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ABSTRACT

The relative tolerance of Venturia inaequalis,
Blumeriella jaapii, Fusariuwm solani f. sp. phaseoli,
and Colletotrichum orbiculare in continuous expo-
sure (fungistatic test) to n-dodecylguanidine acetate
(dodine) was in the ratio 1:4:14:30, respectively,
determined as Epg, doses. The difference in reaction
of F. solani and C. orbiculare was in part due to the
time required for toxic dose to be sorbed. F. solani
was more sensitive to short exposures than was C.

orbiculare. The time course of sorption varied among
the organisms. The amount taken up increased con-
tinually with B. jeapii and C. orbiculare, increased
to a plateau with V. inaequalis, and increased to a
peak followed by an apparent decrease in sorbed
material with F. solani. The latter may involve a de-
toxification that would explain the relative tolerance
of this organism to dodine. Phytopathology 60:345-
349.

The sorption of n-dodecylguanidine acetate (dodine)
by fungal conidia has attracted attention in studies of
the mode of action of the compound because of its
marked surfactant properties (6, 9, 10, 11). It has
been proposed that the plasmalemma of the cell is one
of the sites of action of dodine (4, 5, 6, 7, 10), but a
later report suggested that the principal effect of do-
dine on the plasmalemma was to allow more molecules
to move into the cell where the ultimate toxic reaction
occurred (11). In either case, the action of dodine ap-
peared to be closely related to its surfactant properties.

Miller (9) first reported differences in sensitivity of
fungal conidia to dodine in studies primarily concerned
with determining uptake and innate toxicity. In these
tests, Venmturia inaequalis, Neurospora sitophila, and
Glomerella cingulata were more sensitive to dodine
than were the other fungi tested. Sensitivity to dodine
was not correlated with rapid uptake of the chemical,
as G. cingulata conidia sorbed dodine more slowly than
even some of the more resistant fungi.

Somers & Pring (11) reported that Neurospora crassa
and Alternaria tenuis differed in sensitivity to dodine
with Epg,’s of 10,000 and 24,000 pg/g spore wt, re-
spectively. Cell-free walls of A. tenuis had a greater
affinity for dodine than those of N. crassa, although
intact N. ¢rassa conidia sorbed more dodine than intact
A. tenuis conidia. It was suggested that the binding to
the cell wall was a type of detoxification of dodine,
and that this provided an explanation for the differences
in sensitivity.

The following study examines the toxicity of dodine
to four different plant pathogenic fungi and relates the
uptake of dodine-14C by the four fungi to their sensi-
tivity to that chemical.

MATERIALS AND MEeTHODS—The fungi used were
Venturia inaequalis Cke. (Wint.), Blumeriella jaapii
v. Arx (Higgensia hiemalis), Fusarium solani f. sp.
phaseoli (Burk.) Snyd. & Hans., and Colletotrichum
orbiculare (Berk. & Mont.) v. Arx. Conidia of C.
orbiculare and F. solani were collected from cultures
grown for 6-12 days on potato-dextrose agar (PDA)

slants. Conidia were washed by centrifugation and re-
suspended in sterile distilled water. The suspensions
were quantified by turbimetry using a Bausch and
Lomb Spectronic 20 colorimeter set at 425 mpu. Co-
nidia of B. jaapii were harvested and prepared as de-
scribed above from 10- to 14-day-old cultures. Conidia
of V. inaequalis were harvested from lesions on heavily
infected apple leaves collected from an unsprayed or-
chard, and were stored as a frozen aqueous suspension
at —23 C. Concentration of both B. jeapii and V.
inaequalis spores was determined by means of a
haemocytometer.

Concentrations of spores used in these tests varied
from organism to organism because of production and
handling problems. To facilitate comparison of the
sensitivity of the four fungi to dodine, the mean dosage
of dodine/spore required for a specific response is ex-
pressed as picograms (10— 12 g) per spore (pg/sp). The
procedure used in any series of tests was completely
standardized with regard to number, type, and size of
pipettes, beakers, and other containers used. Since free
toxicant in test solutions varied somewhat between test
series due to adsorption to glass or plastic surfaces or
to materials present in the germination medium, com-
parisons of values given are valid only within the con-
fines of a particular series of tests.

The germination medium was a potato extract broth
(PEB) made by diluting (1:10) a clear decoction ob-
tained by autoclaving 100 g of potato slices in 1 liter
of water. This was used in all bioassays, as it supported
more vigorous germination of conidia of all four species
of fungi used than did distilled water alone, 0.59, glu-
cose, or either of two synthetic media.

Two types of bioassay procedures were used. When
continuous contact between spores and a dodine solu-
tion was desired, 0.5 ml of a suspension of washed
conidia was added to 4.5ml of the test solution of
dodine dissolved in PEB. All tests were made in 60-mm
plastic petri plates. A second bioassay procedure deter-
mined the effect of short exposures of spores to dosages
of dodine above the Epgy level. Spores suspended in
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5ml distilled water were added to 95ml of a dodine-
PEB solution to give the desired spore:toxicant ratios.
After specific periods of exposure with constant agi-
tation, 2 ml of the suspension were removed by a glass
syringe, and the suspending medium was expelled
through a 1.2-p Millipore filter in a 13-mm Swinny
adaptor. Metal screens were placed on both sides of
the filter so that after each volume of liquid was ex-
pelled, a fresh volume could be drawn through the
filter resuspending the conidia. After three washes with
water, the spores were resuspended in 0.5 ml water
and added to 4.5 ml potato extract.

Pure dodine melting at 136-137.5 C dissolved in
either PEB or sterile distilled water was used for the
toxicity studies. The uptake of dodine was studied
using dodine-1*C (specific activity 125puc/mm) that
was synthesized in a refluxing mixture of dodecylamine,
cyanamide-1*C, acetic acid, water, and isopropanol, and
purified by diethyl ether washes (1, 2).

Radioactivity was assayed in a Packard Inc. Tri-
Carb Scintillation Spectrometer. The scintillation fluid
was composed in § g 2,5-diphenyloxazole (PPO), 0.1¢g
1,4-bis-[ 2-(5-phenyloxazole)]-benzene (POPOP), and
66.7 g “Carb-0O-Sil” thixotropic gel /1,000 ml of toluene.
The gel present at 3.5% w/w held solid materials in
suspension and allowed more efficient counting of ra-
dioactivity present.

Uptake of dodine-1*C was measured by counting the
1C bound to intact conidia collected on a Millipore
filter. Conidia were exposed to dodine-#C in distilled
water, and after predetermined time intervals, aliquots
were removed and washed on the filter with five 2-ml
volumes of water. Finally, a 2-ml volume of air was
forced through the adaptor to remove free water and
settle the conidia firmly against the filter. The filter
was then removed and placed into a polyethylene vial
containing scintillation fluid, along with a small bit of
tissue used to carefully wipe the interior of the filter
adaptor.

Viability of the spores during the uptake studies was
determined by adding a drop of the spore-toxicant
mixture to 5ml of PEB in plastic petri plates. The
unsorbed dodine was diluted at least 100 times, so the
concentration of toxicant remaining was insignificant
for the purposes of these tests. In all bioassay proce-
dures incubation was at 24 == 2 C; the average germi-
nation of 200 spores in each of two replicate plates was
determined. Values reported are percentages of control
germination.

Resvrts.—Toxicity of dodine to conidia—The rela-
tive toxicity of dodine to conidia of F. solami, C.
orbiculare, V. inaequalis, and B. jaapii was determined
by the continuous exposure bioassay procedures de-
scribed above. The initial dosage of dodine required
to prevent germination of 959 of the conidia of C.
orbiculare was nearly 30 times that required for a
similar response by conidia of V. inaequalis (Fig. 1).
Germination of the former was inhibited 509, by 159
pg/sp, while only 3.5 pg/sp were required for 509
inhibition of the latter. Conidia of C. orbiculare, F.
solani, B. jaapii, and V. inaequalis required initial
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Fig. 1. Germination of spores of Venturia inaequalis,
Blumerielln jaapii, Fusarium solani, and Collelotrichum
orbiculare at various dosages of dodine,

dosages of 290, 135, 40, and 10pg/sp, respectively,
for 959 inhibition of germination.

Since metabolic processes in inactive spores fre-
quently differ from those of the germinating spore,
there was a possibility that the sensitivity to the toxi-
cant might also differ. To explore this point, the time
of exposure to the toxicant that was required for lethal
action to occur with freshly harvested (inactive) and
preincubated (activated) spores of F. solani was de-
termined. For the preincubation treatment, the spores
were suspended in germination medium for approxi-
mately 609, of the time that would be required for
509 of the spores to begin to germinate (4.5hr for
F. solani; 5.5-6 hr for C. orbiculare). The conidia were
then washed and exposed to hyperlethal doses of dodine
(200-800 pg/sp) for periods ranging from 2-64 min.

The response of the two species differed strikingly
(Fig. 2). Germination of F. solani was completely in-
hibited after 4-min exposure at 400 pg/sp. When the
dosage was 200 pg/sp, the germination of conidia of
F. solani decreased with time of exposure to about 109
at 16 min. The preincubation treatment decreased the
sensitivity somewhat at longer exposures. Freshly har-
vested spores of C. orbiculare were not affected at 400
pg/sp after 60-min exposure, and were much more
sensitive to a dosage of 800 pg/sp than were the prein-
cubated spores.

It was apparent that the spores of the four species
differed substantially in their sensitivity to applied
doses, with V. inaequalis being the most sensitive and
B. jaapii next, followed by F. solani and C. orbiculare
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Fig. 2. The effect of dosage of dodine and preincuba-

tion in germination medium before exposure to toxicant on
germination of conidia of Fusarium solani and Colletotri-
chum orbiculare.

as the least sensitive. Such differences in sensitivity
could reflect differences in rate of uptake or in inherent
toxicity of the chemical to the spores of the various
fungi.

Sorption of dodine-'*C by conidia.—The rate of
uptake of dodine-'*C by spores of the four fungi and
the concurrent effect on germinability of the spores was
determined to differentiate effects due to uptake from
those on inherent toxicity. Spore concentrations of
1 X 107 spores/ml were used with F. solani f. phaseoli
and C. orbiculare. V. inaequalis and B. jaapii were
used at 5 and 1 X 105ml, respectively. Samples of
spores were withdrawn at designated intervals, washed
to remove unsorbed material, and the amount of radio-
active label was retained by the spores determined.
Viability of spores was determined at each sampling
time by methods noted earlier. The time required for
withdrawing and washing the samples was approxi-
mately 30 sec. The experiments with each of the fungi
were repeated many times; typical data are presented
in Fig. 3.

The spores of the four fungi differed with respect to
the rate of sorption, the amount of labeled material
sorbed, and the concurrent effect on germinability. C.
orbiculare sorbed the least dodine-'*C of any of the
fungi tested, and was inhibited the least. The other
three organisms all sorbed between 1.5 and 2 pg/sp
when supplied with a 4-5pg/sp dose. V. inaequalis
sorbed 55 and 619 of the maximum amount ultimately
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sorbed from the 5 and 10pg/sp doses, respectively,
within the first 2-min exposure. The amount retained
by the spores increased during the next 60 min, and
then declined by 90 min. This decline did not always
occur. The initial (2-min) sorption by B. jaapii was
similar to that with V. inaequalis, except that the sorp-
tion from the 2 and 4 pg/sp dosage was proportionately
greater, representing 71 and 759, of that sorbed at 96
min. The amount retained increased steadily throughout
the exposure period, and no maximum was reached.
The initial sorption by C. orbiculare was small, and
there was little increase during the subsequent 16 min.
The amount of label retained then increased steadily
during the remainder of the exposure period. Sorption
by conidia of F. solani exposed to the 4 pg/sp dose was
similar to that of V. inaequalis. The immediate sorption
amounted to 1.1 pg/sp, and this increased to 1.6 pg/sp
by 8 min. Maximum sorption was reached at 48 min,
after which the amount of label retained decreased
during the remainder of the experiment to a level equal
to the 8-min value. At the low dosage of 1 pg/sp, sorp-
tion was 0.2 pg/sp at zero time, reached a peak of 0.55
pg/sp at 36 min, and decreased to 0.1 pg/sp at 96 min.
This pattern of label retention was consistent in all
experiments.

The comparative effect on the viability of the spores
was also determined; the results are indicated in Fig. 3.
Inhibition of spore germination did not reach 50%
during the period of the exposure at the lower dosages
used with C. orbiculare and F. solani. At the 4 pg/sp
dosage, the Ep;, was 1.65 pg/sp for F. solani and 0.67
for C. orbiculare. The sitvation is complicated with
the other two organisms, where both dosages resulted
in inhibition exceeding 509, and more than one Ebg,
value resulted. Ep;, values of 1.75 and 2.35 pg/sp were
obtained with V. inaequalis at the 5 and 10 pg/sp
dosage, respectively. With B. jaapii, Eps, values of 0.83
and 1.53 were noted at the 2 and 4 pg/sp doses, respec-
tively. When the dry wt of the spore preparations used
was determined and the Epy, calculated on a spore wt
basis, the results (Table 1) indicated that for equal
dosage the Epg, values were quite similar for all of the
organisms except V. inaequalis. The fact that the spores
of this fungus had been collected from leaves of orchard
trees and contained a small percentage of contaminants
may account for the decreased values.

The relation between dosage of dodine to response
of F. solani was studied further by altering the dosage
in two ways: (i) by changing the amount supplied
while maintaining a constant spore density; and (ii) by
maintaining the concentration of toxicant constant, but
altering the spore density. In one such experiment, sus-
pensions containing 10%, 10%, and 10% spores/ml of
germination medium were exposed to dodine concen-
trations of 2, 4, 6, and 8 pg/ml. The specific dosages
and the resulting germination data are given in Table 2.
A 10-fold decrease in spore concentration effectively
increased the dose per spore by a comparable amount.
The change in germination with a 10-fold increase in
effective dosage achieved by diluting the spore suspen-
sion was comparable to that obtained by doubling the
dosage at the original spore concentration. Tt is ap-
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parent from this that there was an interaction between
spore density and response to a given dosage with F.
solani. There is no apparent explanation for this effect.
It may be that a proportion of the material supplied is
sorbed in a way that is not related to a physiologically
active site in the cell.

Discussion.—The reaction of conidia of the four
plant pathogenic fungi to dodine differed in three ways.
First, in a fungistatic test the parallel dosage-response
curves were displaced along the dosage axis. The rela-
tive tolerance, as indicated by Epgy; values, was in the
ratio of 1:4:14:30 for V. inaequalis, B. jeapii, F. solani,
and C. orbiculare, respectively. This seemed to reflect
a fundamental difference in sensitivity.

A second difference in type of reaction to dodine was
noted when the latter two fungi were exposed to high
doses for short periods of time. When conidia were ex-
posed to 400 pg/sp for 8 min, subsequent germination
of F. solani was completely inhibited, whereas that of
C. orbiculare was not affected by exposure to this
dosage for 64 min. Preincubation of the conidia of
these two fungi before exposure to toxicant for periods
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just short of that required for germination had little
effect on the toxicity of dodine to F. solani, but resulted
in an increase in the germination of C. erbiculare from
27 to 859 when spores were exposed to 800 pg/sp for
32 min. The germinating spores of the latter fungus
were less sensitive to the toxicant than were the inac-
tive spores. While the volume of the conidia un-
doubtedly changed somewhat during this period, the
amount would not have been enough to significantly
affect the results.

A third means used for comparing differences in the
sensitivity of organisms to a chemical is the innate
toxicity of the latter to each of the organisms. McCal-
lan & Miller (8) have defined innate toxicity as the
amount of the chemical that must be taken up by the
fungus to achieve a given degree of physiological effect
(e.g., EDgy). The results reported in Fig. 3 relatmg the
uptake of the chemical by the four organisms to the
corresponding decrease in germination suggested that
with dodine, at least, the length of exposure required
for germination to be reduced 509, was determined by
the dosage as well as the spore characteristics. When
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Fig. 3.

The effect of time of exposure to two dosages of dodine on the viability of spores of four plant pathogenic

fungi and on their sorption and/or retention of dodine-14C or its labeled metabolite.
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TasrLe 1. The relation between inherent toxicity values, applied dosages, and time of exposure of dodine to spores of
four fungi

EDj, expressed as

Dry wt/ Dosage Time of pg dodine/
conidium applied exposure —_
Test organisms (pg) (pg/sp)a (min)b spore pg dry wt
Blumeriella jaapii 0.26 2 80 0.83 3.2
4 16 1.53 6.0
Colletotrichum orbiculare 0.11 4 44 0.67 5.8
Fusarium solani {. sp. phaseoli 0.32 4 20 1.65 5.1
Venturia inaequalis 0.73 5 69 1.75 24
10 22 2.35 32

a pg/sp picogram (10—12g) per spore,
b Time of exposure to designated dosage for germination to be reduced to 50%.

TasrLe 2. The effect of concentration of conidia of Fusarium solani on the toxicity of an applied desage of dodine

Concen of spores/ml

Dodine 105 104 10%

applied —
ug/ml Dosage Germination Dosage Germination Dosage Germination
suspension pg/spt %o pg/sp % pe/sp Yo

2 20 82 200 27 2,000 16

+ 40 26 400 9 4,000 3

6 60 10 600 1 6,000 0

8 80 0 800 0 8,000 0

4 pg/sp picogram (10—12g) per spore.
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