonparasitic blackfire. The writer
found that these water-soaked areas facilitated invasion by the bacteria but that by far their most important effect was in facilitating the
spread of the bacteria through the leaf tissues after infection had
occurred. This penetration was so rapid that large areas of diseased
leaf began to wilt and die after 48 hours. The death of the diseased
tissues was most rapid after the sun appeared, just as suggested by
Clinton and McCormick (7), but only because the sun hastened the
necrosis. Following this initial rapid-development phase, the bacteria
were able to invade and kill new tissues for a period of 10 to 14 days,
and this resulted in a secondary and more gradual phase of lesion
enlargement.
It is of interest now to consider why the lesions of epidemic wildfire
differ so materially in appearance from those of halo wildfire. The
conspicuous feature of the latter is the yellow halo surrounding the
small central dead area, and the confusion regarding the cause of
epidemic .wildfire was due (1) to the rapid development of the lesions,
(2) to their large size, and (3) to the fact that they showed little or no
halo effect around the margins. The halo is caused by the toxin
excreted by the bacteria diffusing out ahead of the organism into adjacent living cells and destroying the chloroplasts, as has previously
been described {6), Hence halo lesions result when the bacteria
remain alive for some time in an area but are unable to rapidly invade
and destroy the adjacent cells, thus giving the toxin time to diffuse
out ahead. With the aid of water soaking, however, tissue invasion
proceeds at such a rate that the adjoining tissues are killed before
there is time for the development of halos. Thus the appearance of
halo lesions, instead of being proof of parasitic activity, is really proof
that bacterial invasion has been checked successfully by the host.
In this connection it is to be recalled that the Bacterium tabacum
toxin is able to produce halo spots on inoculation into the leaves of
many plants, but the bacteria are able to parasitize only tobacco. It
now appears that they are able to successfully parasitize tobacco only
under very special conditions, i. e., when the resistance of the leaf has
been broken down by water soaking. Hence we have the unusual
situation of a host that is highly resistant to the parasite under all
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ordinary conditions but which can be rendered highly susceptible
through the action of beating rain. In addition to this major storm
effect on host susceptibiHty, it is not questioned that spattering water
aids greatly in the dissemination of the organism, and that this
dissemination under favorable conditions for infection is a necessary
factor in the development of the leaf spot epidemic. Growers have
been inclined to attribute leaf spot damage directly to storms, but
this is proved to be incorrect by the fact that, in the absence of the
organism, leaf spot does not develop, regardless of storm severity.
It has also been shown that such practices as high-nitrogen fertilization and low topping do not in themselves make plants susceptible
to epidemic leaf spot but that by making the leaves more susceptible
to water soaking they act indirectly. High humidity, also, does not
produce epidemic wildfire, but high humidity following water soaking
helps to maintain the water-soaked areas, and epidemic leaf spot
development requires that these areas persist at least 24 hours.
Various other factors that affect disease development in the field have
also been examined and have been found to exercise these effects by
modifying water relations in the leaves. Thus, during epidemics of
wildfire the leaves on the windward side of plants were most severely
injured, and this was supposed to be due to the greater exposure of
these leaves to infection. What actually happens is that the wind
bends the plants and turns up the leaves on the windward side so
that under surfaces are exposed. These leaves then become heavily
water-soaked, while leaves on the leeward side, with upper surfaces
exposed, do not water-soak so readily.
The mechanics of water soaking has not been investigated, but
certain suggestive evidence may be mentioned. In the first place,
leaves do not readily water-soak when dipped in water or when
exposed to a gentle spray, but a hard spray is very effective, indicating that it is not merely water, but forcibly applied water that is
required. It is possible that beating rain might alter the permeability of interior cells and cause them to excrete liquid into the
spaces. However, there are indications that the water may come
from outside. For example, disease lesions and fresh breaks in the leaf
surface are soon surrounded by water-soaked tissues, suggesting that
the water was driven in through the openings thus afforded. The
structure of the leaf indicates that the lower leaf surface would be
more easily penetrated than the upper. The question of how low
topping and high-nitrogen fertilization make leaves more susceptible
to water soaking has not been studied, other than to note that these
treatments modify leaf structure materially]. These problems can be
definitely solved only by further investigation.
It has been demonstrated that water soaking favors rapid spread
of the bacteria through the leaf tissues, and this raises the question
as to how this spread takes place. Hill (10) has reported that
Bacterium tabacum moves in the form of a zoogloea, which would
imply a rather slow penetration. It is probable, however, that he
worked with the usual halo type of lesion. The writer has prepared
sections of infected water-soaked tissues, and found the bacteria
widely scattered through the intercellular spaces, with no indication of
zoogloea. Hence it seems likely that under epidemic conditions the
bacteria spread along the liquid pathways as free-swimming cells.
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and that this is the reason for the resulting rapid and extensive
disease development.
In view of the dependence of epidemic wildfire on storms, the
question naturally arises as to whether some other plant diseases may
not be similarly influenced. A search of the literature has failed to
disclose any evidence that the storm water-soaking relation has been
observed by others, but several investigators have noted the role of
intercellular liquid in facilitating infection and disease development.
Thus Riker (13) found that, when he inoculated stems with Bacterium
tumefaciens by wounding, the tissues around the wounds became
water-soaked. The resulting galls never extended beyond the watersoaked areas. Similarly, Meier (12) reports that infection with Bact,
campestre was restricted to the margins of the leaves because only
there did the hydathodes provide a liquid pathway for the bacteria.
The writer, however, has previously reported (5) that infection with
Bact. campestre occurs at any point on the leaf under some conditions,
and that such epidemic outbreaks of black rot were preceded by the
appearance of numerous water-soaked areas scattered over the leaf.
The water-soaked areas in this case were formed during warm humid
nights, without the aid of storms. The subsequent development of
black rot lesions followed the course here described for epidemic
wildfire.
It seems likely that further investigation will show that the development of water-soaked tissues as the result of storms or other causes
is an important factor in the epidemiology of a number of diseases.
Evidence not yet published shows that this is true of another tobacco
leaf spot disease, blackfire, caused by Bacterium angulatum.
Several hypotheses advanced by other workers to explain resistance
and susceptibihty to wildfire are quite different from the conception
herein presented, which is, briefly, that the normal tobacco leaf is
highly resistant to invasion but that by water soaking it is rendered
highly susceptible, and that various cultural and nutritional factors
do not make cells more or less easy to attack but do make tissues more
or less easy to water-soak. Dufrenoy (8) attributes to the host
tissues ability to set up a definite defense mechanism and suggests
that the lesions cease to spread because of phenolic compounds that
tre formed in the cells surrounding the lesions. However, the writer
finds that under field conditions the tissues adjoining old lesions are
very likely to be first invaded when a subsequent epidemic develops.
This is correlated with the fact that the tissues adjoining old lesions
are easily water-soaked; there is no indication that they are fundamentally more or less susceptible. Boning (3) associates wildfire
susceptibility and resistance with nutritional balance in the leaves
but offers no satisfactory explanation of how so-called unbalanced
leaf nutrition would be effective in inducing resistance and susceptibility.
The results obtained by the writer do not indicate that tobaccoleaf tissues differ to an important degree in their inherent susceptibility or resistance to attack by Bacterium tahacum, since if intercellular liquid is present all are about equally and completely susceptible and if it is not present all are resistant. It seems, consequently, that apparent leaf resistance is merely a matter of disease
escape, with water relations as the immediate deciding factor. Also,
the assumption generally made that susceptibility to infection indi-
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cates susceptibility to the epidemic type of disease does not hold.
Young leaves were susceptible to infection but resistant to epidemic
wildfire in the field because they were not readily water-soaked.
In conclusion, it should be noted that, theoretically, effective wildfire control can be accomplished (1) by eliminating the organism,
(2) by protecting the plants from storms (as is actually done on a
small scale where crops are grown under cloth), or (3) by securing
resistance either directly or through resistance to water soaking. At
present, with the organism generally distributed in most fields
throughout the Maryland-Pennsylvania area, it may be safely predicted that destructive wildfire epidemics will follow severe late
summer wind and rain storms, and when such epidemics occur the
damage to the plants will be modified by the various factors that
increase or diminish leaf resistance to water soaking.
It is believed that the experiments herein reported adequately
explain how Bacterium tabacum is able to cause the usual and relatively harmless halo lesions and also the destructive epidemic type
of the disease and show that there is no evidence of the existence of
a similar nonparasitic leaf spot.
SUMMARY
Tobacco leaves are readily infected by Bacterium tabacum, but
under ordinary conditions invasion is limited to small areas. The
usual result of infection is a dead spot, one-fourth of an inch or less
in diameter, surrounded by a yellow halo. These halo lesions do little
damage, but have been regarded heretofore as typical wildfire.
The destructive epidemic type of wildfire is characterized by large
lesions that develop very quickly and show little or no halo effect.
The question has been raised as to whether this type of disease might
be wholly or partly nonparasitic in nature.
Inoculation experiments designed to reproduce the epidemic type of
lesion by varying the nutrition of the plant through fertilization and
topping resulted only in the halo type of lesion. In other experiments
consideration was given to age of leaves, methods of inoculation, and
incubation conditions, particularly temperature and humidity, but the
lesions obtained were all of the halo type.
Observations during storms showed that the tobacco leaves develop
water-soaked areas owing to the flooding of intercellular spaces.
When these areas become infected the bacteria multiply and spread
through the tissues with extraordinary rapidity, and the epidemic
type of lesion results.
Without water soaking, about a week was required for the development of the small halo lesions; but with water soaking, large epidemictype lesions were produced in 48 hours. In controlled inoculations,
water soaking increased the size of lesions by more than 6,000 percent.
Large water-soaked areas tended to produce large disease lesions.
Persistence of water-soaked areas for 24 hours or more was essential
for epidemic disease development.
With the aid of a power sprayer to water-soak the leaves, it was
possible to reproduce the typical epidemic wildfire under field conditions. Susceptibility of leaves to water soaking, however, was found
to be modified by many factors, and these differences account for wide
differences in disease damage.
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Exposure of the lower leaf surface greatly facilitated water soaking,
as did also the presence of fresh mechanical injuries or wildfire lesions
of any age.
Mature basal leaves became water-soaked more readily than did
young tip leaves on the same plant.
Low topping increased susceptibility of the leaves to water soaking,
while topping high or not topping at all had the opposite effect.
High-nitrogen and low-potash fertilization both increased susceptibility of the leaves to water soaking.
There was little relation between susceptibility to infection of the
normal leaf and the development of epidemic wildfire. Matiu'c leaves
were infected with difficulty when not water-soaked, but after water
soaking they were more severely damaged than young leaves that
were readily infected.
Since all types of leaves were highly resistant to bacterial invasion
when not water-soaked and highly susceptible when water-soaked, it is
concluded that susceptibility and resistance to Bacterium tabacum is
primarily a question of water relations, and that the halo type of
wildfire is the response to infection of the normal leaf and the epidemic
type of wildfire is the response of the leaf after its resistance has been
broken down by water soaking.
Epidemic wildfire in the Maryland-Pennsylvania area, consequently, is caused by Bact. tabacum^ and its occurrence is conditional
on storms of sufficient severity and duration to produce and maintain
water-soaked areas on the leaves. The amount of water soaking, and
hence the amount of disease damage, is modified by prevailing cultural and fertilization practices; low topping in combination with
high-nitrogen fertilization, which is the practice in Pennsylvania,
favors maximum disease development.
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