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Treatment of Pseudomonas syringae cells with low concentrations of the fungicide dodecylguanidine
monoacetate (dodine) resulted in cell death and leakage of K*, UV-absorbing materials, and ribose-containing
molecules. The results suggest that dodine causes gross and extensive damage to the cytoplasmic membrane,

which is probably implicated in the death of cells.

Pseudomonas syringae van Hall is one of the most impor-
tant plant pathogens, having a very wide host range and
causing spots, necrosis of leaves, twigs, and fruits, and stem
cankers (1).

Dodine (dodecylguanidine monoacetate) was introduced
in 1956 by the American Cyanamid Company (Princeton,
N.J.) as a protective fungicide (30). It is an effective fungi-
cide against apple scab caused by Venturia spp. (23-25) and
cherry leaf spot caused by Coccomyces hiemalis (10), and it
has also been used with success in controlling several
bacterial plant diseases (9, 21). Dodine is a soluble am-
phiphile (surfactant) consisting of a hydrophobic apolar
group (C,, hydrocarbon chain) and a positively charged
hydrophilic polar head group (guanidine).

In vitro, dodine severely affects the metabolism of fungal
cells. Low concentrations of dodine inhibit growth (2, 8, 26,
31), respirdtion on glucose and acetate (2, 26), and active
transport of 3?P, [*Clglucose, [**Clacetate, and L-[**C]
phenylalanine (2, 19, 26).

The literature on the action of dodine in bacterial cells is
very scarce. It has been reported that dodine inhibits growth
and O, uptake in Rhizobium spp. (13, 29) and the nitrogenase
activity of several soil bacteria (18).

The development of an effective chemical control of
bacterial plant diseases demands an understanding of the
mechanisms of action of active chemical agents. The aim of
this study was to evaluate the bactericidal and membrane-
damaging activities of dodine in P. syringae in order to
contribute to a better understanding of the mode of action of
this fungicide in bacterial cells.

MATERIALS AND METHODS

Chemicals. Dodine (molecular weight, 287) (analytical
grade; solubility in water, 0.063% [wt/vol], according to the
manufacturer) was a gift from American Cyanamid Com-
pany. Other chemicals were reagent grade.

Culture and cell suspensions. P. syringae ATCC 12271 was
grown in a semisynthetic medium as previously described (3,
5). Cells were suspended in distilled water (pH 6.5) or 10 mM
Na*-dimethylglutaric acid (DMGA) buffer (10 mM DMGA,
pH adjusted to 6.5 with NaOH) to a final concentration of
approximately 0.28 mg (dry weight) of cells ml™! (approxi-
mately 10° CFU ml™?).

Biochemical determinations. Cell suspensions were treated
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with dodine concentrations ranging from 5 to 75 uM at room
temperature (22 to 23°C). At intervals, samples were with-
drawn and filtered through a 0.45-pum-pore filter (Sartorius).
Biochemical determinations were carried out with the fil-
trates. K* was assayed by using flame photometry, UV-
absorbing materials were assayed by measuring the A,
and ribose-coritaining molecules were assayed by using the
orcinol reaction with RNA as the standard, as previously
described (4). The total concentration of pool metabolites in
untreated suspensions in Na*-DMGA buffer was determined
by extraction with cold perchloric acid, as previously de-
scribed (4).

Lethality studies. (i) Cell viability. Samples were with-
drawn from treated suspensions and serially diluted in dis-
tilled water prior to plating on nutrient agar (Difco) plates
(four replicates). For each sample (0.05 to 0.1 ml), the total
volume of diluent was 20 ml, and the total time for dilution
and plating was approximately 3 min. With this method, the
concentration of dodine in the diluted sample was negligible
(<0.3 pM) and did not influence the assay of viability. The
colonies were counted after 3 days at room temperature.

(ii) Determination of the lethal times for 50 and 90% killing.
In a quantal phenomernon, such as cell death caused by the
action of a chemical agent, the mortality is generally a
sigmoidal function of the dose or time. This. curve can be
converted into a straight line by the probit transformation
(12, 14). The values of the parameters of the formula probit
of the percentage of dead cells versus log,, time were
determined by iterative weighted-regression analysis accord-
ing to the maximum-likelihood method (12). An original
computer program in Fortran IV (7) was adapted to Mallard
Basic (Amsoft, Brentwood, England) and was run in an
Amstrad PCW 8256 computer working in single precision.
The values of the lethal times for each dodine concentration
were calculated from the regression equation.

RESULTS

The bactericidal and membrane-damaging activities of
dodine in P. syringae were assessed in cells suspended in
distilled water or Na*-DMGA buffer. In these suspending
media, control (untreated) cells leaked small amounts of K™,
UV-absorbing materials, and ribose-containing molecules
(Fig. 1 and 2). After 4 h of incubation, cells in both
suspending media remained fully viable. These results indi-
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FIG. 1. Time course of leakage of potassium, UV-absorbing
materials, and ribose-containing molecules in P. syringae cells. The
cells were suspended in 10 mM Na*-DMGA buffer (pH 6.5) and
treated with 10 (OJ), 20 (M), 30 (A), 40 (A), and 50 (O) pM dodine.
Values for controls (@) are also shown. Biochemical determinations
were carried out with the supernatants. K*, UV-absorbing materi-
als, and ribose-containing molecules were assayed as described in
the text. The results are from a representative experiment.

cate that suspension of P. syringae cells in distilled water or
Na*-DMGA buffer did not cause appreciable cell damage.
The extent of metabolite release in these media was similar
to that in Na*-PIPES [piperazine-N,N’-bis(2-ethanesulfonic
acid)] buffer, a medium previously used (3-5) to study the
action of cuptic ions on P. syringae cells.

Treatmient of P. syringae cells suspended in distilled water
or Na*-DMGA buffer with low concentrations of dodine
resulted in a fast leakage of K*, UV-absorbing materials,
and ribose-containing molecules (Fig. 1). In both suspending
media, after 15 min of dodine treatment, an increase in
dodine coricentration resulted in an increase in the amounts
of leaked K*, UV-absorbing materials, and ribose-contain-
ing molecules (Fig. 2). Comparable levels of release of these
meétabolites were observed in cells suspended in distilled
water and in Na*-DMGA buffer. In both suspending media,
a pronounced efflux of K*, UV-absorbing materials, and
ribose-containing molecules was observed with dodine con-
centrations higher than 30 to 40 pM. With times of exposure
to this surfactant of up to 15 min, in the range of concentra-
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FIG. 2. Mortality (A) and leakage of potassium (A), UV-absorb-
ing materials (), and ribose-containing molecules (O) in P. syrin-
gae cells suspended in distilled water (pH 6.5) and treated with
dodine for 15 min. The results of cell viability are from two
experiments. Other results are from represeiitative experiments.
(Inset) Relationship between the amounts of released UV-absorbing
materials (@) and ribose-containing molecules (O) and the percent-
age of cells killed in P. syringae cells suspended in distilled water
and treated with dodine for 15 min. Biochemical determinations
were carried out with the supernatants. K*, UV-absorbing materi-
als, and ribose-containing molecules were assayed as described in
the text. Cell viability was assessed by plating on nutrient agar.

tions used, no significant number of lysed cells was ob-
served.

Whereas the process of potassium leakage was essentially
completed in less than 20 min after the addition of dodine,
the efflux of UV-absorbing materials and ribose-containing
molecules continued for at least 8 h. This secondary release
of metabolites was a linear function of time. Within the range
of 10 to 60 uM dodine, an increase in the surfactant
concentration resulted in an increase in the rate of release of
UV-absorbing materials and ribose-containing molecules.

The effect of the fungicide on the viability of P. syringae
cells suspended in distilled water and treated with dodine
concentrations in the range of 10 to 60 pM was evaluated. It
was found that treatment of the cells with dodine concentra-
tions hlgher than 40 uM resulted in a rapid and pronounced
decrease in cell viability (Table 1). In P. syringae cells
suspended in distilled water and treated with 10 to 60 pM
dodine for 15 min, the amounts of leaked UV-absorbing
materials and ribose-containing molecules were almost di-
rectly proportional to the percentage of dead cells (Fig. 2,
inset).

DISCUSSION

Untreated P. syringae cells suspended in distilled water or
Na*-DMGA buffer leaked small amounts of K*, UV-ab-
sorbing materials, and ribose-containing molecules and re-
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TABLE 1. Effect of dodine concentration on P. syringae
cell viability®

Dodine LT (min)*
concn (M) 50% 90%
10 2.8 x 10? —
20 3.0 x 10° —
30 2.8 x 10 2.5 x 10°
50 1.8 x 107! 2.2 x 10!
60 1.5 x 107! 4.2 x 10°

4 Cells were suspended in distilled water at an initial concentration of
approximately 10° CFU ml~!. Cell viability was assessed by plating on
nutrient agar. The values of the parameters of the formula probit of the
percentage of dead cells versus log,, time were determined by iterative
weighted-regression analysis (12). The LTs for each dodine concentration
were calculated from the regression equation.

® LT, Lethal time; 50% and 90%, lethal time for killing of 50 and 90% of the
initial population, respectively.

¢ —, Number too big; no biological significance.

mained fully viable, indicating that these suspending media
did not cause significant cell stress. It has been reported that
some Rhizobium strains remained viable and able to nodu-
late after being stored in water, at room temperature, for 1
year or longer (6). Other authors showed that after 20 or 24
years of storage in distilled water at 10°C, the great majority
of the isolates of Agrobacterium tumefaciens and fluorescent
Pseudomonas spp. were still alive, and almost all the isolates
of P. syringae subsp. syringae maintained their ability to
produce the toxin syringomycin and were pathogenic to bean
seedlings (17). It seems, therefore, that distilled water,
although it does not provide a buffered environment, can be
used to suspend bacteria (at least certain species) without
causing important stress and damage.

Low concentrations of dodine induced rapid leakage of
K*, UV-absorbing materials, and ribose-containing mole-
cules from P. syringae cells, indicating damage to the
cytoplasmic membrane. It has been reported that dodine can
disrupt the selective permeability of the cytoplasmic mem-
brane of eucaryotic cells. In fungal cells, dodine induces the
loss of 2P (2, 26), P, (2), amino acids (2), and UV-absorbing
materials (2, 26, 27) and increases the permeability of the
cytoplasmic membrane to externally added Ni?* (19). In
plant cells, dodine induces an efflux of betacyanin and total
ions (28). Other cationic amphiphiles (namely, cetyltrimeth-
ylammonium bromide, chlorhexidine, and polymyxins) have
been reported to cause severe damage to the cytoplasmic
membrane in several bacterial species (11, 16, 20, 22).

Treatment of Escherichia coli cells with dodecyldiethano-
lamine causes a rapid leakage of K*, UV-absorbing materi-
als, ribose- and deoxyribose-containing molecules, and P;,
corresponding to the release of low-molecular-mass metab-
olites (pool metabolites) (18a). The concentrations of pool
metabolites in control (untreated) cell suspensions of P.
syringae in Na*-DMGA buffer were determined as de-
scribed in Materials and Methods and found to be 80 pM
K*, an A,q, of 0.16, and 16 pg of RNA ml™'. If the rapid
initial release of K*, UV-absorbing materials, and ribose-
containing molecules from P. syringae cells treated with
dodine corresponds to the leakage of pool metabolites, then
the results presented in this study indicate that treatment of
P. syringae cells with dodine concentrations in the range of
40 to 75 pM for 15 min resulted in the release of the great
majority of the intracellular K* ions and of a significant
fraction of the pool of UV-absorbing materials and ribose-
containing molecules. These results, therefore, suggest that
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the damage to the cytoplasmic membrane of P. syringae
cells caused by dodine concentrations higher than 40 pM
was gross and extensive.

It has been reported that leakage of UV-absorbing mate-
rials and of ribose-containing molecules induced by cationic
amphiphiles in bacteria is usually a biphasic process: after a
rapid efflux caused by the loss of the selective permeability
of the cytoplasmic membrane, there is a slow leakage at an
approximately constant rate (15, 16, 20). In the present
study, a similar secondary release of UV-absorbing materi-
als and ribose-containing molecules in P. syringae cells
treated with dodine was observed. In Pseudomonas aeru-
ginosa cells treated with polymyxin, the secondary leakage
of UV-absorbing materials and ribose-containing molecules
is a consequence of an enzymic degradation of RNA (20). In
the present study, it was shown that P. syringae cells treated
with dodine release UV-absorbing materials and ribose-
containing molecules at a constant rate and that the amount
of leaked metabolites usually exceeds the pool concentra-
tion. These results suggest that the secondary release of
UV-absorbing materials and ribose-containing molecules in
P. syringae cells treated with dodine is probably also a direct
consequence of an enzymic degradation of RNA. Further
studies are needed to confirm this hypothesis.

Low concentrations of dodine were bactericidal to P.
syringae cells. In other bacterial species, similar high bacte-
ricidal activity of dodine has been reported. The growth
(expressed in cell mass) of Rhizobium trifolii in a liquid
culture in the presence of 10- and 50-ppm dodine (approxi-
mately 35 and 175 uM) was 17 and 4%, respectively, of the
control growth. Growth on the surface of a solid medium
was completely arrested in the presence of 50-ppm dodine
(13). Paper disks soaked in a 50-ppm dodine solution caused
a detectable inhibition zone in a medium previously inocu-
lated with Rhizobium japonicum (29).

Dodine concentrations that in this study induced massive
leakage of potassium and low-molecular-mass compounds
also caused pronounced cell death. The amount of leaked
UV-absorbing materials and ribose-containing molecules
was proportional to the percentage of cells killed. These
results suggest that membrane damage caused by dodine was
implicated in the death of P. syringae cells. In a study of the
mode of action of cetyltrimethylammonium bromide in sev-
eral bacterial species, it has also been concluded that mem-
brane damage was directly implicated in cell death (22). In
several gram-negative bacteria, it was shown that, after 20
min of treatment with polymyxin E, the amount of UV-
absorbing materials (at A,q,) released from the cells was
proportional to the percentage of cells killed (11), also
suggesting that damage to the cytoplasmic membrane was
involved in the death of the cells.
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