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INTRODUCTION

In the writer's investigations on the susceptibility and resistance of
a large number of rutaceous plants to citrus-canker (Pseudomonas citri
Hasse) he has been impressed (y-g)2 by a number of factors which appear
to play an important rôle in these studies. The factors may be briefly
stated as follows :
i. The anatomical structure of the plants.
2. The reaction of the host plants to their environment.
3. The influence of external conditions on the organism and on
the susceptibility to infection of the host.
4. The influence of the host on the virulency of the organism.3
THE PROBLEM

The problem was attacked from the standpoint of the influence of
temperature on the growth of the organism and its hosts and on infection
and development of the disease and from the standpoint of the influence
of humidity on the growth of the organism and its hosts and on infection
and development of the disease.
1
Published with the approval of the Director of the Alabama Agricultural Experiment Station as a
report ou cooperative investigations between the Department of Plant Pathology, Alabama Agricultural
Experiment Station, aud the Bureau of Plant Industry, United States Department of Agriculture.
2
Reference is made by number (italic) to " Literature cited," p. 505-506.
3
To determine more definitely just what part some of these factors play in governing the susceptibility
and resistance of rutaceous plants to canker, leave of four months was granted the writer by the Director
of the Alabama Agricultural Experiment Station to carry on this investigation in the Plant Physiology
Laboratory at the University of Illinois during the winter of 1918-19. Through the cooperation of Dr. K. F.
Kellerman, Associate Chief, Bureau of Plant Industry, United States Department ot Agriculture, a second
four months' investigation was made possible the following winter. It is indeed with great pleasure that
the writer acknowledges his indebtedness to the University of Illinois for the privileges and facilities of
the Plant Physiology Laboratory. The writer is especially indebted to Prof. C F. Hottes lor the
suggestions, methods, and advice offered during the course of the work and for the time spent by him in
preparing, setting up, and regulating the apparatus used. He also wishes to thank Prof. F. L. Stevens
for the use of the Plant Pathology Laboratory. The plants used in the experiments were kindly furnished
by Mr. W. T. Swingle, in Charge, Office of Crop Physiology and Breeding Investigations, Bureau of Plant
Industry, United States Department of Agriculture.
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APPARATUS UvSED „
A complete description of the temperature and humidity cases used
in this investigation will soon be published by Prof. Hottes. It is
sufficient to state here that the cases were large, well ventilated, well
lighted, and most important of all, supplied with accurate and reliable
controls. The temperature cases remained constant to within 0.5o C.
and were controlled at 50 intervals from 50 to 30o. For work above 30o
ordinary bacteriological incubators and one large case held at 35o, but
varying several degrees, together with constant-temperature water baths,
wefe used. The cases used for the humidity work were accurate to
within 2 to 4 per cent and could be regulated for any desired percentage
of relative humidity. The temperature of these cases could also be
readily regulated and controlled. Thus, the writer has had the extreme
good fortune of working with well-regulated temperature and humidity
controls, which were not a continual worry or source of error.
INFLUENCE OF TEMPERATURE ON GROWTH OF THE ORGANISM
Little work has been done on the temperature relations 01 Pseudomonas
citri. Doidge (1) states that—
it grows well at 3o0C., rather more slowly at 25o C, and very slow progress is made
at 20o C.

Wolf (17) in preliminary tests found that—
the thermal death point was between 58o C. and 70o C.

and further that—
no growth occurred in tubes exposed for temperatures above 65o C.

Stevens {12) reports that—
bacteria (P. citri) have been killed by temperatures ranging from 55o C.-600 C,
when exposed for a period of five minutes.

Three types of culture media were tested—a liquid, a liquéfiable solid,
and a solid. These furnished a means of comparing the growth of the
organism on different types of media, and if any differences existed
between the rate and amount of growth on the different media at various
temperatures they could be easily detected. Beef bouillon was used as
the liquid, soluble starch agar as the liquéfiable solid, and steamed
potato cylinders as the solid. Since the most comparable results were
obtained with soluble starch agar, they will be taken up first.
SOLUBLE STARCH AGAR.—Hasse (2), Wolf (17), and Jehle (5) have
noted the characteristic growth of Pseudomonas citri on potato plugs,
and especially the formation of a narrow white zone along the margin of
the bacterial growth. Doidge (1), however, says:
I have failed to perceive, except in one or two doubtful instances, the narrow white
zone on the uninfected surface following the line of the streak in young cultures,
which have been recorded both by Hasse and Wolf.
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The writer has always noticed this zone on potato plugs, especially in
young cultures.
Preliminary tests on inoculated potato plugs with iodin solution
showed that the narrow white zone was completely free from starch,
while it was surrounded by a small light band of red and blue, indicating
that the decomposition of the starch was slowly taking place. In old
cultures the cell walls were separated, showing that the middle lamella
had been attacked and dissolved. Wolf (17) and Doidge (J) have reported similar observations. Thus, by the use of soluble starch agar
and potato cylinders, the growth of the organism as well as the rate of
enzym action at different temperatures could be measured directly.
The soluble starch agar was made up as follows :1
12.0 gm. shredded agar.
5.0 gm. soluble starch (Merck), according to Lintner.
.5 gm. potassium phosphate (dibasic).
.5 gm. magnesium sulphate.
.5 gm. sodium chlorid.
1.o gm. ammonium sulphate.
1.o gm. calcium carbonate.
1,000 cc. distilled water.

Two methods of measuring the growth of the organism presented
themselves: first, the pouring of dilution plates and measuring the growth
formed from a single bacterium by means of an enlarged projection
through a fixed camera, and second, the placing of a definite amount of
inoculum on the agar and measuring the increased diameter of the colony.
The most serious objection to the first method was that the plates
could not be poured at the temperatures to which they were subsequently
exposed. The minimum temperature for the growth of the citrus-canker
organism is approximately 20 to 40 C. lower when this method is used.
Also the initial growth at temperatures between 50 and 150 is greater.
This is due to the fact that all materials are at room temperature when
the inoculations of the plates are made and, furthermore, there is a
definite time limit required to bring the plates or tubes to the temperature of that of the case.
In the second method a 2-mm. loop was pressed gently on the hardened
agar at three or four points on the plate, so that the inoculum remained
on the spot made. The increase in the diameter of the colonies was then
measured from day to day. This method is not so accurate from the
standpoint of measurement as the first, but it gives much more comparable results, when the temperature and time factors are considered.
All the plates were poured at the same time, care being taken to get
the agar in the plates of the same thickness. They were then placed in
the various temperature cases overnight, so that at the time of inocula1
A modification of the starch agar used by McBeth and Scales. (MCBETH, I. G., and SCALES, F. M. THE
DESTRUCTION OF CELLULOSE BY BACTERIA AND FILAMENTOUS FUNGI, U. S. Dept. Agr. Bur. Plant Indus.
Bui. 266, p. 26-28, 1913.)
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tion they were at the temperature of the cases. The inocolum used in all
instances was from a 48-hour-old culture of Pseudomonas citri in beef
bouillon. While the plates were being inoculated precautions were taken
to maintain them at the same temperature as that of the case. At the
end of every 24 hours two plates were taken from each case, and the
increased diameter of the colonies was measured.
In studying the rate of enzym action, an iodin solution1 was poured
over the plate to be tested, was allowed to remain a few moments, and
was then poured out. The result was that the colonies stood out as a
lemon-yellow color, surrounded by a clear zone which came next showed*
the disappearance of the starch and its conversion into maltose and
achroo-dextrin. This was followed by a reddish band, indicating erythodextrin, an intermediate product, which merged into a light blue band
and finally into the dark blue color of the remaining agar. Thus, on
one plate, both the growth of the colonies and the rate of the enzym
action, as indicated by the iodin test, could be measured.
Table I gives the diameter of the colonies in millimeters for each day
and temperature. Each reading represents an average of 28 measurements.
TABLE

1

;

I.^Diameter in millimeters of colonies of Pseudomonas citri on soluble starch
agar at various temperatures

Temperature.

P

C.

5

10

15
20

25
30

33 to 35
38 to 40

After 1
day.

After 2
days.

After 3
days.

After 4
days.

Afters
days.

After 6
days.

Mm.

Mm.

Mm.

Mm.

Mm.

Mm.

O

O

O

O.75

O.50
I. 25
I.38

O.25
©•SI
I.50
2-37
2.63

O
O

O
O

O
O
O

O
I.32

I.94
3-25
4. 06
4.50

2.38

2.81
3.OO

O.94
I.44
2.86
3-30
3-50

O
1.24

4.84
5-30

O
O

O
O

O
O

O
O

I. OO
2. OO

3-76

After 7
days.

After 8
days.

Mm.
O
I. SO

Mm.
O

2.75
4.13
5-30
6. 00
0

3-38
4- 5°1
S-«
6.38

0

I.63

0
0

When the time factor, or length of exposure, is considered, the optimum temperature for the growth of Pseudomonas citri on soluble starch
agar is between 20o and 30o C. There is evidence of a decided lag in the
growth of the organism between 150 and 20o. In other words, while the
amount of growth at 20o is just one day behind that produced at 25o
and two days behind that at 30o, the growth at 150 is much slower, being
two days behind the growth made by the organism at 20o. At 20o, growth
starts the first day, while at 150, growth is just starting at the end of the
second day. This point is very well brought out in figure 1, where the
rate of enzym action at the various temperatures is plotted.
1
The solution was composed of 0.5 gm. potassium iodid and 1.0 gm. iodin, allowed to stand overnight
together in 10 cc. of water. It was then diluted to 100 cc. (stock solution). As needed, the stock solution
was diluted to aboyt one-half or less, depending on the material tested.
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Growth is inhibited at 50 C. and again at 33o to 35o. At 10o some
growth occurs. That the organism is not killed at 50, but is merely
inhibited, was shown when plates kept at this temperature for eight days
were transferred to the 300 case. Growth immediately took place at
the normal rate for that temperature. The same was true when plates
held at 33o to 35o for eight days were transferred to 30o; the organism
started growing. However, when plates held at 38o to 40o for 24 hours

3 4 s ó 7 3
OAXS
FIG. I.—Graph

showingthe rate of enzym action, as expressed in millimeters, at the various temperatures
for a period of eight days on soluble starch apar.

were placed in the 30o case, no growth took place, showing that the
organism had been killed by the higher temperatures. Thus, in working
out the temperature relations of Pseudomonas citri, the temperature at
which growth is inhibited must be clearly distinguished from the temperature at which the organism is killed.
Table II gives the rate of enzym action at the various temperatures.
E?ch reading represents an average of 28 measurements.
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At 50 C, 33o to 35o, and 38o to 40o a light blue color was given with
the iodin, indicating that only a partial hydrolysis of the starch took
place. At 100 the light blue zone persisted for several days, followed by
a wide reddish zone. It was not until the fourth day that a clear zone
was formed. Likewise, at 150 no clear zone was formed until the third
day. At 20o, 25o, and 30o the clear zones were present at the end of 24
hours, increasing in diameter in proportion to an increase in temperature.
The curves for the rate of enzym action are shown in figure 1. Especially
noticeable are the differences in the rate of enzym action represented by
the 150 and 20o curves. The lag mentioned under the rate of growth of
the organism at these temperatures is very well shown. Further investigations must be carried out before the explanation of this lag can
be given.
POTATO PLUGS.—The first trial with the growth of the organism on
potatoes was attempted with blocks of raw potatoes cut under aseptic
conditions and placed in Petri dishes with plain agar poured into the
dishes even with the top of the blocks to keep them moist. However,
this method had to be abandoned because the surface of the blocks
oxidized and dried out too rapidly. Therefore in the following trials,
steamed potato cylinders were used. The same procedure was followed
as in the tests with soluble starch agar to bring the cylinders to the temperature of the cases prior to and during inoculation. They were inoculated by means of a shallow stab, and the organism was allowed to grow
out over the surface. The inoculum was taken from a 5-day-old culture
of Pseudomonas citri on potato plugs. The results are not as comparable
as those obtained for starch agar because of the variation in the amount
of inoculum and the physical differences in the potato cylinders themselves. However, in general the growth of the organism and the rate of
enzym action, as determined by the iodin test, followed the curves shown
in figure 1. As the red and blue zone was very narrow on the potato
cylinders, the total diameter of the zone is represented in Table III,
together with the growth of the organism. This table gives the average
of two trials of four readings each.

Journal of Agricultural Research

454

0 0

gH ° 8 8
^

ró 'toó

¿H 8 8 8g

S ö ö o ö

00

o o <

00

¿H « g 8

s ° ,?<

• o Q 5 P. Q

^ JH ^ o o

o o

i

!
, O O O «o O

o o

g*-<8888&88

• OOQQOOOO
S
O O O O io

.LHO'OOPIOOO

gr'oNioMOoío
~

M Ñ fó >Ó ló ""t fÓ

, OfH O O iO Q O O
«
v^ io »o i^ O

. t-, tn o «o o o o (
grt
»o«-«' «o O <

w
. O OíH 00 O O O O

ÜB"

momoinotoo
M M N N f^ ro Tfr

U

52

Il

Vol. XX, No. 6

Dec. 15,1920 Effect of Temperature and Humidity on Citrus-Canker

455

At 50 C. a very small zone was noticed after several days, which increased very slowly until at the sixth day the colony was just visible to
the naked eye. Growth at 100 was first observed on the third day and
increased slowly with time. Growth at 20o, 25o, and 30o was, of course,
much more pronounced. No visible growth occurred at 33o to 35o and
38o to 40o, although some enzym action took place.
The surfaces of the cylinders were slightly depressed at 20o C, the
depression increasing in depth at 25o and 30o. When the cylinders
were cut open, it was found that the clear zone proceeded down in the
shape of a cone, and its progress was almost as rapid as that of the zone
on the surface.
At 25o and 30o C, where the organism grew over the whole surface and
down the sides, the decomposition of the upper half of the plug took
place. Examination for starch grains under the microscope showed that
none were present, while the middle lamella was completely dissolved,
the cells standing apart. From the results of the study of the enzym
action of Pseudomonas citri on soluble starch agar and steamed potato
plugs, we can conclude that it is a strong diastase secretor. Cytase is
also produced abundantly.
The organism appeared to thrive longer and produce more enzym near
the critical temperatures on potato plugs than it did on the starch agar.
At 50 C. a small white zone was produced with a trace of growth. No
growth was visible at 33o to 35o or at 38o to 40o, although a rather large
depressed zone was distinctly noted. Potato plugs with no visible growth
in the 50 and 33o to 35o cases at the end of 8 days produced abundant
growth when transferred to 30o. However, plugs kept for 24 hours in
the 38o to 40° case when transferred to 30o produced no growth, nor
did the white zone increase in size.
BEEF BOUILLON.—All the beef bouillon used in the experiments was
adjusted to +8 Fuller's scale, since it was found that the organism developed very well at this acidity. During the course of the work with
beef bouillon, no counts were made of the bacterial growth in cultures
at the different temperatures.
By means of a bulb burette 10 cc. of the bouillon were placed in each
tube. The tubes were kept in the various cases overnight and were inoculated the next morning with a 2-mm. loop from a 48-hour-old culture of
Pseudomonas citri. Each day two tubes were withdrawn and a reading
was taken.
Pseudomonas citri makes a very characteristic growth in beef bouillon.
Growth is first noticed by the clouding of the medium. After a few days,
flakes appear, followed by a yellow ring at the surface of the bouillon;
later, the flakes precipitate to the bottom. Thus, in Table IV, the
readings are based on the characteristic behavior of the organism.
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No visible growth occurred at 50 C. or at 38o to 40o. Growth was
visible at 100 the third day, at 150 the second day, and at 20o, 25o, 30o,
and 33o to 35o at the end of 24 hours. However, at 33o to 35o no increase
in growth was noted after the first day.
Growth proceeded at a regular rate at 20o C, 25o, and 30o, each of the
lower temperatures being about one day behind. Growth at 150 never
approached that produced at 20o. The growth of Pseudomonas citri in
beef bouillon at the different temperatures proceeded at the same relative
rate as on agar and potato plugs.
Cultures placed in the 50 C. and the 33o to 35o cases were viable
at the end of 8 days, while no organisms were viable in tubes held
at 38o to 40o for 24 hours. In constant water baths, the organisms
were viable at 37.6o to 38o at the end of 24 hours and at 410 to 41.50
at the end of 2 hours. At 43.2o to 43.6o all organisms were dead at the
end of 2 hours. The interesting point brought out here is that no organisms were viable in the incubators run at 38o to 40o C. at the end of 24
hours, but at 37.6o to 38o in the water bath they were viable at the end
of 24 hours. Thus, the point at which growth is completely inhibited
at the higher temperatures is very sharp when the time factor is constant.
In detennining the thermal death point by the usual laboratory
methods, all the organisms were killed at a temperature of 52o C, while
all the trials at 49o yielded positive results. Thus, the thermal death
point of the citrus-canker organism is above 49o and below 52o.
DISTILLED WATER.—To determine the length of life of Pseudomonas
citri in water, ordinary distilled water, supplied by the Department of
Chemistry, University of Illinois, was used, as it was impossible at the
time to obtain good well or rain water. The distilled water contained
traces of organic matter, but no mineral substances were present. No
attempts were made to determine the conductivity of this water.
The sterilized water blanks were placed in the cases at the various
temperatures overnight and were inoculated with a loop from a 48hour-old culture of the organism in beef bouillon. At the end of each
day, two tubes were withdrawn from each case and were reinoculated
into beef bouillon to test for growth. In Table V the results of the
experiment are given.
TABLB

V.—Viability of Pseudomonas citri in sterilized distilled water at various temperatures

Temperature.
0

C
IO
IS
20

25
30

35

After
1 day.

+
+
+
+
+
-f

-f

+
+
+
+
+

After
2 days.

+
+
+
+
+
+

+
+
+
+
+
+

After
3 days.

After
4 days.

After
S days.

+
+
+
+
-f
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

After
6 day.s.

+
+
+
+
+
+

-f

+
+
+
+
+

After
7 days.

+
+
+
+
+
+

+
+
+
+
+
+

After
8 days.

+
+
+
+
+

+
+
+
+
+
-f +
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The results show very clearly that Pseudomonas ciiri can re mai 11 viable
in the distilled water used for a period of eight days at temperatures
ranging from 100 to 35o C. They suggest that the citrus-canker organism
under certain field conditions may remain viable in rain and surface water
for some time at a range of temperatures much larger than is usually
found in the field.
Comparative tests with the organism in beef bouillon and in distilled
water at temperatures higher than 35o C. gave the same results. For
example, the thermal death point of the organism in the distilled water
was between 49o and 52o, just as in beef bouillon. .
CONCLUSIONS ON THE TEMPERATURE RELATIONS OF THE ORGANISM
(1) The optimum temperature for the growth of Pseudomonas ciiri on
soluble starch agar, potato cylinders and in beef bouillon lies between
20o and 30o C.
(2) There is a decided lag between the rate of growth at 150 C. and that
at 20o in all media.
(3) The minimum temperature for the growth of Pseudomonas ciiri
is 50 C. on potato plugs. However, growth on soluble starch agar and
in beef bouillon is inhibited at this temperature, so that the minimuni
temperature for the growth on these media must be slightly above 50.
(4) The maximum temperature for the growth of Pseudomonas ciiri
in beef bouillon is 43o C. for periods of less than 2 hours, 410 for a period
of 2 hours, 38o for a period of 24 hours, and 33o to 35o for periods longer
than 24 hours. Growth on potato cylinders and soluble starch agar
was, in all cases, inhibited at temperatures of 33o to 35o, so that the
maximum temperature for the growth on these media must be slightly
below 33o to 35o.
(5) The thermal death point of the organism is above 49o and below
52° C.
(6) The temperatures at which growth is inhibited must be clearly
distinguished from the temperatures at which the organism is killed.
This is especially important near the critical temperatures at or above
the maximum. The point at which growth is completely inhibited at
the higher temperatures is very sharp with a constant length of exposure.
(7) The production of diastase by Pseudomonas citri on soluble starch
agar and potato cylinders follows the well-known chemical 'law of Van't
Hoff, between temperatures of 20o and 30o C. As in the growth of the
organism, there is a decided lag between the rate of enzym action at 150
and that at 20o. This fact has not been pointed out heretofore. Only
partial hydrolysis of the starch in the agar and the potato cylinders
occurs at 50 and again at 33o to 35o and 38o to 40o.
(8) The citrus-canker organism is viable in ordinary distilled water
at temperatures ranging from 100 to 35o C. for a period of eight days.
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INFLUENCE OF TEMPERATURE ON GROWTH OF THE HOST
PLANTS
The literature on the influence of the environmental conditions on the
growth and development of Citrus plants is very meager. What literature is available concerns itself chiefly with the injury to Citrus orchards
caused by low temperatures, with an occasional reference to the maximum temperatures at which the Citrus plants can thrive.
The most complex factor entering into the study of the temperature
relations of Citrus plants is the fact that they have rest and growth
periods which vary to some extent with each group, although they are
more or less definite within the group itself. Under greenhouse conditions, the rest and growth periods are variable. However, as a general
rule, most Citrus plants can be forced into active growth within short
periods of time.« An exception to this statement must be made for
deciduous plants like Poncirus trifoliata. With plants of this type,
external conditions in the greenhouse have no influence on the rest
period, within certain limits.
Three types of plants were used—Poncirus trifoliata (ly.) Raf. and
Rusk citrange (a hybrid between P. trifoliata and Citrus sinensis Osbeck,
Florida sweet orange), plants which are deciduous, hardy, susceptible to
citrus-canker, and having a very definite dormant period; C. grandis
(L.) Osbeck, grapefruit, an evergreen and nonhardy plant, extremely
susceptible to citrus-canker and having a dormant period of variable
nature; and C. mitis Blanco, calamondin, an evergreen and nonhardy
plant, somewhat resistant to citrus-canker, and native of the Philippine
Islands.
The plants w^ere grown from seed in the Crop Physiology greenhouses
at Washington, D. C. The seedlings ranged from 6 to 14 inches in
height and were shipped from Washington from time to time, both in
pots and balled. Several shipments of Poncirus trifoliata were made of
seedlings growing outside, from Auburn, Ala., during the month of January. The plants were kept under greenhouse conditions until needed.
In the experiments reported below, the plants were placed under large
bell jars in the various temperature cases. During the course of the
experiments, a saturated atmosphere was maintained in the bell jars.
Observations and readings were made of the condition of the plants
from time to time.
EXPERIMENT

1

Two plants of each species were placed in the cases at the various
temperatures, while one set was kept under greenhouse conditions where
the temperature range was considerable, varying from 20o to 30o C.
All plants, with one or two exceptions, were either in a dormant state or
had completed their growth. In Table VI are given the observations
made on the plants at intervals for a period of six weeks.
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It will be noted that, even in a saturated atmosphère, the various
temperatures had no influence whatsoever on the dormant plants of the
trifoliate orange. No growth of the calamondin plants occurred except
at 30o C. and in the greenhouse.
At 100 C. no growth of the grapefruit plants took place. It is very
evident that at 150 the growth of grapefruit i$ not only slow but that the
growth matures very rapidly. Leaves which mature at this temperature
are small, being from one-fourth to one-half the size of the normal grapefruit leaf. Good growth of the grapefruit plants took place at 20° C.
However, the shoots did not grow so rapidly and the maturation of the
leaves was faster than at the higher temperatures of 25o and 30o. At
these temperatures, where the grapefruit plants were in good condition,
a rapid growth took place, the new shoots were longer, and the period
over which the maturation of the leaves took place was extensive. To
illustrate, at 150 it required from 7 to 8 days for a new shoot to complete
its growth, while at 30o, 16 to 20 days were necessary.
EXPERIMENT

2

In this experiment plants of the Rusk citrange were substituted for
the trifoliate orange. Three plants of the citrange, three of the calamondin, and one of the grapefruit were used. One plant each of the
citranges and calamondins, in a good growing condition, was chosen for
the first group; one set in which the growth was complete, but with a
new bud starting, was selected for the second group; and dormant plants
were placed in the third group. Grapefruit plants in good growing condition were used. The experiment was carried through in the same way
as experiment 1, except that at the end of 15 days the plants in the 50,
100, and 150 C. cases were all transferred to the 30o case under their
original bell jars.
During the 15-day period no growth of the citrange, calamondin, and
grapefruit plants occurred at 50 and 10? C. (Table VII.) An extremely
slow growth was recorded for the grapefruit plants at 150. Measurements of twTo grapefruit leaves showed an increase in growth of 3 mm.
and 9 mm. in length and 1 mm. and 4 mm. in width, respectively, for a
period of 15 days. As noted in experiment 1, leaf maturity increased
very rapidly at these temperatures, the leaves reaching about one-fourth
to one-half the size of those at higher temperatures.
When the plants held at temperatures of 50 and 100 C. were placed in
the 30o case, a normal growth for that temperature immediately took
place in most instances. The rate of growth of the growing citranges
was about 25 mm. per day. The behavior of the dormant plants when
transferred to the higher temperatures was erratic. Some immediately
responded and started growth, while others remained dormant.

Dec. 15,1920 Effect of Temperature and Humidity on Citrus-Canker

^ w^_^ ^ w w w^ o o

+Jä>

S-gu-s-öJ gPOP'SPP S-d-döoPPP

8 8 8PPP¿P

*wOX«x*S

-« r, o « 9

«5 «9-5

"

¿lia o d o H £;-£ 6 ö o
X

'S«
-sí

?o
C5

W

<

á

3 a,?.*',*'
^^fafafa ^^^^fefefe

§ a S A^fafefe
§ a « « « a S S a a « « .flj

463

Journal of Agricultural Research

464

¿SSSSooo

Ä o sisiS¿S
i . _c^

¿£ Í

o^ooooSS

2

oSöooog •

•*) 43

Sa
a.S
bîS

3

tí

ao

u

00 (U^OJ

« o ."S'A
^ö ^ "xi
'O 9
y* §•
-^*
•o "^3
"ö "O

P V "d *o xs -o -a -o

¿ri:

.... o

¡üUCJ

ÍntnOOOO \0

'+3 I¿'TS'OI$ Of 0> g.

'.3 V» »o
tf 73 U
»O'0*0
( »o "aJ

il
p+3

58§§8|¡¡

WüOOüUUCJ

«S888x

"..

\o o ^too M UIOO N

1

P2

g a a d d d «g -g -g

3«
2 o

Vol. XX, No. 6

Dec is, 1920

Effect of Temperature and Humidity on Citrus-Canker

465

In no instance were the small, undersized leaves, which were pushed to
maturity at the low temperatures, affected when transferred to a higher
temperature. Thus, a leaf that has once reached its maturity can not
be made to increase in size by a change of environment.
At the temperatures of 20o, 25o, and 30o C, growth responded at a
normal rate where the citrange and grapefruit plants were in active
condition. In general, no differences were noted in the rate of growth
at these temperatures. Thus, the optimum temperature is between these
points for the plants named above. With one exception, all dormant
grapefruit and citrange plants were forced into active growth. The
plants and leaves also made a rapid and large growth and reached
maturity rather slowly. Not much difference was noted between the
plants kept as controls under greenhouse conditions and those grown at
the temperatures named. Apparently, calamondin has a little higher
optimum temperature, since little or no growth occurred at 20o.
EXPERIMENT

3

This experiment was carried out with a view of determining the rate
of growth under a varying day and night temperature. Thus, plants
were exposed during the day at 30o C.,and during the night three different
sets of plants were placed at temperatures of 100, 150, and 20o. The
bell jars with the plants were shifted from the 30o case at 5 p. m. and
replaced at 8 a. m. the next day.
Two plants each of the trifoliate orange, calamondin, grapefruit, and
one of the Rusk citrange were used in each set. The experiment was
carried out under the same conditions as the others described above.
As will be noted in Table VIII, the plants held at 30o C. throughout the
experiment produced the most growth. Where a day temperature of
30o and a night temperature of 20o were used, there was a very slight
slowing down of the growth in all plants except the grapefruit. When
night temperatures of 150 and 100 were used, there was a decidedly
slower growth. However, growth was not checked, especially with the
rapidly growing grapefruit plants. The maturation of the leaves was
also more rapid at the low night temperatures. Thus, a night temperature lower than that at which growth normally occurs merely slows up
the growth somewhat so long as a high day temperature prevails ; it does
not completely stop the growth of the trifoliate orange, citrange, and
calamondin plants. Little or no difference could be detected in the rate
of growth of the grapefruit plants at the different night temperatures.
Leaf maturity was hastened somewhat by low night temperatures.
10917°—20
5

466

Journal of Agricultural Research
EXPERIMENT

vol. XX.NO.ó

4

It was found in experiment 3 that an alternating day and night temperature inhibited the growth of the trifoliate orange, Rusk citrange, and
the calamondin plants, while little or no difference could be detected in
the rate of growth of the grapefruit at the different night temperatures.
To determine the effect on growth of an alternating temperature for longer
periods, plants were started at a high temperature, then placed at a low
temperature for about three weeks, and then transferred back to the higher
temperature
Two sets of plants in approximately the same condition consisting of
one Rusk citrange, one calamondin, and two grapefruit plants (one large
plant and one just starting new growth) were used. The first set was
retained at 30o C. as a control. The second set after being held at 30o
for 24 hours was placed in the 150 case for 18 days and then was finally
transferred back to the 30o case for approximately 2 weeks. The results
of the experiment are given in Table'IX'.
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The plants which served as controls all made a rapid growth. At
150 C. the plants were all inhibited in their growth, there being practically no change during the interval the plants were held at this temperature. The leaves of the large grapefruit plant grew slowly and
began to mature.
Immediately on being transferred back to the 30o C. case, all but one
plant proceeded to grow rapidly at the normal rate for this temperature.
Thus, a temperature of 150 has a very decided inhibiting effect on the
growth of Citrus plants, much more so than in experiment 3, where the
plants were subjected to a temperature of 30o during the day and 150
and lower at night.
EXPERIMENT 5
In the preceding experiments, it has been clearly demonstrated that
the most growth of all Citrus plants tested occurs at 30o C. Likewise,
the best development of the organism in culture occurred at this same
temperature. Above this temperature, growth of the organism was more
or less inhibited. Thus, to determine what effect temperature higher
than 30o would have on the growth of the plants, the following experiment was carried out. Plants in various stages of growth, as shown in
Table X, were divided into four sets and placed in a saturated atmosphere
under bell jars at a temperature of approximately 35o. The results show
very decidedly that grapefruit and the other plants of this same type
were distinctly inhibited by this temperature, even though actively
growing plants were used. However, after they were transferred to the
30o case, the young growth started out at the normal rate for that temperature.
On the other hand, the trifoliate orange and limequat1 plants made
a good growth at 35o C. It is interesting to note that this is just the
opposite of the result obtained at lower temperatures. Grapefruit was
able to make a slow growth at 150, while the trifoliate orange and
calamondin plants were unable to develop at all.
1

A hybrid between Citrus aurantifolia. West Indian lime, X Fortunella japónica, round kumquat.
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It can be concluded from this experiment that the growth of grapefruit and plants of a similar type is decidedly inhibited at a temperature
of 35o C, while the trifoliate orange and limequat can make a normal
growth, at least for the period of time covered by the experiment.
CONCLUSIONS ON THE TEMPERATURE RELATION OF THE HOST PLANTS
(1) With actively growing Citrus grandis plants in a saturated atmosphere the optimum temperature lies between 20o and 30o C. The lower
limit of the optimum temperature is a little higher for C. mitis, while for
Poncirus irifoliata and allied plants the upper range of the optimum
temperature is above 30o.
(2) No temperature used was able to force the dormant Poncirus Irifoliata plants into active growth.
(3) The minimum temperature for the growth of Citrus grandis is 150 C,
and for the others tested it was 20o.
(4) Citrus grandis plants kept at a temperature of 150 C. matured their
foliage very rapidly and in most instances within a week's time. At
temperatures of 20o and above, growth was more rapid and extensive.
The period of maturation of the leaves was extended so that 16 to 20 days
or more were required, which is twice as long as at 150.
(5) Leaves that have once reached their maturity at low temperatures
can not be forced to increase their size by a change of environment.
(6) A low night temperature checks the growth of plants held at a
high temperature during the day and also hastens maturation of the
leaves. This is especially noticeable with the Poncirus irifoliata, citrange, and Citrus mitis plants. C. grandis, on the other hand, is not so
easily influenced.
(7) Plants grown at a high temperature are inhibited in their growth
when transferred to low temperatures. Citrus grandis is only slightly
inhibited, while Poncirus irifoliata, Rusk citrange, and Citrus mitis plants
are completely checked.
(8) Growth of Citrus grandis and plants of a similar type is decidedly
inhibited at a temperature of 35o C, while Poncirus irifoliata and limequat
make a normal growth, at least for the period of experiment.
INFLUENCE OF TEMPERATURE ON INFECTION AND DEVELOPMENT
OF THE DISEASE
In discussing infection and development of citrus-canker, two factors
have been stressed by the workers in this field. Both have been given
equal prominence and can not very well be dissociated. These factors
are weather conditions and the condition of the host plant. In discussions
of weather conditions, most of the emphasis has Seen placed on humidity
as favoring the more rapid development of the disease, while little has
been said regarding the influence of temperature. However, it has
usually been inferred that a favorable temperature for infection existed.
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Since the literature on the influence of temperature can not be discussed
separately from that of humidity, a brief review of the literature on the
relation of weather conditions and the condition of the host plant on infection and development of citrus-canker will be given at this point.
Both Hasse (2) and Doidge (r) found that the disease developed most
rapidly on inoculated plants in a saturated atmosphere kept at 30o C.
Stevens (11,12) makes the following statements:
In this experiment, it was found that considerable moisture must be present before
infection took place, and in many cases, the small trees thus treated had to be kept
drenched and under bell-jars for two or three days. Infections developed slowly
under greenhouse conditions, and were fewer in number than those obtained in the
open.
Wann humid weather favors rapid development of the disease and thus it is more
destructive during the rainy season.
The disease develops and spreads rapidly during rainy weather but it is more or less
retarded during periods of drought or in dry weather.
High temperatures and high humidity favor a rapid development and spread of
Citrus-canker and these are the prevailing factors of the Florida climate.

Stirling (15) states that—
during wann, wet periods, the disease infects quickly and matures in a few days.

Further that—
during a time when the atmosphere is humid, in the rainy season, it spreads rapidly.
I have found that during the early part of the season, it requires two or three months
for the canker to infect and mature so as to reproduce itself, owing, no doubt, to the
dryness and coolness of the weather. Under favorable conditions, however, the canker
will infect and mature in a much less time.

Wolf (17) observed that—
the most rapid development of the disease occurred under humid conditions.

Jehle (4, 5) in a number of articles states :
Citrus-canker is one of the most destructive diseases of citrus plants . . . and especially where the climate is warm and moist during part or all of the year,—as the
disease develops most rapidly when the humidity is high ... it was most severe
and the incubation period shortest during warm moist weather. The disease does net
develop as rapidly in cool, dry weather as it does in warm, damp weather.

He finally summarized his observations as follows—
it is much more prevalent and severe, and the incubation period is much shorter
during the summer than during the winter. In Florida, the humidity and temperature are usually high during the summer, humidity averaging from 50% to 95%
and temperature from 65 to 95 degrees F. at the Tropical Laboratory. Local
showers are very prevalent and frequently follow one another with such rapidity that
the trees do not dry off for long periods of time. During the winter, the opposite
conditions prevail, the air being dry and cool and showers few with long intervals
between them. At Redland, the temperature usually ranges from 45 to 85 degrees F.
and the humidity from 20% to 90%. Swingle learned that the disease was much
more destructive and prevalent in Japan during warm moist seasons than it was
during cool dry ones.

In discussing citrus-canker in the Philippines, Mackie (6) states that —
during the dry season, which occurs from January until the monsoon changes in June,
the disease is apparently more or less quiescent, cankers being numerous on the leaves
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but not seeming to show very much on the twigs, except on the young growth and on
nursery stock. However, after the rains begin, trees send out new growth and it is
on this new growth the canker appears, coming into evidence in about a week. In
some species, it will fairly cover the new foliage, while there also appears an abundance
of canker on the twigs. Throughout the rainy season, the disease thrives, infecting
practically all the young growth. This season (1917) would seem to offer ideal conditions as to climate, the weather being warm, the humidity varying from 60 to 88.

Tanaka (16), quoting Abe, of Japan, states that—
The severity of the organism is more pronounced in the wet years and spreads more
rapidly at such times.

It can be clearly seen from the foregoing excerpts from the literature
that the greatest development of canker occurs during warm, humid
weather, which in some localities can be translated into the term rainy
season, which in turn is usually associated with high temperatures. On
the other hand, these same weather conditions stimulate the rapid growth
of Citrus plants. The relation of the development of canker to the conditions of the host has been reported on by the various workers.
Stevens (11) says that—
young and succulent growth under humid conditions is very susceptible.

According to Wolf (17)—
new infections, appear in spring shortly after the new growth has begun. Under
favorable conditions, new infections may appear at any time throughout the growing
season of the host.

Mackie (6), in the Philippines, says:
However, after the rains begin, trees send out new growth and it is on this new
growth the cankers appear. Throughout the season, the disease thrives, infecting
practically all the young growth.

Jehle (4, 5) reports:
Citrus canker develops more rapidly on trees which are in a thrifty, healthy,
growing condition than it does on those which are semi-dormant, unthrifty, or unhealthy. Trees in a neglected condition may harbor the disease for months before
it becomes conspicuous enough to be recognized.
The vitality and vigor of the host have a marked effect upon the prevalence and
severity of Citrus canker as well as upon the period of incubation. The disease is
much more prevalent and severe upon trees which are in an otherwise thrifty, healthy,
growing condition than it is upon those which are unthrifty and unhealthy. The
period of incubation is much longer when the trees are unthrifty and unhealthy and
the disease may remain on such trees in a dormant condition without becoming visible
for long periods of time. . . . If a tree has become infected with the organisms,
they apparently do not die, no matter how long the tree is kept in a semi-dormant or
neglected condition, but persist until active growth does occur, when the canker lesions
become visible.

Tanaka

(Jó),

quoting Bakura, of Japan, says—

it seems to attack young plants mostly.

Tanaka (i(5), quoting Nishida, of Japan, says—
J do not claim the entirely resistant nature of the Satsuma variety. It is a matter
which largely depends upon the environmental condition and hab^t of growth of the
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twigs. vSatsuma does not produce as much summer growth as others, which is another
reason for escaping from the severe summer infection.

All writers agree that the young and tender growth of trees in a good
growing condition favors the development of the disease. Some few
go so far as to give the age of the parts most susceptible. Thus, Jehle
(4) found that—
medium sized, thrifty leaves seem to be most susceptible, and canker is seldom found
on those which are yellowish, unhealthy, very young or very old.. . . The young
tender twigs and thorns are more subject to citrus canker than are the older more
corky ones. . . . As the fruit matures, it seems to become less and less susceptible
to citrus canker, and mature picked fruits seem to be immune.

Other investigators have also noted the absence of infection on the mature
fruits.
The writer (7) has stated that—
even though ideal conditions of temperature and humidity were supplied for infection, few or no canker spots developed if the plant was not in good growing condition.
The largest number of spots naturally occurred on mature leaves which were still
tender and of a light-green color. Few spots appeared on the young leaves, while
spots developed on the old foliage of the more susceptible plants only.

The writer (7) has gone one step further in discussing the relations of
the condition of the plant to infection when he stated that—
apparently resistance is in part mechanical—for example, the texture of the leaf
determines to a large extent the size and character of the spot. Leaf texture plays an
important role in the resistance of the host plant to Citrus-canker and seems closely
related to the rapidity with which the leaves mature. There is a considerable variation in the time required for the maturation of the leaves of the various Citrus plants.
Thus, the leaves of the kumquat, which are rather thick and highly resistant, reach
maturity much sooner than the thin, extremely susceptible leaves of the grapefruit.

Weather conditions which influence not only the growth of the organism but the trees themselves, are also responsible for retarding growth,
both of the organism and the host. Thus, Jehle (5) finds that—
the disease has a peculiar faculty for lying dormant for long periods without producing
any visible symptoms, but sooner or later making its appearance in a typical form.
There are numerous instances on record in which it has remained dormant in this
way for many months on trees which have been shipped from an infected nursery.

Examples of dormancy of the organism have been encountered in the
field, especially with nursery stock. The writer with Neal {8) proved
experimentally under field conditions that the canker organisms could
remain dormant through the winter in the outer bark tissue of some of the
hardy hybrids for a period of 6% months.
It is clearly evident from the facts brought out that it is extremely
difficult to separate the influence of weather conditions on the development of the disease from its relations to the growth and development of
the host. Even experimentally it is impossible to separate the influence of temperature and humidity. Thus, in the following experiments
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the temperature was varied, but a saturated atmosphere was maintained.
Prior to placing the plants under bell jars at the various temperatures
in the experiments reported on under the heading "Influence of temperature on growth of the host plants'' they were thoroughly sprayed with
a 48-hour-old culture of Pseudomonas citri in beef bouillon. All inoculations were made at 10 a. 111., about which time the stomata have
reached their maximum opening. As readings and observations were
made on the growth of »the plants notes were taken on the development
of canker. Thus, a correlation could be obtained on the condition of
the plant and its relation to infection and development of the disease.
In Tables XI to XVII, the total number of spots and the part attacked
are given. On consulting Tables VI to X it will be noted that all new
spots are starred. Thus, a double check was obtained between the condition of the plant, infection, and development of the disease.
EXPERIMENT 1A

On consulting Table VI it will be seen that no spots developed on any
of the dormant plants of Poncirus Irijoliata, nor on any plants subjected
to temperatures below 20o C. Thus, in Table XI, only the positive results with Citrus mitis and C. grandis are included.
No spots occurred on the calamondin plants at 20o C. Canker first
appeared on these plants held at 25o. At 30o the spots were more
numerous, while at greenhouse temperature the number fell off. Canker
was not general on these plants because they are somewhat resistant.
The spots in all cases were small, unruptured, and occurred for the most
part on the mature or old leaves.
Even though an extremely slow growth of grapefruit occurred at 150 C.
no canker was produced. On the grapefruit plants canker first developed at 20o, the spots increasing in numbers at 25o. At 30o the number
of spots dropped off considerably, while under greenhouse conditions
the disease was more severe. It should be noted, however, that the
grapefruit plants at 25o and those kept at the greenhouse temperature
were in much better condition for infection.
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At 20° C. the spots which developed were more or less typical of
those produced under natural conditions. At 25o and 30o, however,
they were extremely soft, loose, and spongy. These dilTcrencos were
due to the stimulating influence of the high humidity and temperature.
EXPERIMENT 2A

In reality, this experiment is made up of two parts: First, the influence of temperature on infection of the plants at 50, 10o, and 150 C,
with the subsequent transfer of the bell jars, together with the plants,
to the 30o case; and secondly, the infection of the plants at temperatures between 20o and 30o.
At the end of a 15-day period, the plants held at the temperatures
of 50, 100, and 150 C. were transferred to the 30o case to see, first, if
the shock would force growth of the dormant plants, and secondly, if
canker would develop, for during this period no spots appeared at any
of these temperatures. The appearance of new spots after the transfer
is noted in Table VII, while the number and type of spots, with the
part and age of the host attacked are given in detail in Table XII.
All the actively growing citranges became diseased soon after the
transfer. The two plants which remained dormant stayed clean. In
all cases, canker was confined to the new growth. It will be seen that
most of the .citrange plants developed at a normal rate after the transfer
to the higher temperatures. The spots after breaking out were not
scattered over the new leaves and twigs but on definite portions of
the leaves, principally at the tip, along the midrib of the leaf and petiole,
and, in case of twig infection, along one side in regular arrangement.
Unpublished experiments with grapefruit seedlings and plants, in
both the greenhouse and field, on the time required for initial infection
have shown that the organism was able to enter the leaves within 20
minutes. Apparently, when the organisms were sprayed on the plants,
they were able to enter the stomata and there lie quiescent. The citrange plants were either just starting growth or were dormant when
inoculated and remained so until transferred. When the plants were
shifted from the 50, 100, and 150 C. cases to 30o, the majority of them
pushed out into rapid growth, and the organisms also started to develop.
As the leaves unfolded and the twigs grew in length the spots broke
out where the organism had entered the tissues, which, as is stated
above, occurred at definite points on the new growth. The spots
appeared on the plants in from 5 to 8 days after they were placed in
the 30o case.
No canker developed on the calamondin plants when they were taken
from the 50 C. case'and kept at a temperature of 30o. Only two plants
making a rapid growth after being placed at a temperature of 30° from
the 100 and 150 cases became diseased. The others remained free
from canker. Both the plants which later became diseased were in a
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good growing condition when first inoculated, while the others had completed their growth or were dormant. Even though some of these
plants developed new growth when transferred to the higher temperature, they remained free from canker.
As on the citranges, just the new foilage was attacked in the majority
of instances. The spots were present at the base of the new growth or
petioles, and when present on the leaves most of them were on the
midrib or near the tip of the leaves. The majority of the spots were
elonagted rather than round and became visible in from five to eight
days after the plants were placed in the 30o C. case.
The grapefruit plants were all in excellent condition for infection
when inoculated and placed in the 50, 100, and 150 C. cases. However,
in no instance did the disease appear at these temperatures. Immediately
after the plants were transferred to the 30o case, growth proceeded at
the normal rate for that temperature, and all plants showed visible spots
within five days of the transfer. Canker wTas much more severe than on
the citranges and calamondin However, the spots" were limited
to the young growth and were usually grouped at the tips of the young
leaves. Very few spots were found scattered over the leaves in general.
Thus, while no canker occurred on any of the plants held at 50, 100,
and 150 C. for a 15-day period, it did develop on those plants irrespective
of species which were in good growing condition when inoculated, after
they were all transferred to a temperature of 30o. Even though the
plants did start growing after they were transferred, no canker occurred
at this temperature on any which had completed their growth or were
dormant when inoculated, except that one elongated spot developed at
the base of the new growth on one citrange plant. Apparently, the
organisms were able to enter the stomata of the very young growth
and remain inactive at the lower temperatures, but when the plants
were placed at a higher temperature the organisms became active and
produced canker. From the location and type of the spots there is no
doubt that the organism entered the tissues and remained quiescent
until a higher temperature was available.
In Table XIII are given the results obtained between temperatures of
20o and 30o C. for a period of approximately four weeks. At 20o all the
citrange plants became diseased. However, the spots were limited to
the new growth and did not become visible until 15 days after inoculation. Only a few spots occurred on the twigs, and no mature or old
leaves were attacked.
Canker was much more severe at 25o C, causing some defoliation and
producing numerous spots on all plants. The spots were first visible
eight days after inoculation, which is one week earlier than at 20o.
The majority of the spots occurred on the young foliage. Twig canker
was much more general than at 20o, and some spots were formed on
the old leaves.
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At 30o C, canker on old leaves and twigs was general and was much
more severe on the new growth than at the lower temperatures. On one
plant, the spots were visible four days after inoculation, on the others at
eight days.
No consistent results were obtained at the greenhouse temperature.
Very little canker occurred on the new foilage or twigs, while spots on the
old leaves were common. Canker did not develop until 15 and 20 days
after inoculation.
The results with the calamondin plants were rather variable. No
canker occurred on these plants at 20o C. Only one rapidly growing
plant inoculated at 25o became diseased, even though the other two
plants made some growth later on. At 30o, canker was general on the
mature and old leaves of all three plants, only two spots occurring on
the new growth. One plant kept at the greenhouse temperature developed canker, and the spots here were limited to the new growth. Canker
was visible 12 days after inoculation. At the other temperatures, the
spots were visible in eight days. The spots produced on the calamondin
plants were small and unruptured.
With the exception of the grapefruit plants kept at the greenhouse
temperature, all developed canker within four days. Only two leaves
were attacked at 20o C, and in both cases the spots were localized at the
tip of the leaves or along the midrib. The plants held at 25o did not
grow well, so that only a few spots developed on some of the mature
leaves. At 30o, canker was fairly well distributed over the new foliage
and twigs. Several leaves were defoliated by the severe attack, but no
spots occurred on the old leaves. This is in contrast to the general distribution of canker on the plant held at the greenhouse temperature.
The spots produced on the grapefruit varied with the temperature. At
20o, the spots were more typical of those found under natural conditions,
while at 26o and 30o they were extremely spongy and corky. The same
was true for the spots on the citranges and calamondin.
EXPERIMENT 6

In this experiment, another attempt was made to obtain infection at
150 C. There were two plants each of the trifoliate orange, Rusk citrange, calamondin, and one of grapefruit. All plants chosen were in
good condition for infection. As a control a similar set was included at
20o. The plants were inoculated with a 6-day-old culture of Pseudomonas citri in beef bouillon, grown at 150 and 20o, respectively, set
under bell jars, and kept in a saturated atmosphere for 1 month. Observations on the condition of the plants were made from time to time. It
was noticed that at 150, the young growth matured rapidly, especially
that of the grapefruit plant. No spots were found at the end of the
month. At 20o, on the other hand, spots were visible on the grapefruit
16917°—20
6
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plant at the end of 8 days, and on the trifoliate orange and citrange plants
within 20 days. One month after inoculation several tiny spots appeared on the leaves of one calamondin plant. This was the only successful infection of this species at 20o during the course of the work.
At the end of the first month, the plants held at 150 C. were transferred
to the 30o case, and the set kept at 20o was abandoned. Four days
after the plants were transferred to the higher temperature all were
diseased, having from several to many spots. By the end of two weeks
the disease was general on all the plants. The spots were more or less scattered and typical and not at all like those described in experiment 2 a.
However, this was due, in part, to the fact that the leaves of the plants
used in this experiment were from one-half to three-fourths grown,
while the foliage of the others was mature except for the small unfolding
buds. The results obtained are the some as those reported on in experiment 2 a", except that in this case the plants were held at the lower temperature 1 month instead of 15 days. Table XIV gives the total number
of spots with part of the plant attacked at the temperature of 20o for
one month and for two weeks after transferring the plants to the 30o case
from a temperature of 150.
EXPKRIMKNT 3A
According to the results of experiment 3, a varying day and night
temperature had no appreciable effects on the development of the grapefruit plants. On the other hand, the effect was noticeable on the growth
of the other plants used. Thus, in this experiment, canker occurred at
all temperatures on the grapefruit plants, as can be seen in Table XV.
On the calamondin plants held at the constant temperature of 30o C.
considerable canker developed. However, only one spot (on new growth)
occurred at the varying night temperatures. In other words, the calamondin plant does not respond to so wide a temperature range for infection as grapefruit.
The citranges and the trifoliate orange plants differ from the grapefruit in their reaction to sudden changes. On the citrange, canker
developed at a constant temperature of 30o C, while no spots whatever
were produced on the others, in spite of the fact that they were all in the
same condition when inoculated. Only a few spots occurred on a few
of the trifoliate orange plants. However, the majority remained free
from canker at the varying temperatures. Thus, except on grapefruit
plants, a low night temperature has a tendency to inhibit infection and
the development of the disease.
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at wound on
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tip.
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1
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above.
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4A

EXPERIMENT

In experiment 4, it was pointed out that where plants were held for a
short time at 30o C. and then placed at 150 a marked inhibition of growth
occurred, although the grapefruit leaves made an extremely slow growth
and the younger leaves matured to some extent. However, when
transferred back to the 30o case, growth of all the plants except one
proceeded at a regular rate for that temperature.
When the two sets of plants were placed in the 30o C. case, both were
inoculated in the usual way. At the end of 24 hours set 2 was transferred
to the 150 case to determine whether canker would develop at this temperature. No doubt the organisms were able to enter the host plants
during the 24-hour interval, for canker was observed on the grapefruit
plants of the control 48 hours after they were inoculated.
At 150 C. all the plants remained free from canker, with the exception
of the larger grapefruit plant. Nine days after the transfer of the plants
a few small, unruptured spots occurred on one grapefruit leaf (Table XVI).
However, after the plants were transferred back to the 30o case, the
severity of canker was as great as 011 the control plants, except on the
one citrange plant which did not produce new growth. These results
indicate quite clearly that the organisms were able to enter the plants
during the interval they were held at 30o in as great a number as in the
control plants, but when the plants were transferred to the 150 case,
growth of the plants and likewise the development of the organism were
inhibited, although in culture at this temperature a fairly good growth
is made by the organism. When the plants were again placed in the 30o
case and normal growth for that temperature was resumed, as much canker
subsequently appeared on these as on the control plants. All experiments so far presented along this line indicate quite clearly that the
development of the disease is primarily dependent upon the activity of
the plant.
TABLE

XVI.—Percentage of infection on plants at an alternating high and low temperature
EXPERIMENT 4A
Citrus grandis.

Temperature.

30o c

Rusk citrange.

Citrus milis.
Plant No. 1.

Plant No. 2.

100 per cent leaf infection; spots few,
small, and corky;
r spot on twig
at base of new
growth.

Few small, scattering, compact spots
on lower leaves.

100 per cent leaf infect ion ;
spots
many, small to
medium, corky; 2
spots at tip of 2
twigs, large and
corky.

100 per cent leaf infection ; spots small
to medium, few
corky;
1 twig
spot, large and
corky.

30o c,
transferred
to 150.

Clean

Clean

Few small, scattering, unruptured
spots on one leaf.

Clean.

15° C,
transferred
to 30o.

Clean;
no
growth.

100 per cent leaf inf e c t i 0 n ; spots
many, small to
large,
corky;
2
twig spots at tip.

100 per cent leaf infection; spots few
small to medium,

new

Spots plentiful
old leaf scars.

at

corky.
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EXPERIMENT 7

Heretofore, in all the experiments at low temperature no attempt was
made to bring either the plants or cultures to the temperature of the case
to which they were subsequently exposed. To check this phase of the
work one set of plants was inoculated in the usual way. In the second
set, the plants and cultures were held at 150 C. for 24 hours before the
inoculations were made, to insure that both the plants and the organisms
in culture were at the temperature desired. As will be noted in Table
XVII, no canker developed on the plants of either set at 150 during the
18-day period they remained at this temperature. However, when both
sets were transferred to the 30o case, canker appeared on the citrange
and grapefruit plants in about the same proportion. The first method of
inoculation which was more generally used compared favorably with the
second method herein described. A similar experiment was carried out
at 20o. The period of incubation, amount of infection, and growth of
the plants were the same in the two experiments.
TABLIî

XVII.—Comparison of methods of inoculating plants at low temperatures
IîXPERIMIîNT

7

1
Citrus gra
Temperature.

Duration of
experiment.

Rusk citrange.

Citrus
milis.
Plant No. 1.

IS0-I50 C.

aR-150 c
i50-l5OC.,
transferred
to 30o.

R-150 C,
transferred
to 30o.

Dee. 10
to
Dec. 29, 1919.
do
Dec. 29, 1919,
to
Jan. 10, 1920.

do

Clean

Clean . .

do

do

Clean

.do

Few small spots ...do.. .. Shoot 1, leaf i, 10 tiny
spots; leaf 4, 1 smail
on 1 leaf.
spot. Shoot 2, leaf 1,
10 small spots; leaf 2,
2 large corky spots;
leaf 3, 2 small corky
spots.
2 twig spots

a

.. .do... Shoot i, leaf 2, 5 small
spots; leaf 3, 10 s nail
spots; leaf 4, 3 small
spots. Shoot 2, leaf 1,
defoliated by canker;
leaf 3, 1 small spot.

Plant No. ?..
Clean.

Do.
1 spot on 1 leaf.

Bud attacked and
killed by canker; no new
growth.

R= greenhouse temperature.

EXPERIMENT 5A

The results obtained in experiment 5 seemed to indicate clearly that
at 35o C. the growth of grapefruit and plants of the same type was
practically inhibited, whereas the trifoliate orange and limequat were
both able to make a normal growth. It will be noted that four sets of
plants were used in this experiment. After the four sets of plants
remained at this temperature overnight, they were inoculated with
5-day-old cultures of the organism grown at temperatures of 100, 15o,
25o, and 35o C, respectively.
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Because of the limited amount of infection the results are not tabulated.
No sign of canker developed on any of the plants in set 4, which had been
inoculated with a culture of the organism grown at 35o C. As was to be
expected, only three spots (two on grapefruit and one on sweet lemon)
occurred on this type of plant in the other three sets. This extremely
light infection was due to the distinctly inhibitive influence of the high
temperature on the growth of these plants.
Many spots occurred on both the limequat and trifoliate orange plants
in the remaining sets. Incubation required from 5 to 11 days on the
trifoliate orange and 11 or more on the limequat plants. The spots
were medium-sized, ruptured, and very corky. In no case did any of the
trifoliate orange plants, which were dormant when inoculated, become
infected when new growth appeared later. Furthermore, where a new
shoot had started prior to inoculation, many spots developed on this
shoot, but no canker appeared on any shoots which developed after
inoculation. Evidently, at this temperature, the organism is unable to
survive for any length of time and is only able to infect the actively
growing tissue of the plant.
CONCLUSIONS ON THE INFLUENCES OF TEMPERATURE ON INFECTION AND THE DEVELOPMENT OF THE DISEASE
(1) No canker whatsoever has been produced on dormant plants.
(2) The minimum temperature for the successful inoculation of
Poncirus trifoliata, Rusk citrange, and Citrus grandis plants is 20o C.
Apparently, it is a little higher for plants of C. mitis.
(3) The optimum temperature for infection of the Citrus plants used,
which were in an active growing condition, lies between 20o and 30o C,
with the possible exception of C. mitis.
(4) A low night temperature has a decidedly inhibiting effect on
infection and development of the disease on citrange and Citrus mitis
plants. This does not hold true for C. grandis.
(5) At 20o C. only the new growth was attacked with few or no twig
cankers; not only the new growth but twigs developed cankers at 25o,
and there were few spots on old leaves; while at 30o all of these parts
were readily attacked.
(6) The period of incubation varied not only with the host plant but
also with the temperature. With citrange and Citrus mitis, the period of
incubation was shortest at 30o C. With grapefruit, the period of incubation was very short at all temperatures between 20o and 30o.
(7) At 20o C. the spots produced on the plants are more typical of
those found under natural conditions, while at 25o and 30o they are
extremely loose, soft, and spongy.
(8) Judging from the location, parts of the plant attacked, and type of
spots produced on growing plants when transferred to a temperature of
30o C. after being held from two weeks to one month at 50, 100, and 150 C.,
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there can be no doubt that the organism entered the tissues of the host
shortly after inoculation and remained quiescent until a higher temperature was available. This fact may explain the many cases of
inactivity of the disease met with under field conditions.
(9) Plants held at 30o C. for 24 hours after inoculation and then transferred to a lower temperature failed to produce infection except on one
grapefruit plant. However, when returned to a higher temperature,
most of the plants showed 100 per cent infection.
(10) At a temperature of 35o C. infection took place only on the plants
which made a normal growth, while little or no disease occurred on plants
of the Citrus grandis type. However, all successful inoculations even
on the Poncirus trifoliata type of plants were made with cultures of the
organism grown at temperatures below 35o.
INFLUENCE OF HUMIDITY ON THE ORGANISM
The influence of humidity on bacteria resolves itself principally into a
question of drying or desiccation. Bacterial growth takes place only in
the presence of free moisture. Thus, in a study of the influence of
humidity on bacteria, one must consider the viability of the organism
and not the growth.
The common methods used heretofore have been the drying of the
organisms on silk threads, glass beads, or glass slides. Some few investigators have used seeds. The method ordinarily followed by the pathologist is to smear with a sterile platinum needle on sterile microscopic
slides bacteria from vigorous pure cultures and to set these slides away
in the dark in a dry-air room. After a few days they are tested for
viability, either by pouring nutrient agar over the slides in Petri dishes
or by dropping cover glasses, which are sometimes used, into a suitable
culture medium.
In the work on the resistance to drying of bacteria, no one has determined the temperature or the humidity at which the prepared slides have
been kept. Again, no attention has been paid to making a uniform
smear of the organism on the slides. The only factor which has been
considered necessary has been that the smear be taken from young,
vigorous cultures.
A brief review of the literature reveals the fact that organisms dried
on seeds or on silk threads remain alive much longer than those dried on
glass slides, cover glasses, or beads. However, since conditions varied
with each experiment, no comparisons can be drawn.
Using the prescribed method for testing resistance to drying, vStcvens
(12) found that—
bacteria (P. citri) from young and old cultures exposed for two weeks on glass slips
to dry in the air of the laboratory failed to germinate.
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Wolf (17), varying the method somewhat, states that:
The organism seems to exhibit a very considerable resistance to drying. In the
desiccation experiments bacteria from vigorous pure cultures on potato plugs were
smeared by means of a sterile platinum needle on clean microscopic slides in moist
chambers. The moist chambers containing the microscopic slides were sterilized
prior to transferring the bacterial smear to the slides. These preparations were made
on June 1, and placed in a wall closet in the laboratory. On July 1, August 1, and
September 1, several of the microscopic slides were removed from the moist chambers
and placed in the sterilized Petri dishes, using proper aseptic precautions in making
the transfers. Tubes of melted nutrient agar which had been cooled almost to the
point of solidification were poured upon these smeared slides. No growtli occurred
in the case of those tested on September 1, but those tested on July 1 and August 1
were still alive. From this, it is believed that the organism can retain its viability for
about two months.

Stevens (12) later carried out the following experiment :
Pieces of sterilized cloth were wetted with suspensions of bacteria (P. citri) from
cultures of dilTerent ages, from four days old to seventy-five days old. The pieces were
then allowed to dry in the air of the laboratory in the dark. Germination tests from
these pieces of cloth showed a very large number of the organisms alive after a drying
period of five weeks.

He also states:
That the bacteria may live for a month or more in the dried canker spots, is shown
by the disease having been transferred to healthy citrus tissue from dried leaves that
had been kept in the laboratory for a month.

On the other hand, Wolf (17) states that :
Unsuccessful attempts, however, have been made to recover the organism from the
leaves kept in the laboratory from September, 1914, to May, 1915; nor has recovery
been possible in the case of twig cankers kept under laboratory conditions from March
to October, 1915.

Stevens (ij) concludes from his experiments with the growth of Pseudomonas citri in dry sterilized soil that—
P. citri can propagate and remain alive and virulent when kept in soil for a
period of twenty-six months, and that the organisms arc capable of surviving long
periods of desiccation without complete loss of vitality and with little apparent loss
of virulence.

The following experiments, which are to be considered of a preliminary
nature only, were undertaken to determine the viability of the organism
at different temperatures and under various humidities.
The method used was essentially as follows: Eighteen silk threads 2
inches long were stretched across an aluminum wire frame 2l/i inches
square, with legs ij^ inches high, inclosed in glass stockings of the same
height. These frames were then placed in ordinary moist chambers 2
inches high and 3K inches wide and sterilized in the autoclave. Larger
Koch moist dishes, with ground-glass lids, were then sterilized. Under
sterile conditions, the threads were immersed in a 48-liour-old culture of
Pseudomonas citri in beef bouillon for 5 minutes. In the meantime, a

490

Journal of Agricultural Research

VOI.XX.NO. ó

sulphuric-acid solution was added to the two dishes. The smaller dish,
set in the larger one, was filled to within i inch of the top, and the larger
dish was filled to the same height, so that about i inch of the smaller
dish projected out from the liquids. The frames were then replaced in
the smaller dishes, so that the threads were % inch from the surface of the
liquid. The lids of the outer dishes were then vaselined and made airtight. At the end of each 24 hours, two silk threads were cut off and
placed in tubes of beef bouillon to test for the viability of the organism.
The reason for the use of two dishes, both filled with the solution, will be
explained by Prof. Hottes in a forthcoming article. It is sufíicient to
say that this method gives a very accurate vapor pressure, which in turn
could be translated into terms of relative humidity. For the sulphuricacid concentrations, vapor pressure, and relative humidity the tables
published by Stevens (^4) were used. The specific gravity of all solutions was determined with a Twadell hydrometer when the temperature
of the solution was 150 C. The dishes were set in the different temperature cases, so that they were exposed to a rather strong diffused light.
The writer wishes to point out one difficulty that had to be overcome
and which caused him more or less trouble during the course of this
experiment. The citrus-canker organism, as has been pointed out before,
makes a very characteristic growth in beef bouillon. One of its characteristics is to produce flakes after a certain time, depending on rapidity of
growth. Whenever a beef-bouillon culture of the organism which was
used to inoculate the threads showed any signs of flaking, no consecutive
results were obtained. Thus, several sets had to be discarded and repeated on this account. The reason is perfectly obvious and needs no
further explanation. Thus, it is imperative that strictly uniform suspensions of the organism be used to inoculate the threads in order to
obtain consistent results.
The results of the experiment given in Table XVIII clearly demonstrate
that there is a distinct influence between temperature and humidity on
the viability of the organism on the threads. At the medium humidities
(49 to 70.4 per cent) the organisms were alive for the duration of the
experiment at all temperatures. No organisms were viable at the end of
24 hours at the higher humidities (80.5 to 100 per cent) at 30o C. However, with each drop of 50 in the temperature more of the organisms
remained viable at these humidities, until at 100 the organisms were
viable at all humidities for the duration of the experiment. The same
thing held true for the lower humidities. Here more or less variation
existed, but there is a more or less regular sequence in the increase of
viability at these humidities with each drop of 50 in temperature, until
we reach 100, where again, as is the case of the higher humidities, they
are viable for eight days.
Because of the preliminary nature of this phase of the investigation
no explanation of these results can be made at this time, except to point
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out that there is a distinct relation between temperature and humidity
on the viability of the citrus-canker organism, so far as this experiment is
concerned. It is interesting to note that at the low temperatures humidity apparently has little influence on the viability of the organism on the
threads, while at the higher temperatures it is the limiting factor, especially at the higher humidities. At the humidities generally encountered
in the field in Alabama the organisms are viable at all temperatures on
the threads for eight days. Another puzzling fact is that in ordinary
distilled water the organism remained viable at temperatures between
100 and 35o C. for a period of eight days, while at the higher temperatures (30o) the organisms are dead at the end of 24 hours in a saturated
atmosphere.
TABLE
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INFLUENCE OF HUMIDITY ON GROWTH OF THE HOST PI.ANTvS
The preliminary experiments reported below are indicative of what
might be expected. Before placing the plants in the cases, all the pots
were wrapped with a double layer of parraffin paper, so that no moisture
could escape from the soil.
I^XPKRIMENT i

Two plants each of Poncirus trijoliata, Citrus milis, and C. grandis
were used in each case. For the most part, the plants were dormant or
had completed their growth.
Three cases with humidities of 90 to 95 per cent, 82 to 86 per cent,
and 73 to 77 per cent were used. The temperature (dry bulb) in the
cases varied between 210 and 230C. As can be seen in Table XIX,
with the exception of two grapefruit plants held at 90 to 95 per cent
humidity, none of the plants were pushed into active growth. However,
it will be remembered that at no temperature in a saturated atmosphere
did the trifoliate oranges produce new growth, and likewise no results
were obtained with the calamondin plants at 20o in a saturated
atmosphere. The grapefruit plant did make a rapid growth at 20o,
in fact much more so than those held at 90 to 95 per cent humidity and
at approximately the same temperature. Thus, with dormant plants
which have completed their growth, the temperature and humidities
used did not stimulate the production of new growth
EXPERIMENT 2

In this experiment, three plants each of the Rusk citrange, calamondin,
and grapefruit were used. One plant of each species had sufficient new
growth for infection, a second had mature leaves, while the third was in
a dormant condition. The results of the experiment are reported in
Table XX.
Of the plants used, calamondin appeared to thrive and grow best at
the humidities used in this experiment. In the experiment on the
influence of temperature in a saturated atmosphere, little or no growth
occurred at 2o0C., but here with approximately the same temperature a
good vigorous growth was made, even the dormant plants of this species
starting. The results with grapefruit and citrange were not so clear-cut.
Their behavior was decidedly different from that at 20o in a saturated
atmosphere. Growth at the humidities used was faster, and the leaves
were much smaller. Apparently, then, low humidities have the same
influence as low temperatures on the maturation of the leaves of some
of the Citrus plants. The cause for the decided difference in the growth
of the calamondin plants is not known.
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EFFECT OF HUMIDITY ON INFECTION AND DEVELOPMENT OF THE
DISEASE
The literature on this subject has already been discussed thoroughly,
and the consensus of opinion has been that citrus-canker developed best
and spread most rapidly in a warm, humid climate. It has also been
pointed out that the host plants themselves thrive best under these
influences. It has likewise been shown that the greatest number of
plants are infected at 30o C. in a saturated atmosphere, while even at
20o infection takes place, particularly on grapefruit and citrange plants.
Just before the plants were placed in the humidity cases already
reported on, they were thoroughly sprayed with a 48-hour-old culture
of Pseudomonas citri in beef bouillon, which was almost allowed to dry
on the foliage before they were placed in the cases.
No infections of any kind occurred on the plants listed in Table XIX
during a period of 18 days.
,
In the second experiment (Table XX), only two infectious occurred
during the 15 days the plants were in the cases. Both of these occurred
at the higher humidity. In one case, one spot developed on a young
leaf of a calamoudin plant, and several corky spots were found on the
tip leaf of one grapefruit plant. No doubt, in these instances, the
organism was able to enter before the plants had adjusted themselves
to the humidity of the case. On January 31, 1919, the plants in both
cases were removed to a saturated atmosphere and approximately the
same temperature. Within eight days, one plant of the Rusk citrange,
two of the calamondin, and one of the grapefruit became infected as
shown in Table XXI. Only two spots on two mature leaves of one
of the grapefruit plants developed on those held at the lower humidity
before being transferred to a saturated atmosphere.
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CONCLUSIONS ON THE INFLUENCE OF HUMIDITY ON GROWTH OF
THE ORGANISM AND HOST PLANTS AND ON INFECTION AND
DEVELOPMENT OF THE DISEASE
(1) The results of the silk thread experiment prove very conclusively
that there is a distinct relation between temperature and humidity on
the viability of Pseudomo-nas citri.
(2) The citrus-canker organism is very susceptible to a combination
of high temperature and humidity. Medium humidities at all temperatures are not injurious to the organism. With all humidities at low
temperatures none of the organisms are killed.
(3) Apparently, at the humidities and temperatures used there is an
inhibiting action on the growth of the Citrus plants, with the exception
of Citrus mitis.
(4) Little or no infection occurred at the humidities and temperatures
used.
DISCUSSION
The writer realizes keenly the imperfections and incompleteness of
the experimental data presented, because of the complexity of the problem with its numerous and diverse factors. However, he feels that
enough qualitative data have been accumulated to indicate that a most
excellent field of endeavor lies in investigations of this nature. Several
fundamental principles have been uncovered, which, with further study,
should lead to promising results. Thus, with the incompletness of the
experimental work in mind, the writer will attempt to discuss his results
as a whole and correlate them with actual field conditions as he has
observed them during the past four years.
A superficial study of the temperature relations, in culture, of the
bacteria causing plant diseases shows that, in the main, the temperature
relations of Pseudomonas citri agree very well with those which have
been studied from time to time. One point which pathologists have not
considered in their studies of temperature relations of bacteria in culture
has been the time element. However, when this factor is considered,
the plant-disease bacteria belonging to the Pseudomonas group have a
minimum temperature of approximately 50 C. or slightly higher. By
the use of former methods, lower minimums have been obtained in some
cases. They have an optimum between 200 and 30o, a maximum varying
with the time factor, but between 35o and 38o for a period of 24 hours,
and a thermal death point between 49o and 510. The plant-disease
organisms of the bacillus group, with but few exceptions, have a maximum temperature and thermal death point several degrees lower than
the Pseudomonas group.
Temperatures below the minimum simply inhibit the growth of the
bacteria, so that low temperatures within reasonable limits and with
the length of exposure considered do not cause their death. It should
16917—20
7
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be noted that all the active plant-disease bacteria can develop in cultures
at temperatures lower than that of their host plants. The writer wishes
to point out here again the pronounced lag in the growth of Psendomonas
citri on media between temperatures of 150 and 20o C. To him, this
différence is of marked significance. No explanation of this phenomenon
can be offered at this time.
In most cases, the optimum temperature for the growth of these
organisms is approximately the same as that of the host plant. Thus,
the temperatures at which the best development of the host plant occurs
are the same as those which yield the best growth of the bacteria in culture.
For extended periods of time, the host plant develops at temperatures
slightly higher than the bacteria in culture, although the plant's development is likewise retarded at the high temperatures. The extent to
which the growth of the bacteria at or near the maximum is retarded or
inhibited depends on the length of exposure.
While studies of the temperature relations of the bacteria in cultures
are necessary, the results can not be strictly interpreted in the light of
field conditions. They serve only in indicating an approximation,
especially where minimum and maximum temperatures are concerned.
Our present methods of determining the resistance of bacteria to drying
have been exceedingly crude, and with but few exceptions no attention
has been paid to conditions which might influence the results. At best,
the usual methods do not even have an empirical value, in that the
results are not comparable. A glance at the literature on the subject
will reveal this fact.
Different investigators have obtained widely divergent results with
the same orgainsm. To illustrate, Stevens (12) states that—
bacteria (P. cilri) from young and old cultures exposed for two weeks on glass slips
to dry in the air of the laboratory failed to germinate,

while Wolf (17) comes to the conclusion that—
the organisms seems to exhibit a very considerable resistance to drying

and further that—
the organism can retain its viability for about two months.

Smith

(JO)—

found this organism (P. campestris) much more resistant to dry air than Harding's
first report would indicate, to wit; in Harding's experiments, invariably destroyed
in 45 hours, and 7 out of 8 cover-slips sterile at the end of 21 hours. In my own tests,
the organism on 8 out of 24 cover-slips was alive after 34 days, when inoculated from
a potato culture 2 days old and on 2 out of 23 cover-slips when inoculated from bouillon.

Later Harding, Stewart, and Prucha (3) found that Pseudomonas campestris could live on cabbage seed for a year under certain conditions.
In the experiments carried out by the writer, strict attention has been
paid to the amount of the inoculum on the threads, as well as to temperature and humidity. The most striking results obtained indicate that
at low temperatures humidity has little influence on the viability of the
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organism, while at high temperatures it is the limiting factor. It is
extremely interesting to note that at the medium humidities the organism is alive at all temperatures for the period of the experiment. Even
at the extremely low humidities the organism is viable for varying lengths
of time, depending somewhat on the temperature.
No attempt will be made at this time to explain the results obtained,
nor to compare them with those showing that in ordinary distilled water
the organism is alive at the end of eight days at temperatures between
100 and 35o C. It is sufficient to state here that the death rate of the
organism on the silk threads is not due to the rapidity with which drying
takes place, since at the low humidities where drying is most rapid, the
death rate is slow, while at high humidities where the rate of drying
is slowest the death rate is most rapid. At the medium humidities,
where the organism is alive at all temperatures for the duration of the
experiment, some other factor or factors must enter in other than the
rapidity of drying. It should be noted that the medium humidities
used in these experiments are the ones most generally prevalent uuder
field conditions in Alabama during the greater part of the year.
The life of a plant-disease bacterium in culture in the laboratory and
in the field outside of the host plant is ruled by entirely different factors
from those which govern when it is parasitically active in the host tissues.
Thus, a sharp distinction must be drawn between these conditions.
It is extremely difficult to compare the results obtained in the greenhouse experiments with observations in the field, because of the widely
divergent conditions which exist. In the greenhouse work constant
temperatures and humidity controls were used, while in the field all sorts
of conditions are met. After the problem has been studied from all
angles, it appears that only general statements can be made at this time.
For the purpose of this discussion, two types of rest periods can be
distinguished without entering into a long explanation of the probable
causes of rest periods in horticultural plants—namely, winter dormancy
brought about by either the approach of cold weather or freezing temperatures and the short rest periods which occur during the growing
season. During winter dormancy the cell activities cease to a great
extent, while during the short rest periods which occur in the growing
season some of the cell functions merely slow up.
In Alabama, as a rule, grapefruit and allied plants usually grow on
into the winter, until temperatures of 50 C. or lower are reached. At
this time, the plant is thrown into a state of dormancy, which persists
until a period of higher temperatures occurs and active growth is resumed.
This may happen several times during the winter. With Satsuma
{Citrus nobilis var. unshiu, Swingle) and other mandarin oranges growth
proceeds until low temperatures occur and after that no growth takes
place until suitable temperatures prevail. Kumquats (For tuneil a mar garita (Lowr.) Swingle) go into dormancy and cease their growth with the
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approach of low temperatures and remain dormant for a longer period
in the spring than any other of the Citrus plants. The trifoliate orange,
being deciduous, has a very fixed dormant period. The plants become
dormant in the fall with the approach of cold weather and do not start
growing until a period of favorable temperature is reached in the spring.
To summarize, the Citrus plants in Alabama become dormant in the following order, trifoliate orange, kumquat, Satsuma, and grapefruit. New
growth starts out in almost the reverse order, grapefruit, Satsuma, trifoliate orange, and kumquat.
Thus, with other factors eliminated, grapefruit plants develop at the
lowest range of temperatures^ both in the fall and spring, in the field.
In all cases, the leaves formed late in the fall and early in the spring are
much smaller in size and mature in a shorter period than those which are
formed later in the season.
In the greenhouse experiments under control conditions it was found
that grapefruit could develop very slowly at 150 C. and also that in no
instance could any of the other plants used be pushed into growth at this
temperature. However, at 20o all plants became active, although the
calamondin, which resembles the kumquat in some respects, did not develop rapidly until a temperature of 25o was reached. The differences in
the size of the leaves and time required for their maturation in comparison
with those obtained at 30o were also noticed at the lower temperatures,
grapefruit leaves being one-fourth to one-half the size of those produced
at 30o. It was likewise observed that 16 to 20 days were required at 30o
to complete the maturation of the grapefruit leaves, while at 150 7 to 8
days were sufficient.
Thus, a mean temperature of 150 C. or thereabouts is sufficient for
starting active growth of grapefruit plants in the field, while temperatures of 20o or slightly less are needed for the trifoliate orange and
Satsuma. Kumquat does not start until a slightly higher mean is
reached. These figures are borne out by the weather records and observations of the conditions of the plants in the field for the past four years.
The optimum temperature for the growth of the Citrus plants used in
the greenhouse experiment lies between 20o and 300 C. Some differences were noted in the behavior of the different plants at these temperatures. There is no question but that at 30o the best development of all
the plants occurred. Above 30o grapefruit was inhibited, while plants
like the trifoliate orange seemed to make as good a growth as they did
at 30o.
The short rest periods of Citrus plants during the growing season are
in all probability a maturation phase, following the period of elongation
of the new growth. Field observations have shown that temperature
and humidity play an important part in the rate and amount of growth
made during these periods; in fact, they determine to some extent the
number of growth periods which occur during a season.
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Because of the preliminary nature of the greenhouse experiments on
the influence of humidity on Citrus plants, no statements can be made
at this time, except to point out that there is a definite relation between
the development of the plant and humidity.
The first prerequisite for infection of Citrus plants by Psendomonas
citri is the presence of free moisture on the plant. The second condition
is a suitable temperature. However, with both these conditions fulfilled,
no infection can take place unless the plant is in an active, growing condition. In other words, no infection of a dormant plant is possible.
This fact has been clearly demonstrated by the greenhouse experiments
and is borne out by observations under/field conditions. During the
short rest periods in summer, it is infrequent that new infectious occur.
This is due to the fact that the shoots have completed their growth and
the period of maturation is at hand. In other words, canker is most
abundant during the growth periods, the severity of the disease decreasing during the short rest period. Thus, we have cycles of infection
which in turn correspond to the growth periods of the plants themselves.
In speaking of infection one must distinguish between the period of
initial infection and the period of incubation. By the period of initial
infection is meant the time required by the organism, after it reaches a
a leaf, to enter the stomata or, in the case of wounds, the tissue of the
plant. The period of incubation, on the other hand, is the period extending from initial infection until the disease is visible. As has been
stated before, experiments have clearly shown that the period of initial
infection is short, the organism getting into the stomata within 20
minutes. The period of incubation, on the other hand, may be short
(48 hours) or long (several months), depending on external conditions.
The presence of free moisture is necessary for limited periods only in
order that initial infection may take place. Initial infection does not
occur at high humidities, but because of thé stimulating influence of high
humidities on the active growth of the plant, when accompanied by
suitable temperatures, they are more conducive to the disease. As has
been noted before, all investigators agree that the greatest development
of canker occurs during warm, humid weather. However, in all localities where warm, humid weather prevails, we have alarge rainfall. Thus,
so far as initial infection and, incidentally, the development of the disease
is concerned, it is not the high humidity that must be considered but the
frequency of the rains. The temperature factor must not be overlooked,
in that, even though frequent rains occur, no canker will develop unless
a suitable temperature for the development of the organism and growth
of the host is at hand. Thus, without question, even though the same
amount of rain occurred in the orange districts of Japan as falls in the
Gulf coast section, canker would not be so severe, because of the lower
mean temperature prevailing in that country.
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On the other hand, conditions are met with where a suitable temperature for growth and infection is present, but there is a decided deficiency
in rainfall. The conditions existing in the Philippines can be cited as a
typical example. Thus, Mackie (ó) states that—
during the dry season which occurs from January until the monsoon changes in June,
the disease is apparently quiescent. * * * However, after the rains begin, the
trees send out new growth and it is on this new growth that the canker appears,
coming into evidence in about a week. * * * Throughout the rainy season, the
disease thrives.

Initial infection can take place under conditions which do not favor
the development of the disease. Furthermore, it may occur and the
organisms may remain quiescent in the tissues for long periods of time
without any signs of the disease being manifested. In fact, we may
assume that there are occasions when initial infection takes place without
the subsequent developent of the disease because of unfavorable conditions for its development after the organism enters the tissues of the
host plant.
The writer has shown that initial infection did occur at low temperatures, although no canker developed until the plants were transferred
to a higher temperature. These experiments were repeated under greenhouse conditions several times with the same results. In the field,
plants were inoculated in September, 1917, and no canker became visible
until the following April, when it developed very rapidly and was extremely severe on the twigs and stems of some of the hardy hybrids.
No doubt, in the case of kumquat, the organism is able to enter the
stomata but is unable to develop because of the resistance offered by
the tissues. Where the tissues are broken, kumquat leaves can be
readily infected. Thus, initial infection requires a definite set of conditions entirely different from those required for the development of the
organism after it enters the host plant.
No canker whatsoever has been obtained under any conditions at
150 C. or lower on any of the plants experimented with in the greenhouse.
At 20o the disease has been produced on all plants, although the amount
of canker and the period of incubation varied greatly with the different
plants. Thus, only one calamondin plant was successfully inoculated at
20o in all the greenhouse experiments ; all growing plants became diseased
at 25 o ; while at 30o the number of spots increased very rapidly in number
over those produced at 25o.
On the trifoliate orange only a few leaf spots occurred at 20o C. after
15 days. At 25o spots were more numerous on the young leaves; a few
old leaves became diseased and a few twig spots were formed. The
period of incubation at this temperature was only 8 days. Canker was
general on all the plants at 30o, with the period of incubation shortened
to 4 days. It is interesting to note in this connection that in the eradication of canker in Alabama practically all canker on trifoliate orange
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stock has been found during the months of July and August, months
with the highest mean temperature. In other words, the trifoliate orange
is not very susceptible at temperatures of 20o, but when temperatures
of 30o are reached the period of incubation is as short as that of grapefruit, and the plants themselves are as susceptible as grapefruit, or more so.
This fact can be still more clearly shown by stating that in Japan, where
the temperatures are rather low and uniform during the growing season,
cankers on the trifoliate orange are rare, though grapefruit and navel
orange in the same orchard or nursery may be badly infected. The slow
growth of the trifoliate orange, then, at temperatures around 20o makes
it more or less resistant to canker, though when grown at temperatures
of 30o it becomes extremely susceptible.
Grapefruit, which grows at a much lower range of temperature than
any of the other Citrus plants tested, is the first plant to become infected
in the spring and the last in the fall. The greenhouse experiments showed
that the period of incubation at 20o, 25o, and 30o C. was 4 days. However, the spots produced at 20o were not so large or so numerous as those
produced at 30o.
Thus, it has been found that the optimum temperature for the growth
of the organism in culture media in the laboratory lies between 20o and
30o C. Since the same optimum has been found for the host plants, it
should be expected that the same optimum should prevail for infection
and development of the disease. That such is the case has been proved
in the experiments reported.
At a temperature of 35o C. or thereabouts, the maximum for the
growth of the organism in culture is approached, especially when the
length of exposure is included. This same temperature also inhibited
the growth of some plants in the greenhouse experiment. No canker
was obtained on any of the plants when a culture of the organism grown
at 35o was used to inoculate plants kept at this temperature in the
greenhouse. Only one spot was formed on grapefruit when plants were
inoculated at 35o with cultures grown at lower temperatures. The trifoliate orange appears to make a good growth at 35o, and general infections
were obtained on these plants at this temperature. In the field, temperatures of 35o prevail for portions of some days over periods of several
months. The question naturally arises whether the organism can exist
outside the host plant for extended periods, especially if high humidities
prevail at the same time. On the other hand, we know that the disease
develops during these periods.
The influence of temperatures below 150 C. in the field will be discussed more fully in aN forthcoming article 011 the overwintering of the
disease. It is sufficient to state here that although a temperature of 20o
is necessary for infection, the disease after it is once produced can keep
on developing at temperatures lower than 20o and is fully dependent on
the growth of the host plant. In other words, the canker organism is
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active in the tissues so long as the host cells are active, and when the
plant is forced into dormancy the organism becomes inactive and the
disease is then quiescent.
From the present extent of our knowledge of this disease, it can be
concluded that environmental conditions play an exceedingly important
rôle in the susceptibility and resistance of Citrus plants. Thus, environmental conditions determine *to some extent the anatomical structure of
the plant parts attached by canker, by influencing the size and rapidity
of maturation of the new growth and the leaf texture. Apparently, each
species studied has a definite reaction to its environment and differs
from other species in its behavior under a given set of conditions. Therefore, one should be able to forecast the susceptibility and resistance of a
given plant under certain environmental conditions. Lastly, the influence of humidity and temperature on the host favors to some extent
the increased or decreased virulency of the organism toward a definite
species. It appears that it will be necessary to study the behavior of
the host plant in its environment before any scientific selection or breeding for disease resistance can be made.
SUMMARY
(1) The temperature relations of Pseudomonas ciiri Hasse in culture
are similar to those of the plant-disease bacteria of the Pseudomonas
group. With the time factor included, the minimum temperature for
growth in culture is about 50 C, the optimum between 20o and 30°, the
maximum about 35o for a period of 24 hours, and a thermal death point
between 49o and 52o.
(2) The influence of humidity on the viability of the organism is very
distinct and is closely associated with temperature. At low temperatures,
humidity appears to have little or no influence, while at high temperatures
and high humidities it is the limiting factor. At medium humidities at
all temperatures the organism is viable for the period of the experiment.
Some factor or factors other than the rapidity of drying are responsible
for these results.
(3) The Citrus plants used in the greenhouse experiments vary markedly in their reaction to temperatures and humidity, especially at low
and high temperatures. However, with the time factor included, the
optimum temperature for all the plants used lies between 20o and 30o C.
With some slight variations, the same temperature relations hold in the
field.
(4) Three conditions are essential for infection—the presence of free
moisture on the plant, a suitable temperature, and an actively growing
plant.
(5) The life of the organism in culture and outside the host plant
is ruled by an entirely different set of conditions from those which
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control it when it is parasitically active in the host plant. Likewise,
the conditions necessary for initial infection of the plant differ.
(6) The period of initial infection must be clearly distinguished from
the period of incubation and subsequent development of the disease.
(7) The conditions which bring about the most active growth of the
host plant are also responsible for the most rapid development of the
disease.
(8) The difference between host plants in their temperature and
humidity relations, in both the greenhouse and field, is further brought
out in their behavior toward infection and the development of the
disease.
(9) The organism is active in the tissues so long as the host cells are
active, and when the plant is forced into dormancy the organism becomes
inactive and the disease is then quiescent.
(10) Kuvironmental conditions play an exceedingly important role in
the susceptibility and resistance of Citrus plants to canker.
(11) The results indicate that it will be necessary to study the behavior
of the host plant in its environment and its relation to the causal organism
before any scientific selection or breeding for disease resistance can be
made.
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