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Abstract

Over a range of levels of certain envirommental factors,
the germination of uredospores of Puccinia graminis=tritici,
Race 56, is characterized by qualitative as well as quanvivative
differences in response, as well as by pronounced variability
between samples. Both of these features are probably dependent
upon the level of a self-inhibitor evolved by these spores.

Evidence is presented for the existence of the follow=
ing interactions:

2. In the presence of light, but not in its absence,
the lowering of the carbon dioxide tension causes a reduction
in percentage germination, and results in lysis of the germ
bubes
o 4

b In terms of lower percentage germination, uredo=
gpores are more sensitive to the self-=inhibitor at low carbon
dioxide tension in the presence of light.

¢o Uredospores are more sensitive to low oxygen
tensions at low carbon dioxide tension, in the presence of
1ight4 o

From the above considerations, it appeared likely that
the effects of carbon dioxide, oxygen, and inhibitor concen=
trations were interrelated, and that the suppression of gers=
mination of submerged spores was probably associated with their
sensitivity to the inhibitor.
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INTRODUCTION

At the present time, the major obstacle to the study
of obligate parasitism in fungi, in this instance, Puceinia

graminis-tritici Brikss. & E, Henn., Race 56, is that these

organisms cannot be grown apart from their living hosts, their
metaboliec activities being intimately associated with, and
hence obscured by; those of the host plant. There is, however,
one relatively brief phase, the germination of fungal spores,
which can proceed for a limited time independently of the host.
For this reason, the physiclogy of spore germination has re-
ceived considerable attention,

Apart from their value per se, studies on spore germin-
ation provide two means of revealing in greater detail the
distinctive characteristics of obligately parasitic fungi.s
by comparing the germination behaviour of spores of the
parasitic type with that of spores of normally saprophytic
fungi, and by noting similarities and differences between the
independent phase and the resulting parasitic one.

Unlike the majority of fungal spores, it was noted in
this laboratory (Isaac), that Race 56 uredospores frequently

did not germinate when covered with a thin layer of water,




oxygen supply, or to an accumulation ¢f an inhibitor known
to be evolved by these spores, it was suggested that an en=-
guiry into the relationships between the gaseoug enviromment
and germination, and alsoc the role of the inhibiter, might
be of some assistance in explaining this bshaviour.

Before carrying out the main body of the investiga=-
tion,; certain inconsistencies in the germimability of the
spore samples, involving storage conditions; required atten=
tion. These are dealt with in Part T, The effects of carbon
dioxide concentration and cxygen supply, are treated in
Parts Il and 111 respectively. Finally, in Part IV, with an
assegsment of the infermation gathered from the previous
sections, together with more direct evidence, an attempt is
made to interpret the problem of why the germination of sub=

merged spores is reduced.




METHODS AND MATERTALS

The Race 56 culture of uredospores of Puccinia

graminig=tyritici Erikss. & E. Henn. was originslly obtained

from a well=isclated pustule and grown continually on Little

Club wheat (Triticum compactum Host.) under normal greenhouse

conditions. The genetic stability of the rust collections was
tested periodically on the standard set of twelve differvential
hosts. Both the rust material and the wheat seed were kindly
provided by the Dominion Laboratory of Plant Patholegy, Fort

Garry, Manitoba.

Collection of the Spores.

The spores were collected daily with a cyclone hare-
vester,‘which is shown diagramatically in Figure 1. It con-
sisted of a 50 ml boiling-tube (A), a two-hole rubber
stopper (B), and intake tube (C) with a 2 mm bore, and a
5 mm outlet tube (D), which was connected with rubber tubing
to an aspirator pump. Tube (C) extended about halfway down
the side of the boiling=tube, and was bent to an angle of
about 45° (e1), so that the spores were directed downwards in

& clreular direction as they were drawn into the boiling=tube.
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Fig). Diagram of opparotus used for the
collection of uredospores. see text for
detasls. .
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The tip (co) was slightly flattened horizontally. The outlet
tube (D) did not extend as far into the boiling=tube as (c),
and was f;ared at the inner end.

When the collector was attached o an aspirator pump,
the velocity of the aif passing through (C) was sufficient to
carry the spéres into the boiling-tube; here the drop in air
velocity brought about through the increased cross=sectional
area; caused the spores bo be precipitated to the botbom of

the tube.

Inoculation Technique.

The apparatus illustrated in Figure 2 assisted in
dispersing the inoculum evenly over the surface of the mediumg
50 that the spores were well separated from each other to
facilitate counting. This was accomplished by vibrating the
spores through a fine copper gauze screen and allowing the
spores to settle onto a rotating petri dish.

4 commercial vibrating tool (A) was fitted with a
metal cylinder (B); to the bottom of which was soldered a
cirele of gauge screening., A turntable (C), such as that used
for ringing microscope slides, was placed directly beneath the

vibrator. When air currents caused the spores to drift, it
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used for
inoculation
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of uredospores. see text for details




wags sometimes found convenient to enclose the area above the
petri dish with an inverted polythene container (D).

To inoculate the medium, the spores were placed in the
container (B), the turntable and petri dish were set in motion,
and the spores were subjected to vibration for five to fifteen
seconds.

No significant difference in final percentage germins-
tion was found between spores wibrated® in the above manner,
and those dusted onto agar with a camel's hair brush.

Note.

Both pieces of apparatus described in this section

were assembled in the Botany Department, U. of M,

Germination Conditions.

Many of the germination trials t¢ be reporited here were
carried out in a growbh-chamber which provided uniform eondie
tions. These weres

Light =e=-= ca, 2400 foot=candles. When exclusion
of light was desired, the germination vessels were wrapped in
aluminum foil.

Temperature === 20° C 4 0,25

Humidity —-=-= 65% + 2 Relative Humidity




Note.,

By the following terms which appear throughout the
work, the conditions implied are:

tPlain agar® —-

Compesitions
hifeco® agar 75 g
Distilled water 1000 ml

The agar was poured into 50 ml petri dishes, and used
not more than four hours after preparation. In any experiment
invelving low carbon dioxide concentrations, the dishes were
kept over 20% potassium hydroxide.

"fresh spores® =- spores that had been produced dure

ing the twenty=-four hours previous to the experiment,

Apparatus for the Handling of Gas Mixbures.

The apparatus shown schematically in Figure 3 was de=
signed to prepare mixtures of carbon dioxide; oxygen, and
nitrogen of any desired combination. Essentially this is
achieved by withdrawing a known volume of liquid from a gradus=
ated cylinder, creating a partial vaeuum, then bringing the
bressure back to atmospheric by adding the required gas to

the cylinder.
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Fig 3 - an‘gra‘m of apparatus for the preparing and handling of gas mixtuves




10

The vertical glass cylinder {(C), with a capacity of

twoe liters, and gradvated in 10 ml intervals g; is connected at

the base with a four-liter aspirator bottle (B}; containing

5% sulphuric acid. A #fine adjustment® in the form of a 50 ml

graduated burette (D), which was also abiached to the main

a1

¥

,-s

cylinder

of acid of less than 10 wi.

C); provided a means of withdrawing measured volumes

Carben dioxide is generated by foreing sulphuric acid

means of an atomizer bulb (F)
carbon dioxide is evolved, it
eight=-1liter aspirator bottles

Cylinders of compresse

as the carbon dioxide supply

der {C) through the taps (1),

he filter flask (G containing sodium carbonate, b
5 8

with a one-way valve., As the

is drawn into one of the twe

over 5% sulphuric acid,

E

N
L

2d nitrogen and oxygen, as well

are comnected Lo the main cylin-

(2), and (3) respeciively, The

manometer (4), containing acidified Brodiets fluid; opens to

the manifold through a three-way tap (),

For prepared oxygen and nitrogen mixtures, an extra

storage bottle (H) was found convenient; and the soda=lime

chimneys (I & J) were added %o the ozygen and nitrogen lines

I

as a precantion against carbon dioxide contaminabion. Glasgs

tubing or thick-walled rubber tubing was used throughout.
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Since a2 positive pressure was maintained in the gas lines during

the preparation of the gas mixbures s contamination by atmos-
ovheric carbon dioxide was probably a negligible factor.
The germination vessels (Q) consisted of 600 ml desice

cators; each of which was bored to admit a rubber stopper and

ot

& Fyrex tap.

Thoge parts of the apparatus that were frequently dig-

s

connected (e.g., desiceators and sampling=tube) were fitted
with ball and socket joints,

For the analysis of the gas mixtures, a Haldane=-itype

:'}

of apparatus, the PRECISION model of the Fischer Seientdfic
Company, was employed. Its sensitivity was found to be approx-
imately 0.1 per cente

To prepare the gas mixture, the manometer Ffluid was
drawn up to tap (L), and re-levelled by admitting nitrogen,
This tap was then closed. The gas lines were flushed out with
their respeciive gases and taps (1), (2), and (3) were turned

off, Finally, the main cylinder (C) and the manifold were

)

i1led with acid and tap (5), at the outlet of the manifold,
was ghub off,
The gases were drawn into the main cylinder one at a

time by lowering the aspirator bottle {B} and allowing the




acid to flow oub of the cylinder, meanwhile introducing small
amounts of the gas, so that a reduced pressure was maintained

1,

in the ecylinder. The liquid flow was stopped at the appropri-
ate level (i.e., at the nearest 10 ml mavk on the cylinder
plus the amount removed through the burette (D)), Tap (L) was
opened at this point, and the pressure in the eylinder was'
brought to atmospheric by introducing small additional amounts
of gas. The process was repeated for each gas reguired.,

To mix the gases, all taps were closed and the cyle

inder was detached from the rest of the armaratus at (M) and
AT Ay

(P). It was inverted a few times, and re=connected to the

The gas mixture was now ready for use., One or two
inoculated petri dishes were placed in each desiccator, and a

desiccator was attached to a2 gas-sampling tube (R). Both

ES

were evacuated for one minute” and comnected to the gas mix-

ing apparatus,

“
No significant difference in final percentage ger=
mination could be attributed to this treatment.,

W




The manifold was flushed out by turning tan (6) of
o (% p r

the gas sampling=-tube so that some of the gas mixbure was
Forced through the manifold to the external air. The ap=
propriate taps were then turned to establish connection be=
tween the desiceator and the main cylinder.

Acid from the aspirator botitle (B) was admitbed to
the cylinder, and when the pressure in the system was ap-
proximately atmospheric, the manometer tap (L) was opened,

and a final adjustment was made. Taps (6) and (7) of +the
sampling=tube and (8) of +the desiccator were closed; and the
two were disconnected,

After each analysis, the sampling~tube was flushed

with air; the desiccators were washed thoroughly after each

germination trial,
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PART

]

THE PROBLEM OF VARTABILITY. A. THE BFFECT OF
STORAGE CONDITIONS

At the outset of investigations of germination undef
various conditions; we were confronted by variations in the
spore samples; such that the percentage germination varied
from £fifty to ninety=five, Unaccountable variations of a
similar nature have also been encountered by other workers
(25 3, 19, 22, 26, 37).

Alternatively; in some experiments the conbrols agreed
within around one per'cent of each other,

Tt was felt necessary to devote some time to trying
to trace this source of variabiliﬁy5 because if there is a
marked difference bebtween the fcontrol® results in essentially
similar experimental conditions, it is invalid to attribute
any result obtained to the factors being tested and no com=
parison can be made between experiments,

& number of factors were studied with a view to reduc-
ing the large errvor variance; such likely ones as age of
pustules, time of day that the spores were collected, position

of the pustule on the leaf, differences between plants,
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differences between leaves on the same plant, greeshouse tem—

paraturel and humidityz during spore formation, were all found
to be without significant effect under the conditions of this

series of experiments.

The following experiments were carried out in an at-
tempt to determine the particular conditions of storage and
germination that caused this variabion.

Experiment I. The Effect of Storage Conditions
And Mixing on Percentage Germination

Fresh spores from four large plants were bulked and
divided into two lots, A and B. Lot A was mixed thoroughly
with a camel's hair brush; while Lot B was disturbed as little
as possgible.

Samples from A and B were shaken directly onto plain

agar and kept at 20° C.

1
Temperatures tested--85° F and 55° F

2
Relative humidities==50% and 75%




The remaining portions of A and B were again sube
divided into Lots C; D, E and F, and kept at 5° C for two
dayse. At the end of this time; C and E (from A and B
respectively) were mixed thoroughly, while D and F (from A
and B) were left unmixed. Ay and Ag, both taken from A, and
serving as controls on the treatments at 5° G, were left
standing in the laboratory at approximately 20° C for two
days. Samples from all treatments were then shaken onto agar
and germinated at 20° C.

There were four replicates, that is, four petri dishes,
for each treatment.

The results are summarized diagramatically in Figure
he

Fresh spores, apparently, were highly viable and
uniform in their behaviour, whereas those that had been
stored in the refrigerator exhibited a significantly lower
percentage germination. This decrease, furthermore, did not
occur wiformly throughout the sample, since the replicates
from unmixed samples possessed a higher standard error.

Heterogeneity in this case could not be attribubed to
growing conditions, since there was no significant difference

between A and B, but must have occurred after removal From the

plant,




(m) cuy 07777 FRESH QPGRES
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LT
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(m)- mixed (wy-vmixed

Fig;qr, Diagram of the effect of mixing and of Sf.oroqe conditions on per-
centage gerrunation.
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There was no significant difference between C, Dy, E
and F, although spores that had not been mixed gave more
variable results. C, D, E and F, however, were all noticew
ably lower than 4, and Age

Since there was no significant reduction in percentage
gemination after two days! storage under room condibtions, iv
was concluded that a large part of the variation occurred after
collection, and was probably associated with conditions in the
refrigerator.

Experiment II. The Effect of Storage in The
Refrigerator

&

Mlen (2), working with Race 56, found that prolonged
storage tended to decrease the rate of germination, and to ine-
cresse the time required for germination to commence. Similar
effects have been noted in this laboratory, but from prelimine-
ary experiments, it was found that there was no direct correla-
tion between age of spores and decrease in viability, up to
around six months. (Figure 5.) In some instances, there was
a sharp reduction in percentage germination after as little as

two hours in the refrigerator; on other occasions; little

change occurred over a period of ten days. When sucecessive
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samples were withdrawn from the same spore collection (Figure
6), it was found that after an initial rapid reduction, the
rate of which seemed to vary considerably between collections,
a more or less constant level was reached and maintained over
a period of months.

These observations seemed to indicate that some casual
factor, or factors; apart from aging processes alone; was
responsible for the reduction in germination, while the data
from Experiment I would suggest that this source of variability
could be connected with storage in the refrigerator,

The following experiment was designed to compare
specifically the effect of storage under room conditions and
in the refrigerator, as well as combinations of the two.

Fresh spores were mixed thoroughly, and approximately
equal quantities were dusted evenly over the bottmmsyof 50 ml
glass containers; which were covered with watch-glasses.

The following treatments, with five replicates for

each, were carvied oub:

N

Ao stored in the refrigerator for 2 days.
Be sbored in the refrigerator for 1 day, then
exposed to room temperature for 1 day.

Co stored at room temperature for 2 days.



21

Do stored at room temperature for 1 day, then
placed in the refrigerator for 1 day
Those kept under room conditions were stored in a dark

cupboard, with a temperature of approximatels 23° ¢.
e 7 - o

TABLE T

THE EFFECT OF STORAGE CONDITIONS ON PERCENTAGE GERMINATION

Treatment
Replicate n 3 a 5
1 87 88 90 93
2 8L 83 90 86
3 90 86 85 91
L ok 90 93 89
5 20 91 91 8y
Mean
Porcontage 0990 # 303 B7.6 4 2.8 80,8 £ 2.6  88.6 4 3.2
No. spores
counted 75k 728 137 735

The percentage germination of the spores after collec-

tion, and before storage, was 96,7 ¢ 2.2.
Contrary to expectation, there did not appear to be any
significant difference in percentage germination betwesn any
of the four treatments. All four treatments, however; gave
significantly lower results than did freshly collected spores,
In Experiment I, it was found that a reduction in

gemination resulted with spores kept in the refirigerator; in



this experiment, there appeared %o be no difference between

room and refrigeravor storage, although both yielded a lower
percentage germination than that of fresh spores.

Tt was concluded that some factor (or factors), which
was associaved with storage in the refrigerator most of the
time, but only casually connected with room conditions, was
bending to reduce the germinability of the spores.

Experiment III. The Effect of ILight, During
Svorage, Upon Subseguent Germination

In examining the previous two experiments for any dise
crepancies in conditions that might account Ffor the reduction

in percentage germination with room storage in Experiment II,

yeg
H

but not in Experiment I, it will be noted that only in the
former were the containers kept in the dark.

The effect of light on dry spores is generally cone
sidered to be injurious, the effect apparently being a function

1

of the 1

1-5e

ght intensity and wave~length, duration of exposure,
type of spore pigmentation, and of the species under study

£ H

{7, 8, 12, 19, 20, 38, 5hL).

The action of lig not always appear

B,

0 follew a simple relationship,




Bolley (7) found that uredospores expoged in tvest-
tubes to direct sunlight for one month showed only fifty pew
cent germination; while if the test=tubes were kept in the
shade for the same length of time, they retained their

viabllity. In a later paper, however, he reported that
spores exposed to direct sunlight for twelve days gave

elghty to one hundred per cent gemmination (8),

Cochrane (12}, working with Phragmidium mucrenatum,

e 1

obtained a marked reducticn in gemmination after only three

hours of light exposure (ca. 1000 f.c.), but no significant
reduction in germination afier sho Xposure periods when

the spores were kept in thin-walled glass phials.

Hwang (38} noted that uredospores appeared to be nore
registant to light after storage (although the results were
not ccnsistent), and that samples covered with cell Lophane were
more resistant - F an vncovered samples to the direct actbion of
light. A similar cbservation has been made in this laboratory;
it was found that when fresh spores were exposed to fluoures-

cent light (ca. 1000 f.c.} in open containers for two days,

o

he subsequent percentage germination was enly about ten per
cents on the other hand, when the spores were kept in covered

gless convainers, no significant reduetion in germination; as




compared with that of fresh spores, was apparent. The above
results would suggest that the physiologicel condition of the

&b

spores, and perhaps alse; the ultre~violet light intensity

governs the reaction of the spores to light.
The ensuing experiment was carried out to determine

whether the exclusion of light, which was the case with rew

Similar samples of fresh spores were dusted evenly over
the botboms of ten 50 wm peitri dishes. The lids were replaced,
and five petri dishes were wrapped in aluminom foil; and five
were left unwrapped.

The dishes were placed on a laberatory bench; under a
bank of fluourescent lights (ca. 1000 fece), for two days. At
the end of this time, the conitents of the dishes were mixed
with a camel's hair brush; asnd samples were germinated on plain

agar at room temperature {22.5° C),
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. . Dark Light
icat o tat
Replicate No (wrepped) (urrapped)
! o3 95
2 86 97
3 95 96
L 85 ol;
5 90 92
Mean Percentage 89,8 9l 8
Total No. Spores
Counted 1036 995

Using the ™" test for the comparisen of unpaired
differences (Fisher 1938}, a "% value of 2.33 was obtained,
which with eight degrees of ffeeé@ms was just significant
at the five per cent level. It was concluded from this that
the reduction in germination ofien observed during storage
was prebably associated, directly or indirectly, with ab=-
sence of light,

The apparent discrepancies in the literature cone
cerming the effect of light may perhaps be accounted for by
attendant variations in other factors, such as the amount of
air circulation about the sample, and by the fact that the
effect of darkness, as well as the effect of 1ight, must be

considered,




THE PROBLEM OF VARTABTLITY. B, THE EFFECT OF
GERMINATTION CONDITIONS

In the previcus section, the suggestion was made that
a large part of the experimental ervor cccurred during the
storage of the spores, when standardized conditians.were Sl
ployed for gemmination.

The remaining portion of Part I deals with what was

subsequently found to be the most important source of vari-

ab

fde

lity in the controls when stendardized germination condi-

3

-

ions were not emploved.

Experiment IV, The Effect of The Initial
Agar Temperature on Percentage
Germination

The optimum temperature for the germination of uredoe
spores of most races of wheat stemrust generally lies within
the range from ten to twenty-five degrees Centigrade (L0, 55),
It has been noted here that Race 56 vredospores will not ger=
minate at 29° G., although they can withstand this treastment
for at least eight hours, with a high subsequent percentage
gemiination at lower temperatures,

Ingtances have been recorded where brief exposures to

extra=cptimal temperatures, followed by more normal conditions,



exert a decided effect upon the course of germinaticn.

Duggar (22} and Eriksson and Hemning (25), working

with aecidiospores of Puccinia graminis, found that the highe

¢Q

est percentage gemination was obtained by placing the spores
for a time on melting ice, then sowing them on water. The
next best results were obtained when the spores were soaked
for three hours at 3% C., The poorest results were secured
when the spores were sown directly at room temperature,
Similar results were found with uredospores. In view of the
results obtained by Allen (2}, it would appear likely that
the tempevature effect was confounded with that of ipre=

4,

soaking¥, which has been shown to largely overcome a source
of inhibition.
Dickinson (16) subjected gemminating uredospores and

Erysiphe graminis conidia to rising and falling temperatures;

no significant difference in percentage germination was obw
served when the spores were placed in a refrigerator, the
mechanism of which was then turned off, and the temperature
was allowed to rise from 6° C to room vemperature overnight,
When the reverse process was executed (i.e,, from room bempers

ature to 6° C); the spores failed to germinate.
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Raeder and Bever (4i9) found that by transferring uredo-

4

spores of Puccinia glumarum, P. graminis, and P. triticina afier

21l germination had ceased at 29° C. to 9 or 10° C. for foriy-
eight hours resulted in renewed germination. Similarly, the
transferring of spores from freezing=point to rocm temperature
resulted in renewed germination,

Dodge (21) and Shear and Dodge (53) were successful in

breaking the dormancy of Ascobolus and Monilia spores by sube

e

Jecting the incculated medis to temperatures of over 75° ¢

for brief periods.

Goddard

Pan

31} was able to stimulate germination of ascow

spores of Neurospora sitophila by a similar me ethod; this

Py

worker found, moreover; that the effect of heat activation

could be reversed by placing the spores under anflerobic cone
ditions or in the presence of cyanide, and that reactivation
occurred after the spores were exposed once more to high teme

peratures,

(@]
°

Curran and Evans (13) found that a temperature of 959
for ten minutes resulted in the activation of the spores of a
number of thermo=tolerant bacteria.

Cochrare (11) obtained an increase in germination for

uredospores of Phragmidium mucronztum when the inocilated
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material was kept at 27° C. for ten minutes. The mayimum in-
crease occurred within eight hours of sowing; after twenty-
four hours; the temperature treatment failed to stimulate the
PIOCEss.

Agar plates were left for three hours after prepara-
tion at the following temperatuvess 5%, 20°, and 29 C. Each
plate was then incculated quickly with three and one=gquarter
month old spores; and placed at 20° to germinate., 01d spores
were used so that any increase in percentage would be re=
cordedy with fresh spores, the percentage of germinated sporas

already approaches its top limit.,

TABLE IIT

THE EFFECT OF INITTAT, AGAR TEMPERATURE ON FINAL
PERCENTAGE GERMINATTION

Replicate Initial Temperature
No. g(T ?OO 29(3
1 52 73 86
2 L9 68 89
3 67 68 88
1 h2 70 82
Mean % 52.5 t 2.1 69.7 & 2.0 86:25 + 2.5
Total Noo 587 601, 702

Spores Counted
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To summarize, evidence was presented for the follow-

1. Placing uredospores on chilled agar (5° C.), and al-
lowing the temperature to rise to 20° Cey resulted in 2 sig-
nificant decrease in percentage gemination, as compared to
those maintained in 20° throughout the experiment.,

2. Placing uredospores on warm agar (29° C,) and allewe
ing the temperature to drop to 2009 produced a significant in-
crease in percenbage germination.

Toe above results appear to conflict with the findings
of Eriksson and Henning (25) and Duggar (22), who found that
pre=chilling increased germination. The greater variability
associated with the pre=chilling treatment would suggest that

other uncontrolled factors exert a more critical influence at

this temperature. The adverse effect of chilling, incidentally,

has been obtained with spores germinated on distilled water as
well as on agar, and with spores subjected to different treate
ments,

A first approximation of the time required for the
vemperature of the conbtents of the petri dish to come to
equilibrium with the temperature of the growth-chamber (20° C.)

would be around twenty minvies, suggesting that the residual
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effect of the inivial temperature involved either a physical
phenomenom, or a process of an enzymatic nature, In either
event; the initial treatment had important consequences on the
subsequent behaviour of the spore, and constituted an easily

overliocked source of error.

DISCUSSION AND CONCLUSIONS

The activity of massive samples of spores during

d

storage can perhaps be divided into two phases: an initia

4

rapid reducbion in germinability, usually occurring within a
few days, and a more or less constant level, lasting for
periods of up to at least six months, in which sevenvy or
eighty per cent of the spores retain the ability to cerminate
under standard conditions.

The lack of correlation between length of storage time
and percentvage gemination recorded in Figure 5 was probably
due to the marked differences between individual collections,
vand to the sensitivity of the spores, before germination, te

environmental disturbances cccasioned by removing samples, ew=

posure to room conditions for varying lengths of time, etc.
When the collections were kept in the refrigerator continually,
and the contents disturbed as litile as pessible, a more cone

sistent trend was seen (Fig. 6),




I}
32

While factors such as the depth of the incculum and the

amount of air ecireulation ahout the sampie provably accounbs

5‘_‘?4

for the observed differences in reduction in germination of

. R

varions collections stored in the refrigerator, there was no

Iy °

direct evidence for these assumptions. There was evide ence,

however, that storing samples in closed containers in the absence

;“h

light resulted in decreased germinability, as compared with

Fag

those exposed to a light intensity of around 1000 foot=candles.
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ing, since this effect can be largely overcome by & brief ex-
posure to bemperatures of around 29° ¢,

Allen (2} noted that old spore collechbions germinated
with difficulty, and with variable vesults, but that if meas=
ures were taken to remove the inhibitor (e.g., by Hore=floating #),
a high percentage germination was reached., Tt seems likely that
at least some of the phenomena noted above can also be atbribubed
to the activity of a self-inhibitor or its precursors.

The immediate aim of obtaining reasonably wniform spore

samples was achieved by using spores nob more than ons week old
£y (] (<] & 5

5

which had been left in containers covered with a watcheglass at
room temperatures, in the presence of light. The theoretical

agpects of the problam; however, remain obscure,
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THE EFFECT OF CARBON DIJETIDE CONCENTRATION
A, 1OW CONCENTRATIONS

An external supply of carbon dioxide appears 1o be ree-
guired by a number of microorganisms. Frobably the first
demongtration of the stimulatory action of carbon dioxide on
the growth of heterotrophic organisms was that of Bang (L)

g

and Wowak (L6) for Brucella abortus. By 1927 it was known that

the spore gemination of Basisporium gallarum (2h), Saccharomyces

{51), Aspergillus (50}, and the growth of a large nuwber of

bacteria (51, 59}; were stimulated by the presence of carbon

Rockwell and Highberger (51) found that the inhibition

.

¥ growth brought about through the lowering of the carbon di-
oxide tension wag greater in acid media, and that with in-
creased amounts of inoculumg low carbon dlowide tensions were

not as effective in reducing growith.

Golding (3h), for Penicillium rogqueforti, observed thath

the stimvlation in growth brought aboub by the addition of small
amounts of carbon dioxide took place sooner at the lower tem-

ratures.
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Steinberg (5l) revealed an interaction between certain

trace elements and the carbon dioxide supply on the growth of

he found that the effect of ranoval of carbon

dioxide was greater; in terms of decreased yields; when the
following elements were lacking in the nutrient mediaz gallium,

zinc, copper, molybdenwn and iron,

iz

or a review of some of the known paths of carbon di-
oxide fixation, see Krebs (Li2) and the S.E.B. Number V (56).
Allen (2), working with Race 56 uredospores of wheat
stem=rust, found a marked increase in percentage germinatbion
in the presence of inhibibor when carbon dioxide was added to
the atmosphere; however, at very low inhibitor concenbrabions;
the rate of germination appeared to be stimulated by the re~

.

amoval of carbon diowide from the alre=stream.

Experiment V. The Effect of Low Carbon Dioxide
Ievels on Percentage Germinavion

-

Barlv experiments on Race 56 ursdospores, with the ob=

3

ject of testing low oxygen concentrations, tended to be very

2

10
L

&
el

erratic when the gas mixture was mad with tank oxygen and

nitrogen and nitrogen; bub less so when the same concentrations

were obtained by dilubting laboratory air with nitrogen. It was
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decided that this effect might be due to a difference in carbon
dioxzide levels,

A mixture of nine- to seventeen-day 0ld spores were
mixed thoroughly, shaken onto plain agar, and exposed to differ-
ent carbon dioxide concentrations, as described in METHODS AND
MATERTALS,

The desiccators were flushed with tank nitrogen for five
minutes, evacuated and filled with the gas mixture twice, then
placed in the growth chamber. The oxygen concentration for all
treatments was 20%. The "0" per cent carbon dioxide treatment
refers to the desiccators containing 20 ml of 10% potassium

hydroxide.

TABLE IV

THE EFFECT OF LOW CARBON DIOXIDE CONCENTRATTONS
ON PERCENTAGE GERMINATTON

% Germination

2 Trial T Trial I1
non 61 7h
0,003 70 79
0,006 77 81
0,012 91 85
0,025 89 82
0.25 89 80

1,00 87 8l
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The presence of burst tips” was much more no

£

The following are rough estimates of the proportion of spores

with Thurgtghe

oM GO, 5074+
0,003 15%
0,025 less than 1%
1.00 @ i 12

From an inspection of Table IV and Figure 7, there ape

peared to be an approximately linear relation nship with per-

*

centage germination from 0¥ to 0, 012% carbon dioxide and a
levelling-off in percentage from 0,012 to 1.00% carbon di-
oxide.
Experiment VI. The Effect cof Density of Inoculum
m Fercentage Germination at Low Carbon
Dioxide Concentrations
Uredospores evolve carbon dioxide dur ng normal germine
ation procedures; hence, as shown by Rockwell and Highberser

s

(51}, ssible source of variation when carbon dioxide becomes

e

For an example of this effect, see Plate ITY, Figs 2.




limiting for normal gemination could be due %o»%he effect of
spore dengsity.

Varying amounts of fresh spores were shaken onto agar;
and placed in individual 600 ml desiccators, over 20% potassium
hydroxide., The desiccators were put under a bank of Fluourese
cent lights (ca. 1000 foot=candles) at a temperature of approxi~
mately 22° C. As controls, the spores were treated in similar

fashion; except that they were nobt placed in desiccators.

TABLE V

THE RELATTONSHIP BETWESN PERCENTAGE GERMTWATION
AND SPORE DENSITY OVER KOH

Spore % Germination
Dengity Over KOH Controls
2ol 36
3eh 56
30? . 9&
l@ee 53»3-
540 67
6.0 96
7.0 72 95
8450 19
965 92
11.5 93
13,7 91
18,2 93
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In appearance, the spores exhibited a graded series

2 P

to no observable

quent swellings and burst tips, as in Plate 117, Figs. 1 and 2.
The criterion used to distinguish #germinated! Ffrom angermin

ated™ spores was that the length of the germ tube had to be

=l

greater than the longer dimension of the spores; since at the

lower densities, many of the germ tubes were extremely short;
classification was often difficultb.

It was concluded that carbon dioxide is probably
4

evolved by the germinating spores, - even when the atmospheric
o iy 3

supply is low, and that in any assessment of the effects of
i 't 2 e
3

low carbon dioxide concentration, the factor of spore density

must be taken into consideration.

*
The figures represent the average number of gporas
per microscope field (approximately 1 sq. mm).

Compare Fig. 8 and the vesponse to low carbon di-
oxide concentrations, Fig, 7.
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Bxperiment VII, The Effect of Light on The Reaction
Of Spores to Low Carbon Dioxide Concentrations
Although a large part of the experimental variation
could be attributed to the amount of inoculum per petri dish,
large errors in percentage germination over potassium hydroxide
also appeared when the spores were germinated under room condi-

vions, as compared to germination in the growth-chamber,

N

ince experiments had been performed at different times
£ the day, it appeared probable that light intensity was
another factor that had to be considered,
Germinating spores are more susceptible to the action
of light than dry spores, according to Dillon Weston (19).

Stock (55) reported no effect of strong light on the

germination of uredospores of Puccinis triticina, P. dispersa,

R

nd P. coronata, except a slight delay in the last two species

ol

in the time of movement of the protoplast into the germ tube.

In the case of Puccinia graminis, germination was somewhat de-
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The exi

verimental design consisted of a 2 x 2 factorial,

et o

with one large desiceator for each treatment combinations
2. expesed to light (L), et atmospheric GOy (4}
bo i moon (L), over KOH (=)
Co kept in the dark (D) at atmospheric COs (%)

de ¥ m @ (D) over KOH (=)

.

1 T “ o * g % )
shallow layer of 10% KOW was kept in the bobtem of +he desiccators,

TABLE VI

THE EFFECT OF LIGHT AND DARKNESS ON PERCENTAGE
CGERMINATION AT TWO LEVELS OF CARBON

DICEIDE
Replicate 5 L
No, ; - :
] 93 90 . -
ﬂ - 2
5 ol, o o, 0
A 95 9& 72 ‘
° gh o1 ;g ;g
O g o % 86
| i # 96 8l,
&) 9 ? 9,‘ 9l‘é 93:
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The effect of a low carbon diexide tension on the

growth habit in the presence of light was much more marked

than 1t would appear from an ingpection of Table VI, BFven
the replicates with about ninet Ly per cent germination exhibited

;f.t:
[s 58

g
£

erm tubes with abundant swe ellings an

The remaining three co moinations; + and = carbon di-

exide in the davk, and ¢ carbon dioxide in light, were morpho=
logically indistinguishable from each other; they all exhibited

long gewrm tubes of an even diameter; with branched and u
branched forms, and some that appeared stretched across the
surface of the agar.

From the above information, it would appear that an
external source of carbon dicxide is required in the presence

of light for normal germination, but not in the absence of

Fod
|=5

ight
In the dark; lowering of the carbon dioxide tension
by the presence of 10% KOH seemed to be of litile CONESEQUENGE =

Is -

morphologically, or on a percerntage basis,

In the presence of carbon dioxide, there was no sig=

iificant difference in percentage gemmination between spores
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far ag can be ascertzined

As

]

2

formation on other heterotrophic organisms, uredospores are

1 el

unigue with respect to this light intensity:low cerbon dicxide

Lty

Ezperiment VIII. The Effect of #Tnhibitor® on
Percentage Germination at Two ILevels of

ated with the geminatbion of Puccinia graminis-~tritici uredoe
spores could be explained on the basis of the evolution of a
natural irhibiter.

Forsyth (28) observed that the uredospores of Race 15B

and unidentified field collections of F. graminis~tritici; as

well as those of P. coronata, germinated poorly in closed Ware
burg flasks, as compared with germination in open containers.
This inhibition could be overcome by increasing the amount of
water in the flasks; and by the addition of the following sub-

stances to the centre-wells 20% AgNOy, 1loh% acetone, or 0.06l

ammonia .

hibitor

Since the abscrpiion spectrum of the absorbed inh
closely approximated that of trimethylethylene, and this sube

possessed physiological properties similar to those of




the patural inhibitor, Forsyth concluded that the two were
probably identical. The effect of the inhibitor appesrs to be
that of preventing germination.

Allen (2); working with the same race of rust as used

Pl

in this laboratory, fourd that the effect the inhibitor could

Ime,

be largely overcome by the addition of carbon dicxide to the

3

germination vessels; the effective concentration varied with the

One~tenth of a gram of "old¥ spores were dusted onto
shallow petri dishes containing 25 ml of distilled water, and

in each of the

ot

place 600 ml desiccators labelled #yn. for the

production of inbibiter. The spores were left for four hours in

.

& dark cupboard; after which time, the petri dishes were guickly
removed, so that the atmosphere within the desiccator was dis-
turbed as little as possible. Fresh spores were used each day
of the actual experiment, and gemination was carrwéo cut at a
temperature of 2l=25° C.; under a bank of fluourescent lights.

There were two levels of carbon dioxi xide==-stmospheric

(4}, and over 20% KOH (=), and iwo levels of inhibitoreesT and T
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I, signifies that no irhibitor was present, except that pro-

duced by the fresh spores themselves

THE EFFECT OF ®INHIBITOR™ AT TWO LEVELS OF CARRBON
DIOKIDE ON PERCENTAGE GERMINATTON

i~
fd
o

Ser.

eries n - I -

ist g2 13 o7 7
Trial 93 33 ol 86

ond 92 5 91 59
Trial 89 5 o5 &l
Mesn % 9195 i les 13@0 é 1007 94025 i 2ol 680? f 709

The symptoms of carbon dioxide deficiency were typical
in the case of the spores geminated over KCH; in the absence. of
added inhibitor. When inhibitor was added; and the carbon di=-
cxide tension lowered, the effects were even more drastic; spores
with no visible germ tubes had burst, releasing their contents to
the surrounding medium; while the germ tubes that had developed
were exceedingly short and distorted.

When simospheric carbon dioxide was available, there were
no visually discernible differences bebween the treatments with

or without added inkibitor,




Evidence wag presented for the Ffollowing e«
oy w

a. Desiccators in which large gquantities of old sporesg
had been germinated exerted a residual effe ct on subseguent
spore germination, tending to reduce the rercentage germination.
b. The residual effect was greater when the carbon di-
oxide tension was lowered by the presence of KOH.
Tt appeared likely that the residual effects noted

above were due to the activity of a2 volatile product of spore

germination, a self-inhibitor; as reported by Allen (2),

THE EFFECT OF CARBON DIOXIDE
B. HIGH CONCENTRATIONS

The retarding effect of high carbon dioxide concentras

G‘Q

tions varies markedly with the species and the experimental
conditions,

Frénkel (29)s as quoted by Brown (9)s found that cer=
tain species of the true beer yeasvs could grow as well in an
atmosphere of one=hundred ver cent carbon dioxide as in air,
although the majority of fungi were inhibited by such treatment.,

Adams and Miller (1), on the other hand, noted that

carbon dioxide concentrations greater than four per eent de~

{5
bt

4

ressed ascospore formation in Saccharomyces cerevisiae,

ko)
O
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Golding (3h,; 35) obtained growth in cultures of

Penicillium rogueforti, Aspergillus niger, P. expansum; A,

flavus, and Qospora lactis upon exposure to seventy per cent

carbon dioxide; although the amount of growth was significantly
reduced. The inhibiting effect on growth appeared to be pro-
portional to the solubility of the carbon diexide in the
mycelium or medium. TIn support of this is the observation
that carbon dioxide becomes morve effective in retarding
growth with decrease in temperature.

Lopriore (}3) noted a decrease in the rate of germina=

tien of Mucor mucedo spores at ten per cent carbon dioxide,

Brown (9}, on studying the effect of carbon dioxide

<
i

on germination in a number of fruiterot organisms,”  found that
spores sown in water were iphibited at concentrations of twenty

to thirty per cent, although the concentration producing the

ko]

same effect was increased two- or threefold when the spores

were sown in nutrient media. Penicillium clauveum and Fusarium
=2, R AT ST NI

8D. Were particularly resistant to carbon dioxide.

\}
B

Aspergillus repens, Mucor sp. Botrybis cinerea,
Monilia cinerea, Phoma rosecla, Alternaria grogsulariae,
Hhizopus nigricans, B, parasitica, Spheercpsis malorunm,
Fugarium sp. P. glaucum.
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1

Gassner and Straib (30) noted no difference in Percente
age germination of cereal rust uredospores in atmospheres con=
taining up to T7.5% carbon dioxide; Stock (55) obtained full
germination in the presence of 20% carton dioxide e, although the
rate of germination, compared with that in air, was reduced
with each increase in carbon dioxide concentration.

When germination and growth are inhibited by carbon
however; the materizl is not necessarily killed by
this treatment; see Brown (9), Golding (3)), and Lopriore (43).
this labor ﬂmwz%wwcm%mrdﬂmtum&mmmms%mon
0.2M sodiun bicarbonate did nob germinate within twenty=four
hours, although a high percentage germination was attained

when they were subsequently transferred to a large volume of

distilled water.

fde

In the opinion of Thornton (57), as exemplified by

experiments on Sclerotinia fructicola, the inhibiting effect

of carbon dioxide is due %o an increase in the alkalinivy of
the living fungal hyphae; perhaps due to the formation of bi-

carbonates,
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Experiment IX. The Effect of High Carbon Dioxide
Concentrations on Percentage Germination

s

The gas mixtures were prepared as described in METHODS
AND MATFRIALS. Fresh gpores,; which had been stored in the
refrigerator for ten hours, were used. The desice tors, each
containing an inoculated petri dish, were evacusted once,
filled with the gas mixture, and placed on the laboratory
ely 22° Co  The oxygen level in all cases

bench et approxims

was twenty per cent.

TABLE VIIT

THE BEFFECT OF HIGH CARBON DICXIDE CONCENTRATTONS
ON PERCENTAGE GERMINATION

A % Germination 5
o Appearance
LrOg 1 2

.03t 96 92 stretching

93 87 f

5.5 87 92 "

15,0 80 e gnarling and staghorns

17,0 78 e gnarling

20.0 67 79 it

21,0 73 77 germ tubes short and gnarled
25.5 52 L8 germ tubes shor

27.7 e O

30.0 0

i/centralsmnevaenated once, and released ‘o alr,

e
e . . . . i~ )
= terminology is primarily that of Dickinson {17},
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dioxide concenbrations was

Vot A Tes g S s
piete inhibition at 28 per cent carben disxide,

[P PO S 2o halhd & S f 3
ine branching habit also seemed to be influenced by
N f
Bra mm A s 4 o ,
tne carbon dioxide level; the appearance of Hstretched? serm
8 £ h germ

neceg=

sarily killed by this treatment., Tt was subseguently found
Y oy e 3 N - p g 1 ) * .
that while ten-day old spores did not germinate st 28% carbon

N

dioxide, they could be exposed to this concentratvion for at

was about elghty per cent; and the germ tubes were long and

abundantly branched.
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The majority of fungi appear to be insensitive to varie

ations in oxygen pressure, within wide limits.
Porodko (L8), in an extensive survey of the oxygen re=

quirements of a nuwber of fungi, such as Phycomyces nitens,

—in

e

¢

Agpergillus niger, Penicillium glaucum, and Wucor stolonif

(as well as a number of bacteria}, found that the mintmm oxygen

o¥

concenvration required was often below one per cent,.
Similarly, Brown (9) found that a suspension of Botrybis
spores was not inhibited from germinating until the UXFEeN SOt

1

to about

o

centration of the surrounding atmosphere was reduc
ONe Per cent.

)5

=

\J‘l

Denny (15 nvestigating the oxygen requirements of

Neurospora sitophila, obtained good nycelial growth at 0,3%

oxygen, although only a trace of growth occurred at 0,01%; the

formation of perithecia, however, was inhibited below 0.5%
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oxygen, germination in Puccinia triticina was reducad from

25% (in air) to S%.
t observation was repeabted in this laboratory,

with Puccinia graminis-tritici; it was found that when flushed

periodically with tenk nitrogen (ca. 0.25% 0s), uredospores

£

commenced to germinate after approximately forty-eight hours,
attaining a high final percentage.
Alen (2) recorded a sharp increase in rate of ger-

mination from #OW to approximately 5% oxygen, for pre-floated
uredospores; with a levelling-off in rate of germination Ffrom
5% to 20% oxygen. For uwnbreated uredospores; there appearsd

i e

sell-defined optimum at from L% to 8% oxygen,

o
o
@
&
ar

o
Scheffer and Livingston (52) found that the minimum

cxygen pressure for the growth of Polystictus versicolor was

approximately 1.5 mm; they found, moreover, that this level
-

was not influenced to any great extent from 17.5° to 33.5° ¢,

The general rule; however, appears to be that the minimum

required oxygen concentration rises with increase in tempera-

Many workers found no increase in germination at oxy-
gen concenvrations exceedin

some cases; high oxygen concentrations were inhibitory (9, 41).
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Experiment X. The Effect of High Oxygen Concentration

On Percentage GQTMLﬂa@lﬁn at Two Levels
of Carbon Dioxide
Samplegs of a five- %o seven-day old mixture of spores

from the refrigerator were exposed Yo two levels of oxysen (95%
and 207}, with and without added carbon dioxide {3% and mon),

The desiccators with no added carbon dioxide contained 15 ml of
20% KOH in the botbom well; those with added carbon dioxide cone

o

tained an egual amount of 20% Gu:O& to compensate for humid ity

) ATNEY ‘ 1) 3% . % - . 1
changes brought aboub by the KOH . A total of elght desiccators

O J
with two petri dishes in each, were employed, providing two
desiceators for each treatment combination, Gernination wag

carried out in the growthe-chamber,

3%
A later experiment revealed no significant differencs

in bercentage genalnaﬁjan due to variations in relative humidity
Trom 30% to 99% (approx.).
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TABLIE IX

PERCENTAGE GERMINATION AT NINETY-FIVE PER CENT
OXYGEN, AND THE EFFECT OF CARBON

DIOXIDE
20% 0, 95% 0o
3% CQ2 oL 3% (;02 Ligh
91) Ky 87) 57)
83) 61) k) 55)
86 53) 88) 55)
76) 51} 80) 53)
Mean 8li0 # 5ol 53025 # 1.8 87.25 % ho9 5500 4 1.h

T ‘igures enclosed in brackets represent the two petri dighes
from the same desicécator.

As in the previous experiments, geminating spores over
potassium hydroxide resulted in deleterions ef fects=~=morpho-
logically, and on a percentage basis,

The effect of low carbon dioxide tensions did not appear

&

to be modified by increasing the oxygen concentration from twenty
per cent to ninety-five per cent,
It wag concluded that oxygen concenitrations sbove that of

air had little effect on percentage germination, and hence, that

high oxygen concentrations could be neglected in further studies,




Experiment XT. The Effect of Fou L o
Ir Combination with Four Levels of (s
Dioxide; on Percenta i n

&
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While information concerning the effects of oxygen and
carbon dioxide on spore germination is fairly well represented
in the literature, there are no indications of the interrela-

9

bionship of these two Ffactors. The following experiment was

@

in the hope that this short~coming would be at

o
.

ad ou

.J-

caxy

least partly met, for Puccinia graminis-tritici.

at room Lem=

k3

+
&
o

O
el

One=week old spores, which had bee
perature; were exposed to various concentrations of oxygen and
carbon dioxide; in every combination of the two:

% carbon dioxidem—-

i/
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G GQ GS Ch
ngn 0,03 530 10,0
% Oxygensm-
0 0y 0,
3 o I
OQ«S 100 DE’O 2 QO

pared gas mixture twice, and germination was carried out at
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room temperature (21-23° C.) under a bank of fluourescent lights

Al

for a period of eight hours (4 5 mins.)o.

Feh

At the end of the germination peried, the spores were
#fixed" for approximately 15 mins. by placing the petri dishes
in a container over glacial acebic acid.

The mean percentage germination for each treatment com-
bination is recorded in Table X. For the statistical treatment,

see Appendix 1T,

TABLE X

MEAN PERCENTAGE GERMINATION, AFTER EIGHT HOURS,
AT FOUR LEVELS OF CARBON DIOXIDE AND FCUR
LEVELS OF OXYGEN

5\ non 0.03 5.0 10.0 Mean
0:5 52.5 8.5 8h.5 85,0 766
1.0 80,2 89.5 91.0 90,7 87,9
5.0 90.5 95 93.5 90,0 92,1

20,0 89.0 96.7 950 91.0 92.9

Mean 7831 9103 9130 8932

Minimum significant difference for treatment

means = 5045,

Minimum significant difference for column and
row means = 2,66,
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B AND O¥YGEN COMBINATIONS

M TUBES

\° o 0,03 5.0 10.0
G
0.5 Spherical Spherical Gnarling Spherical
swellings swellings swellings
Swollen Swelled along tube
tips tips Gnarling and
Tubes short Bursts branching
Bursts Gnarling
1,0 Tubes fairly Gnarling Gnarling Staghorns
long; som and and
bursts branching stretehing
Gnarling Some
bursts
5.0 Some Gnarling Free branch-  Staghorns
bursts and ing and gnarling
Gnarling branching  Staghorns
Some with
secondary
tubes
20,0 Gnarling Excessively Staghorns Staghorns
and stag- branched Gnarling Gnarling
horns Some with Some with
Some short secondaxry
bursts secondary tubes

tubeg
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be AL the low oxygen levels, no significant difference
in percentege germination was recorded from 0,03% to 10% carbon
dioxides at the high oxy levels, on the other hand; a de=

The differences recorded above, while significent, are
not large; they may represent effects upon the rate of gemina-

tion, rather than upon the final percentage

ges
the trizsl was only conducted over a pericd of eight hours.

. e as s . ] . .

dioxide foumd in distilled water™ would nobt account for the come
olet hibition often found for su ced SDOT Ty 1
plete inhibition often found for submerged spores. From calculae
. 2 ., e o . ve . e
tiong the conceniration of oxygen and of carbon dioxide in dige

tilled water (v/v in souilibrium with that of the atmosvhere
3 N F

was estimated to be approximately 0.,60% and 0.026% respectively.

o
7

Tn the present experiment, at comparable concentrations (0.5% and

0.003%), the percentege gemination was eighty-five,

‘

ta

=ty

ores over & period of 2l

The pH of a2 suspensicn of spo !
not f than 6.8,

Found to be less 1

“

14 < 2 a0 a4 -

Caleulated from gas solubility tables (Handbook of
Chemigtry and Physics. 25th ed. Cleveland. 19LL) at 200 Cos
agsuming that Henry's Law holds over the entire range.
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PART I¥

THE GERMINATION OF SUBMERGED SPORES

The spores of a number of fungi, such as Urocystis
tritici (L5), Aspergillus (22), and the fruit-rot organisms
studied by Brown (9), geminate well in aqueous suspension, or
under a layer of water. Brown observed, however, that for

Botrytis cinerea, the percentzge germination and the average

length of the germ tube were markedly diminished with increase
in spore density.

There have been indications throughout the literature,
particularly with reference to the obligate parasites, that
the spores of certain species are adversely affected by sub-
mersion,

As early as 1855, Tulasne {58) pointed out that when

the spores of Aecidium ranunculacearum were submerged in water,

they did not germinate as readily as when placed in a damp ate
mosphere. DeBary (1l) also experienced difficulty in germin-

ating spores of Puccinia graminis under water. The general

belief was that lack of oxygen was the causative factor.
Instances of a similar nature have also been recorded

for Puccinia triticina (4L} and Erysiphe graminis (10).
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Blackman (6) found that teleutospores of Phragmidium rubi did

not form sporidia under water.
Durell (23}, in his suggestive study of the factors

affecting uredospore germination in Puccinia coronata, found

that spores in suspension failed to germinate, or did so very
slightly, but that when the drop cultures were in contact with
paraffin oil or vaseline, the percentage germination was
materially increased.

Allen (2), who observed that inhibitor-depleted (iee.,
“pre~floated®) uredospores germminated readily when submerged
or floating, whereas untreated spores did not germinate when
submerged, concluded that the reduction was probably not due
to lack of oxygen, but to the presence of inhibitor.

In the present study, germination under water was
characterized by extreme variability, reminiscent of the re-
sults in Part T.

| There were three general observations, however, which
served to suggest an outline for further work:
a. submerged spores, while inhibited from germinating,
remained highly viable for at least three days.
b. a high percentage germination was obtained in depths

of up to at least 20 cms of water when the spores were spread
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evenly over the surface of a glass stirring-rod, but not when
the spores were clumped together.

Co germination was not stimulated by reducing the temper-
ature from 20° C., which would be expected if availability of
oxygen was the limiting factor.

Experiment XIT. Germination at Different Depths

of Agar

If oxygen is the main Jimiting factor for the germina-
tion of submerged spores, germination should depend upon the
diffusion gradient of the gas, and hence upon the depth of
the spores beneath the surface. For convenience, 0.75% agar
was used in place of water in testing this assumption.

Freshly-prepared agar was poured into 50 mm petri
dishes, and allowed to cool for two hours. Three day old
spores from the refrigerator were shaken onto these plates,
and warm agar (LO° C.) was poured over the spores to varying
depths. ifter germination in the growth chamber, the depth
of the spores was measured by means of the graduated fine ad-

Justment of a microscope.



TABLE XIT

THE EFFECT OF AGAR DEPTH ON PERCENTAGE
GERMINATION

Mean Depth % Germination

(mm)
0 90, 86
066 85
0.9 8l
1.1 88
1.6 89
2.1 78
2.k 91, 89
L0 86
Lol 89
o6 79
5.l 7

In all cases, the germ tubes were long and unbranched.
There did not appear to be any correlation between the
depth of agar in which the spores were submerged, and the per-
centage germination, at least to depths of around five milli- = Geee
meters,
A second series was run, using similar methods, except
that 300 ml beakers were used, and warm agar was poured to depths
of up to eight centimeters. As in the first series, no correla-
tion was found, and the average percentage germination was ap=
proximately eighty-five per cent. In this series, there was a

delay of about twenty-four hours before germination commenced,

however, suggesting that while the rates of diffusion were not
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limiting during germination, a certain minimum level of oxygen
and/or carbon dioxide had to be atiained before commencement
of germination.

Experiment XIIT. The Effect of Dilution on The

Germination of Submerged Spores

If a product of spore germination is responsible for
the behaviour of submerged spores, the inhibition effect would
depend upon the density of the spore suspension.

4 suspension of one-month old spores was prepared by
shaking up 0.05 g of dry spores with 30 ml of distilled water.
A known volume of this suspension was pipetted into 50 mm petri
dishes, and distilled water was added to make the final volume
five milliliters in each case. The petri dishes were placed

on the laboratory and germinated in diffuse light.

TABLE XT1IT

THE EFFECT OF SPORE DENSITY ON GERMINATION

UNDER WATER
ml spore % Germination Mean
Suspension i 5 3 %
0ol 85 82 8l 83.6
1.0 70 80 75 7560
2.0 L 62 6l 58,3
3.0 L2 4O L6 L2.6

L0 Lo 31 36 3506
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A change in the appearance of the spores was noted with
increase in spore density:; at the lower densities, the gemm
tubes were of even diameter throughout their lengfh, while in
the petri dishes containing three and four milliliters of spore
suspension,; the germ tubes exhibited spherical or irregular
swellings. (See FPlate II, fig. 2.)

It will be seen from Table XIII that there was a defi-
nite relationship between spore densiiy and percentage ger-
mination for submerged spores, with a reduction in germination
of about fority per cent with increase in spore density from 0.03
t0 1628 mg/ml.

Under the conditions of this experiment it was not likely
that such marked reductions in germination with increase in spore
density were due to competition for oxygens this is indicated by
the following observations:

2, no increase in the gemmination of submerged spores was
obtained at lower temperatures, which would be expected if oxygen
solubllity was the limiting factor.

b. a2 high percentage germination was apparent at oxygen and
carbon dioxide concentrations roughly equivalent to thoseof
distilled water (Exp. XI).

The observation by Allen (2), that "pre~floating® the
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spores increased their subsequent germination under water would
lend welght to the belief that the reduction in germination
with increase in spore density, as noted above, was due to the

accumulation of a substance (s) given off by the spores.




71

DISCUSSICN AND CONCLUSIONS

The emphasis, in Part I, on the questionability of mak-
ing comparisons between experiments containing a large degree
of variability appeared justified; it was seen that the re-
action to any given factor depended in part upon the previous
history of the spore sample, as well as upon the level of
cther experimental factors.

Because of this interdependence, simple effects were
often difficult to assess; overlooked differences in technique
and cultural conditions may alter markedly the reactions to
the main experimentel factors.

The following outline is given in the hope that it will
at least assist in stating the problem in more concrete terms.

There are factors associated with storage which tend
to reduce the subsequent germination. The rate of reduction
varies with the particular spore collection, and is probably
brought about by such factors as the absence of light, the rate
of air diffusion through the sample, and perhaps the amount of
spore material present. After the initial reduction, the spores
exhibit a much slower decrease in germinability, with seventy

to eighty per cent of the spores still functional after as long
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as one~-hundred and ninety days. The spores do not appear to
be killed to any great extent during storage, however, since
the percentage can be increased by exposing them, on agar, to
a temperature of 29° C. for several minutes. The behaviour of
dry spores, as outlined above, was tentatively ascribed to the
activity of a self-inhibitor.

In the presence of light, uredospores appear to re-
quire an external source of carbon dioxide for normal germin-
ation, since germination is reduced over potassium hydroxide,
and it can be increased by the addition of carbon dioxide to
the germination vessels. 4t low carbon dioxide concentrations,
the length of the germ tube appears to be inversely related to
the light intensity (Appendix I). In the dark, the presence
or absence of carbon dioxide made little difference.

When the oxygen concentration was reduced below five
per cent, the percentage germination was also reduced, par=-
ticularly in the sbsence of carbon dioxide. |

It was concluded, in agreement with the findings of
Allen (2), that the low and highly variable rates of germinge
tion accompanying the submersion of uredospores was more
probably due to the accumulation of a natural inhibitor than

to low oxygen tensions, but inasmuch as interactions exist



13

between inhibitor "sensitivity® and carbon dioxide concentra-
tion, and between carbon dioxide and oxygen concentrations,
there may also be an indirect interaction between OXygen cone-
centration and inhibitor ®sensitivity®; hence, at low oxygen
tensions, such as occur under water, uredospores could be
more ‘sensitive! to the inhibitor.

It was not found possible, with the information at
hand, to elucidate the apparently diverse effects of light on
germination, viz., that for 'dry! spores, the absence of light
resulted in a decrease in germinability, whereas for spores
geminating under low carbon dioxide tensions, the presence of
light was injurious. Probably, with the commencement of ger-
mination, abrupt changes in metabolism take place, with at-
tendant alterations in the response to the enviromment. Tt
may be that the reaction of germinating spores to light inten-
sity, carbon dioxide tensions, and inhibitor tsensitivity® is
a function of the preceding dark-storage period.

Undoubtedly the most characteristic feature of work
in this field is the critical importance of interactions be-
tween environmental and physiological factors; moreover, these
interactions must be taken into account in providing an accurate

description of the behaviour of uredospores,
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APPENDIX I

FURTHER OBSERVATIONS ON THE EFFECT OF LICHT
AT TOW CARBON DIOXIDE TENSIONS

Another observation which tended %o support the view
that light intensity plays a decisive role at low carbon O
cxide tensions is given below. The effect produced was an
accidental result of the experimental design, but might be
of interest at this point.

Fresh spores were stored in the dark, in stoppered
phials, for approximately four hours. Each replicate was
taken from a separate phial, and the treatments were carried
out in randem order. Two large desiccators were used, one
containing 10% sulphuric acid (#C05), the other, 10% KOH (=C05).
The inoculated petri dishes were placed in both desiccators,
but due to restrictions in space, they had to be arranged in
two layers {Top and Bottom). The desiccators were then placed

in the growth-chamber,
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TABLE XIV

THE EFFECT OF LIGHT INTENSITY ON PERCENTAGE
GERMINATION OVER KCH

+ GO, = GOy

Top Bottom Top Bottom
87 9L L5 7h
8l 86 6l 73
90 89 70 66
93 g0 L5 79
36 90 52 76
8l 93 55 83
88 85 63 6l
91 91 30 73
90 91 53 82
83 90 50 82

Mean = 87.6 + 3.2 89,9 2.6 52,7 4 10,8 75,2 + 6,2

The characteristic appearance of distorted germ tubes,
with swollen and burst tips, was seen in the plates from the
top layer of the desiccator containing KOH. The spores from
the bottom layer of this desiccator™ were not quite as ex-
tremely modified in appearance, but represented an inter-
mediate stage between the markedly affected top layer, and
the normal-appearing Spores germinated over sulphuric acid.,

#*

See Plate IV, fig. 1,
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The average length of the germ tubes of the spores
over KOH was also noticeably shorter in the top layer, com-
pared with those from the bottom layer.

Before reaching the botiom layer of petri dishes, the
1light had to pass through the first layer, which consisted of
an extra thickness of glass, and a plague of 0.75% agar, about
7 mm thick. It was deemed more probable that the change in
the intensity, rather than the quality of the light, was
responsible for the significant difference between the two
layers.

While there may also have existed a temperature gradi-
ent between the two layers, judging from the previous experi-
ments; any such difference in temperature would not be suf=

ficiently large to account for such marked changes.
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APFENDIX II

STATISTICAL TREATMENT FCOR EXPERIMENT XTI

Two sets of eight desiccators were employed per day,
for four successive days, with the arrangement of treatument
combinations shown in Table XV. The enclosed figures, which
represent the percentage germination obtained in each case,
are based upon an average count of approximately one-hundred

and sixty spores.
TABLE XV
04, ) 03 Oh

Cy Lk, 61 73, 87 87, 93 93, 8
C, 681, 87 91, 92 oL, 89 97, 95

1st and 3rd days
01 0y 03 Oh
C3 90, 83 97, 90 90, 9L 955 92
Ch 87, 84 90, 90 87, 92 91, 86

1st and 3rd days



Ol O2 03 Oh
57 178 oL 87
Cllis 83 Cilgs o1
85 86 97 98
Colgs g9 Colog 97
79 85 93 96
C3186 92 C3l97 97
183 91 90 93
Chlse o2 Chl o1 9l

2nd & Lth day  2nd & Lth day

TABLE XVI

ANALYSIS OF VARTANCE FOR EXPERIMENT XTI

Varlation due D.Fe Sum of Mean Variance Ratio
tos Sqguares  Squares
£ u(C0p conc. 3 1898.h 632.8 12.8°
9 8(0y conce 3 2709.0  903.0 61.0*
= £(C0p x O 9 1732.6 1925 13.0%
Total 15 6340.0
Brror LLS_ 709 ,2 lll.o??
. Total 63 7049 .2

Standard error of single determination = /1,77 = 3.823

A
oy

Significant at the one per cent level.
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Mean difference between 0.03% and 10% COp levels:

a, at low 0s concentrationge===

(8le5 + 89.5) = (85.0 + 90.7) . _g gg
2

bo at high O concentrationg---

(She5 4 96.7) = (90.0 4 91.0) . 5.10
2

Minimum significant difference (P = .05) =

2,01 [ 2 x 14.77 = 3,82,
-—‘—-—'-8‘—-—-_'— ]
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APPENDIX ITT

THE EFFECT OF TOLUENE

Isaac (38) found that Race 56 uredospores could ger-
minate in toluene-saturated water. The following two experi-
ments indicate some additional properties of toluene with

respect to uredospore germination.
EEPERTMANT A

Three-day old spores from the refrigerator were shaken
onto a solution of toluene (3 parts of water saturated with
toluenes7 pafts of distilled water), or onto an equivalent
amount of water. One-~half of the 20 ml glass vessels used for
the experiment were placed in a large desiccator containing
20% KOH, and the remainder were left on the laboratory bench,
covered with watch-glasses. There were three replicates for
each treatment, and all were continucusly exposed to fluoures-
cent light. The following results represent only approxima=
tions of the percentage germination.

a. Spores germinated on distilled water, at reduced COs
tension (over KOH)---LO% germination; tubes short and unbranched.

b. Spores germinated on toluene solution, over KOH=-~75%
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germination; tubes long, with long straight branches.

c. Spores germinated on distilled water, exposed to at-
mospheric CO,~--over 80% germination; tubes long, mostly un-
branched.

de Spores germinated on toluene solubion, in the presence
of atmospheric COo=—-similar to c.

Under room conditions, germinating uredospores appeared
+0 be able to withstand a concentration of at least 0,3 x eOh716
gn toluene per 100 ml water. At this concentration, furthermore,
the usual reduction in germination by low carbon dioxide tensions

was apparently overcome to some extent.

EXPERIMENT B
The Effect of Toluene on the Germination of
Submerged Spores

A suspension of one=-month old spores was prepared from
0.2 g of dry spores in 60 ml of distilled water. Seven milli-
liter-aliquots were pipetted into eight petri dishes; three
milliliters of a toluene-saturated water extract were added
to four of these, and three milliliters of distilled water to
the other four.

After twenty-four hours in the growth-chamber, the

spores to which the toluene had been added showed aboui fifty
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per cent germination, while those receiving only distilled water
Possessed less than one per cent of geminated spores.

While too much emphasis can be placed upon two such
isolated observations, they may provide a means of correlating
the two phenomena of the inhibitorscarbon dioxide interaction
(Fxp. VIII) and the reduction in germination of submerged
spores.

The suggestion was put forth by Allen (2) that carbon
dioxide assumed a role in counteracting the effects of the self-
ipnhibitor; there is also evidence that an inhibitor is involved
in the case of spores covered with a thin layer of water., If
the inhibitor were rendered more soluble by the presence of
non~toxic amounts of toluene, it could perhaps be more readily
removed from the site of production, thus reducing the in-
Jurious effects of lowering the carbon dioxide tension in the
presence of light, and overcoming the inhibition associated
wibth immersion.

Forsyth (28), for example, found that the inhibitor
given off by germinating spores in Warburg flasks could be
absorbed in solutions of acetone, ammonium hydroxide, and

silver nitrate, thus stimulating germination.
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EXPLANATION OF PLATES I - IV
spores photographed in situ

PLATE T
fig. 1. "Normal®™ germination, showing branched and unbranched
germ tubes,

fige 2. Germ tubes showing Wstiretched® appearance.

PLATE IT
fig. 1. "Gnarling" and ¥Ystaghorns". See Dickinson (17).
fige 2. Germination under water. Note pigmented bands along
the germ tube, and spherical swellings.
PLATE IIT
germination at low carbon dioxide tensions

fig. 1. Note swollen tips and short length of germ tubes,

fig. 2. Note burst tips, and irregular appearance of germ tubes,

PLATE 1V

fig. 1. Germination under conditions comparable to those in
fig. 1 of Plate ITI, but under lower light intensity (bottom
layer of desiccator in Appendix I). Some damage evident, butb
the proportion of ®bursits® not as high, and the average length
of the germ tubes not as short as in fig. 1 of Plate ITT.
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