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ABSTRACT

Enhanced antimocrobial activities of formaldehiyde ( FA) and 5-chlvro-2-
methyl-4-isothia-olin-3-one (IT) mixtures were determined in tryptic soy
broth { TSB), minimal salt-based medium, saline, and soluble oil emulsion
using a Pseudomonas aeruginosa strain as a test organism. The apparent
higher activity of mixture was the result of simultaneous and combined
action of the biocides. The involvement of sulfhyvdryl groups as targets in
the mode of action of both biocides was investigated using S-nitroso thio-
glveollic acid as a covalent modifier of exterior suifliydryl groups of the
cells. The results suggest their involvement in the mode of action of IT.
These studies also indicate a considerable independent action by both
bivcides when the mixture is used with absence of cross-resistance in resis-
tant isolares and independent induction of resistance in Pseudomonas
aeruginosa to these biocides. Replacement of FA in the mixture with 1, 3.5-
tris (2-hydroxyethyl j-hexahydrotriazine at equimolar concentrations of
FA in TSB showed essentially the same levels of increased activity with no
apparent adverse effects on the antimicrobial activity of IT from the amine
portion of the molecule. Furthermore, in-vitro studies also indicated direct
protection of IT by FA and FA condensate biocides in the presence of
nucleophiles.
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INTRODUCTION

Combining antimicrobial agents for microbial contamination control
purposes is employed for a variety of reasons and has received much
attention (Rossmoore et al., 1979; Rossmoore, 1987; Riha et al., 1990;
Sondossi er al., 1990). This concept in broader scope is not limited to
industrial and clinical microbiology. An understanding of the joint action
of mixtures of chemicals. drugs, metabolic products. as well as chemical
and physical agents, has become an important issue and branch of
research in pharmacology, toxicology, industrial hygiene, and environ-
mental protection (Murphy, 1980; Ashford, 1981: Berenbaum. 1981; King
cral., 1981; Lam, 1987; Bingham & Morris. 1988).

Most of the reports on the activities of industrial biocide mixtures deal
with enhanced activities and synergism in which the observed effect(s) is
not clearly defined. and the only criterion usually used is a greater reduc-
tion in the level of contaminating organisms. regardless of the nature of
the interaction(s). When one of the agents in the mixture produces no
reduction in number of organisms by itself (or at concentrations used),
then the interaction of this agent with another that produces antimicrobial
acuvity 1s easier to define. However, when both agents produce some
effects at concentrations used. evaluating the observed effect(s) becomes
more difficult.

One of the biocides widelv used in many industrial settings is an
isothiazolone mixture in which 3-chloro-2-methyl-4-isothiazolin-3-one
(IT) 1s the active ingredient (Allsopp & Allsopp. 1983). A large number of
biocides are also synthesized with formaldehvde (FA) and many exert
their antimicrobial activities by donation of FA (Sondossi ef al., 1985,
1986a,b. 1989: Rossmoore & Sondossi 1988). Many mixtures have been
described involving these two types of biocides and or other compounds
in mixture, based on their antimocrobial activities (Rossmoore, 1977,
1987; Hahn, 1979, 1984; Izzat & Bennett, 1979: Rossmoore et al., 1979;
Riha er al., 1990; Sondossi et al., 1990).

The authors have recently reported on some aspects of enhanced activ-
ites of FA and FA adduct biocides with Cu”™, IT, and Cu’* mixtures
(Rossmoore, 1987; Riha er al., 1990; Sondossi er al., 1990). In these
reports, the concentrations of Cu?" used in many of the experiments
exhibited no bactericidal activity alone. while mixtures showed significant
increased activity. These apparent enhanced activities were described as
svnergistic.

In the present report, the effects of FA and a FA adduct with IT in
mixtures on Pseudomonas aeruginosa are described. Attempts are made to
define the enhanced activity. differences with Cu®> mixtures. activities
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against resistant populations, and other relevant conditions in the field
such as direct protection of one biocide by the other in unfriendly envir-
onments.

MATERIALS AND METHODS
Bacterial strains and incubation conditions

An isolate of Pseudomonas aeruginosa (S strain) was used in this study as a
FA- and IT-sensitive organism with minimal inhibitory concentrations
(MICs) of 23 uM (chlorinated derivative as active ingredient) and 3 mM for
IIT and FA, respectively. This organism was used in previous studies of
FA and IT mixtures with Cu*™ (Riha er al., 1990; Sondossi ez al., 1990). A
second isolate, Pseudomonas acidovorans (Sondossi et al., 1989), was used
as a FA-resistant strain (FA-R) with MICs of 18 uM and 25mMm for IT
and FA. respectively. The third isolate, Pseudomonas aeruginosa, was
higher resistant to IT (IT-R). The MICs for this organism were 270 uM for
IT and 3mM for FA. All three isolates were obtained from contaminated
metalworking fluids (MWF) in separate and unrelated studies.

A second set of isolates consisted of five dominant bacterial strains also
from a contaminated MWF, where treatment with a FA adduct biocide
was no longer effectively controlling bacterial contamination. These
organisms were not characterized further and were used in control
experiments to study cross-resistance. All cultures were maintained on
tryptic soy agar (TSA, DIFCO Laboratories, Detroit. MI), grown in
tryptic soy broth (TSB. DIFCO) overnight, and transferred to appropriate
medium for 3-5h or longer before use to insure that inocula were in
exponential phase. Population levels of inocula were usually 10—
10%cfuml™. Mineral salt base was prepared (Palleroni & Duodoroff.
1972) containing 0.2% glucose as carbon and energy source (MSB-G). All
experiments were carried out in 250 ml flasks with total suspension volume
of 100 ml and incubated at 30°C with rotary shaking.

Determination of MICs

To determine MICs for bacterial isolates, suspensions of 1-5x 107 cfu
ml™! of each organism were used. A serial tube-dilution method with a
final suspension volume of 2ml was employed, and organisms were chal-
lenged with various concentrations of biocides in TSB in duplicate. This
was repeated at least twice.
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Induction of low level biocide resistance in S strain

Induction of resistance to FA, IT and the mixture was carried out by
incubation of 1-5 x 10% cfu ml™' suspension with sublethal concentrations
of biocides, depending on the sensitivity levels to the biocide employed.
Regrown populations showed low levels of induced resistance to FA and
IT (Sondossi et al., 1985, 19864, b, 1988). Cells were harvested by centri-
fugation and resuspended in fresh TSB at density of 1-5 x 107 cfu ml™".
MIC determinations were carried out as described above.

Sequential treatment

To study the activities of FA and IT in combination and independently, a
sequential treatment was used (Sondossi ez a/., 1990). Essenually, the cells
were exposed in sequence but independently to both biocides with centri-
fugation and washing between treatments. Appropriate controls were also
used to aid in interpretations.

Measurement of resistance

Resistance and sensitivity of populations were determined by the change
in number of cfu ml™" with time. The number of cfu was determined by
the pour-plate method on TSA plates after 48 h and rechecked for late
colony formation after five days. All of the data presented in Figs 1-5 and
Table 1 have been replicated at least once.

Preparation of S-nitroso compounds

S-nitroso compounds were prepared according to Morris and Hansen
(1981). HCI was added dropwise to a solution containing 0.1 M thiol as
thioglycollic acid and 0.1 M sodium nitrite until pH 1.5 was achieved.
After 1h, the reddish solution was neutralized by NaOH.

Measurement of IT components by HPLC

The experiment was performed on a Beckman 334 Gradient Liquid
Chromatograph. The mobile phase was 80% and 20% methanol. The
flow rate was Imlmin~'. Column pressure was approximately 1200 psi.
An Alltech 25-cm-long 4.6 mm C-18 (octadecylsilane) column was used.
Samples were injected with an Altex Model 500 Autosampler, equipped
with a 100 um sample loop. Detection was at 275 nm with a Beckman 165
Variable Wavelength Detector. Data were recorded using peak area inte-
gration.
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Fig. 1. Enhanced bactericidal activities of FA and IT mixture in soluble oil emulsion. FA
2mM. IT 4-5 uM. and combination of both.
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Chemicals and biocides

A commercial mixture of IT, active ingredient (10.87%., w/wj. and the
non-chlorinated form (3.36% w/w) was used (Kathon 886 MW. Rohm
and Haas, Philadelphia. PA). Fresh dilutions of IT were prepared each
time before use. Concentrations indicated are based on the chlorinated
active ingredient. A commercial preparation of 1,3,3-tris-(2-hydro-
xyethyl)-hexahydrotriazine (HEAT) (78%, w/w) was the FA condensate
biocide (Triadine 3, Olin Corp., New Haven. CT). Ethanolamine. dime-
thylamine, diethanolamine. methylamine, trimethylamine, NaNO- and
thioglycollic acid were obtained from Sigma (St Louis, MO), and tormal-
dehyde solutions (37%. w/w) were from Fisher Scientific (Montreal,
Quebec).

Soluble oil

Paraffinic petroleum fraction with sodium petroleum sulfonate emulsifier,
known as soluble oil.

Analytical method

Determination of sulthydryl groups was carried out using Ellman’s
reagent (Ellman, 1959).
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Fig. 2. Isobologram based on MICs of FA. IT, and their mixtures using the S strain as tesi
organism. MICs for FA =3mM and IT =23 um: different ratios also produce MICs: (IT.
FA)2.25/2.5.4.52. 13.5/1. etc.. that are used o construct the isobologram.

RESULTS AND DISCUSSION
Antimicrobial activities of mixture

The observed enhanced activities of IT and FA in combination were
studied by comparing the dose-response curves of the S strain treated with
sublethal concentrations of each biocide and combination in TSB. MSB-
G. saline, and a soluble oil emulsion. In all cases. increased antimicrobial
activity was observed with the mixture. The result of such action in 5%
soluble oil emulsion is shown in Fig. 1. Since both compounds are anti-
microbials, theoretically, a large number of mixtures based on ratios of
sublethal concentrations could be obtained. In a series of experiments.
MICs were obtained by serial tube-dilution method with different ratios of
I'T/FA. These MIC values were then adopted as a standard effect to
construct 1sobols.

The intercepts of the straight line joining the MICs for each biocide (FA
and IT) are in fact the MICs for each biocide. The assumption is made
that MICs of mixtures extrapolated from the straight line would be indi-
cative of only an additive effect. If mixtures of the two are of levels less
than described above, producing inhibition, the resulting curve is concave
to the straight additive line. If mixtures are greater (from the straight line),
the plot produces a convex curve from the straight additive line. The
former curve presumptively indicates synergism while the latter indicates
antagonism. Both representations are referred to as isobolograms.

The isobologram obtained (Fig. 2) produces a concave upward curve
below presumed straight addition line that may be interpreted as syner-
gistic activity. These types of isobolograms have also been suggested to
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Fig. 3a. Cultures were exposed to IT (9 #M) and FA (2mM), then exposed to alternate
biocides in TSB.

indicate independent actions of compounds in mixtures (Lam, 1987,
1989). Furthermore, the sequential treatment provided more evidence for
this condition and revealed that in order to obtain higher activity, the
simultaneous presence of both compounds is necessary.
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Fig. 3b. Cultures were exposed to lethal concentrations of biocides (45um of IT. 7-5mM of
FA) for 1h, then exposed to sublethal concentrations of alternate biocides (9 um of IT,
2mM of FA) in TSB using the S strain as test organism.



250 M. Sondossi. V. F. Riha, H. W. Rossimoore, M. Sylvesire

; RSN=0
S

=

=

@]

jon}

—

g IT+RSN=0
3 FA+RSN=0

£ FA
IT

(@]

TIME (HOURS)

Fig. 4a. Cultures were exposed to RSN=0 (20 mm). IT {4530, FA (2mM), FA—~ RSN =
O and IT + RSN = O in minimal sali-based medium.

Treatment with sublethal concentrations of each biocide in sequence (in
TSB) produced insignificant enhanced activities. In contrast, the mixture
produced pronounced bactericidal activities (Fig. 2a). Moreover. when the
cells were initially exposed to lethal concentrations of each biocide, i.e.
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Fig. 4b. Cultures were exposed tc RSN =0 (100 mMm). IT (45 uM). FA (2 mM). and combi-
nations of I'T and FA each with RSN =0 in 2 minimal salt-based medium.,
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equal or greater than MIC. the subsequent exposure to sublethal doses.
L.e. below MIC, of alternate biocide again produced insignificant increased
activity (Fig. 3b) when compared to the results in Fig 3a. This was possi-
ble since 1-2h of initial exposure to lethal doses in sequential treatment
did not result in total kill and after biocide removal (see Materials and
Methods section under Sequential Treatment subheading) bacterial
populations could recover. However, subsequent treatment with sub-

TABLE 1
IT and FA Resistant Isolates and Minimal Inhibitory Concentrations

Minimal inhibotory concentrations

IT pa* FA my IT M/ FA mm**
Non-induced cultures
IT resistant isolate 270 3 4.5/2
FA resistant isolate 18 25 7/3
S-strain 23 3 4.5/2
Induced cultures
IT/FA 55 55 12/5

45 umi 1.5 mMm

*Concentration of chlorinated active ingredient.
**Concentration ratio of IT and FA mixtures that produce non-viable cultures.
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lethal doses of the same biocide resulted in loss of viability of
cultures (Fig. 3b). These results strongly suggest that the biocides are
interacting with different targets, although the nature of the reactions
may be nucleophilic.

In another set of experiments, in contrast to sequential treatment,
spaced dosing with sublethal concentrations of both biocides was
employed, i.e. without removing the initial biocide. The second biocide
was added 3h after addition of the first. Again, no significant enhanced
activities were observed when compared to simultaneous additions (data
not shown). These results suggest that exposure of cells to one biocide
does not significantly sensitize them to sublethal doses of the other, which
in turn may suggest the presence of considerable independent bactericidal
activities (or independent lesions) of IT and FA. This suggestion could be
further supported by the results in Fig. 3b.

Thus. questions arise about factors involved in the mode of action of
FA. IT and the mixture leading to manifestation of enhanced activities.
Furthermore. it should be considered that exposure of the S strain in other
studies to sublethal doses of IT and FA has been shown to trigger detox-
ification mechanisms that result in induction of low levels of resistance to
these biocides, and which under favourable conditions could lead to the
selection of highly resistant organisms {Sondoss: et al., 1986a, b, 1988).
What roles, if anv. do these factors play when the effectiveness of the
mixture of IT and FA as an antimicrobial combination 1s considered?

The involvement of sulfhydryl groups in the mode of action of IT

Formaldehyde reacts with many nucleophiles. including sulfhydryl
compounds, hvdroxyls, and amides, in order to form adducts (Jocelyn,
1972; Farrar, 1968). These reactions are all part of the mode of action of
FA, and it is not easy to distinguish which are the most important to be
considered as primary targets of antimicrobial activity.

Nevertheless, the involvement of amino and sulfthydryl groups in the
mode of action of FA is rather well known (Neely, 19634, b; Russell, 1982,
1983; Sondossi, 1988). Furthermore, based on the reactivity of IT with
reduced sulfur compounds and its high antimicrobial activity at very low
concentrations, sulfhydryl-containing targets could be suspected as
primary targets of its activity. Few reports have been published on the
mode of action of IT, with the exception of some indirect in-vitro preli-
minary results (Collier er al., 1989). A benzisothiazolone derivative has
been shown to inhibit sulfhydryl-containing enzymes and react with
glutathione in-virro (Fuller et al., 1985). In earlier reports on synergistic
activities of FA and IT, each in combination with Cu’", the role of sulf-



