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ABSTRACT

Surviving Gram-negative bacterial populations of a metalworking fluid,
soluble-oil emulsion, exposed to a formaldehyde (FA)-based industrial biocide
were isolated and identified. Resistance of isolates to FA and FA-based
biocides was determined and significant differences were noted. The most
resistant strain survived 25 mm FA when tested in tryptic soy broth. Attempts to
induce greater resistance in less resistant isolates yielded mixed results. The
FA-resistant isolates were shown to be cross-resistant to a number of FA-based
biocides. Detoxification (removal) of FA by mixtures of FA-resistant and
FA-sensitive organisms was a function of the level of resistant organism
present. This may explain the varied resistance levels among isolates from a
single system to FA. The results suggest that protection of susceptible strains by
resistant organisms may occur under field conditions.

INTRODUCTION

The use of preservatives in industrial products and processes is an
unavoidable practice. They are mainly used for two purposes: (1) added
to a finished product or components of it to prevent deterioration; and (2)
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added to component(s) of an industrial process to ensure economical
operation by preventing microbial build up in the system which, if not
controlled, may halt efficient processing and, in many cases, find its way
into the final product. Industrial preservatives have been reviewed
extensively (Rossmoore, 1979; Sharpell, 1980; Trotz & Pitts, 1981; Block,
1983; Rossmoore, 1983).

Among the many industrial biocides used is a great variety of FA
adducts (Bennett, 1973; Rossmoore, 1979; Rossmoore, 1983). Further-
more, it was shown in a laboratory system that many of these biocides
exert their biocidal effect by releasing, or donating, formaldehyde (FA)
(Sondossi et al., 1986a, b). These biocides are generally referred to as FA
condensates and have been recently reviewed (Rossmoore & Sondossi,
1988).

The earliest published use of FA as an antimicrobial dates to 1886 by
Loew and Fisher (Walker, 1964). The role of FA as an antimicrobial has
been expanding since this early use.

Formaldehyde is a central intermediary metabolite in methylotrophic
organisms. All of the obligate and facultative methylotrophs possess
enzymes to assimilate FA into their biosynthetic pathways (Attwood &
Quayle, 1984). There are also many reports on the dissimilatory
metabolism of FA by nonmethylotrophs isolated from a variety of
sources, some referred to as FA-resistant organisms (Neeley, 1966;
Paulus, 1976: Ando e al., 1979; Yanagita, 1980a, b; Kato et al., 1983:
Sondossi et al., 1985b, 1986a; Eagon & Barnes, 1986).

Over the past few decades, bacterial resistance to each and every new
clinical antimicrobial has been reported (Neu, 1984). Recently, the same
problem has been noticed with industrial biocides. Earlier, it was
reported that resistance to 1.3,5-tris-(ethyl) hexahydro-s-triazine (ET)
was accompanied by development of cross-resistance to FA (Sondossi
et al., 1985b). This finding was exploited further to study the mechanism
of resistance and mode of action of many FA adduct biocides (Sondossi
et al., 1986a. b). In these studies, resistance and sensitivity to some FA
adduct biocides were characterized as a quantitative function of released
FA.

In the present study, we have tested the concept of resistance
development to FA-based biocides in a soluble-oil metalworking fluid
(MWF) that has been treated with a commercial mixture of 1,3.5-(2-
hydroxyethyl) hexahydro-s-triazine (HET) and sodium 2-pyridinethiol-
l-oxide (PO). The results presented here are in agreement with
conclusions made earlier with pure cultures of a Pseudomonas aeruginosa
strain (Sondossi et al., 1986b).
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MATERIALS AND METHODS
Organisms and source of isolation

The isolation source was a heavily contaminated soluble-oil MWF
where the maximum recommended dose of HET and PO mixture
failed to control microbial levels. Predominant contaminants, bacterial
and fungal, were isolated by plating on tryptic soy agar (TSA) (Difco,
Detroit, MI) and Sabouraud dextrose agar (SDA) (Difco, Detroit, MI),
respectively. )
Ten bacterial and four fungal isolates were identified further by
selective and differential media, biochemical tests, cultural character-
istics, and microscopic examination. The pure culture of each organism
was maintained on TSA or SDA slants at 4°C. A P. aeruginosa isolate
and two fungi, Candida tropicalis and an unidentified Fusarium sp., all
isolated from contaminated industrial fluids, were used as controls.

Media and culture conditions

Bacterial cultures maintained on TSA were transferred to tryptic soy
broth (TSB), grown overnight, and transferred to fresh medium for3-5h
prior to use to ensure that inocula were in exponential phase. Inoculum
levels were 1-5 X 107 cfu m1~".

Fungal cultures maintained on SDA were grown in potato dextrose
broth (PDB) overnight. Cultures were then transferred to fresh medium
and incubated further to an optical density of 10 Klett Units (K.U.) at
540 nm.

Flasks and tubes were incubated at 30°C with rotary shaking at
200 rpm. Agar plates were incubated at 30°C for a maximum of 5 days.

Minimal inhibitory concentration determinations

To determine the minimal inhibitory concentrations (MICs) for
bacterial isolates, populations of 1-5 X 107 cfu ml~' of each organism
were used. A serial tube dilution method with a final suspension volume
of 2ml was employed. Organisms were challenged with various
concentrations of biocides in TSB, in duplicate, and repeated at least
twice. The same procedure was used for fungal cultures grown to 10 K.U.
in PDB.
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Induction of FA resistance in FA-sensitive isolates

Induction of resistance to FA was carried out in flasks containing 200 ml
of suspensions of FA-sensitive isolates (isolates 1, 2, 4 and 6), with final
FA concentrations of 1-5-3-5 mM depending on the sensitivity of the
isolates. '

Within 48 h, after a 3-4 log reduction in viability, regrown populations
were harvested by centrifugation and resuspended in fresh TSB at
1-5X 10’ cfumi™'. The MIC determinations were carried out as
described above. Induction of FA resistance in fungal populations was
done with 5mM final FA concentrations in PDB, and MICs were
determined in PDB.

Biocide selection and treatment
In the selection of biocides for this study, consideration was given to
chemical structure, binding site of reacted FA in adducts, and number of

FA molecules in the chemical formula. The number of FA molecules in
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Fig. 1. Selected formaldehyde condensate biocides (N-bound FA). (*) Potentially

available FA. A: 2-(hydroxymethyl) amino ethanol; B: 2-(hydroxymethyl) amino-2-

methyl propanol; C: 1.3-(dihydroxymethyl)-5.5-dimethylhydantoin; D: 1.3,5-tris-(ethy}l)
hexahydro-s-triazine; E: 1,3.5-tris-(2-hydroxyethyl) hexahydro-s-triazine.
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structures of selected biocides varied from one to three FA per molecule
of biocide. All the biocides selected had N-bound FA (Sondossi er al.,
19865). Chemical names, structures, and sites of FA on the adducts used
are shown in Fig. 1.

The number of FA molecules theoretically available in each adduct
molecule was estimated from stoichiometric synthetic data and chemical
structures. These numbers were confirmed earlier (Sondossiet al., 1986b).
Stock solutions of biocides in distilled water (10% active ingredient, w/v)
were used. The concentrations of biocide in the test systems were
calculated to give desired concentrations (mM) of potentially available
FA. Formalin (37-7% reagent grade solution) was used to obtain desired
concentrations of FA (mM).

Determination of FA concentrations

Formaldehyde concentrations were determined by 2,4-pentanedione
reagent (Nash, 1953). Reagent grade formalin was used as an FA
standard.

Mixed population studies

To study differential effects of FA bactericidal activities on mixed
populations of FA-sensitive and -resistant organisms, a model system
was used. Isolate 5 (FA-resistant) and a laboratory strain of Serratia sp.
(FA-sensitive) were used to follow changes in surviving populations in
mixed cultures. Mixed cultures of different ratios were prepared in
100 ml (final volume) with 1-5 X 107 ¢cfu ml™! and challenged with FA
concentrations lethal to pure cultures of Serratia but not to those of
isolate 5. It was possible to follow two populations in mixed cultures
independently using surface plating because of Serratia pigmentation
and faster colony-forming abilities. Pour plates were also used as a
control to compare total count obtained by surface plating to ensure
reliable and reproducible results.

Hydrocarbon-utilizing ability of organisms

Minimal salt-based medium (Palleroni & Duodoroff, 1972), containing 1%
of hexadecane as energy and carbon sources, was prepared. A soluble-oil
concentrate (Pillsbury Chemical and Qil Inc., Detroit, MI) was used to
prepare a 5% oil-in-water emulsion. When needed, the above minimal
salt base was also used to prepare supplemented emulsions.
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RESULTS
Field history and treatment of the soluble-oil MWF system

An on-site maintenance data chart covering a 60-day period at the end of
which the samples were obtained (Fig. 2) shows dissolved oxygen, pH
and fluid concentration, and the periodic addition of biocide (HET and
PO mixture) and caustic (NaOH), the latter to raise pH.

Characterization of contaminating organisms

The total aerobic microbial population using pour and surface plating
methods at the end of a 60-day period (Table 1) indicate large planktonic
populations of bacterial and fungal contaminants not controlled with
biocide additions. Bacterial contaminants with population sizes greater
than 10° cfu ml~' were isolated and identified (Table 2). It is worth noting
that 8 out of 10 isolates were Pseudomonas spp.

Minimal inhibitory concentrations

Bacterial isolates have a variety of MICs ranging from 2-5-5-0 mM
(sensitive) to 20-25 mM (resistant) of FA (Table 2). Minimal inhibitory
concentrations of HET and the presence of obvious cross-resistance
between FA and this biocide are also shown in Table 2.
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Fig. 2. On-site maintenance measurements made by plant personnel over a 60-day
period. O——O = Dissolved oxygen; ®——@ = pH; O——10 = percent concentrate;
¢ = biocide (HET and PO mixture) addition; ¢ = caustic (NaOH) addition.
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TABLE 1
Total Bacterial and Fungal Population Sizes of Soluble-Oil Metal-
working Fluid at Time of Sampling

Bacteria (cfu ml~) Fungi (cfu ml™)
Pour plates Surface plates Pour plates Surface plates
4.2 X 107 2:3x 10 33 x 108 2-5 % 10°
TABLE 2

Predominant Bacterial Contaminants (Populations > 10° ml~!) and Relative Resistance
to FA and FA-Condensate Biocide with which System was Treated

MICs of 1,3.5-tris-(2-
hydroxyhexahydro-s-

triazine
Bacterial Species Formaldehyde Active Commercial
isolates identifications MICs (mm) ingredient biocide (X)
(mM) (ppm)
1 Pseudomonas sp. 2:5-5 NT NT
2 Pseudomonas 2.5-5 NT NT
putrefaciens
3 Pseudomonas 10-15 2:5 700
Sluorescens
4 Aeromonas sp. 2-5-5 2:5 700
5 Pseudomonas 20-25 833 2332
acidovorans
6 Pseudomonas sp. 2-5-5 NT NT
7 Pseudomonas 2-5-5 NT NT
acidovorans
8 Pseudomonas sp. 7-5-10 33 924
9 Citrobacter 10-15 5 1 400
Sreundii
10 Pseudomonas 5-7-5 NT NT
acidovorans
Control- Pseudomonas 2:5-5 NT NT
MW strain aeruginosa

MIC = minimal inhibitory concentration.
NT = not tested.

MW = metalworking.

FA = formaldehyde.

Fungal isolates show a moderate and uniform resistance to FA when
MICs were determined (Table 3). Two control fungal species used, as
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TABLE 3
Minimal Inhibitory Concentrations of FA Among Fungal Isolates

Fungal isolates Species identification ~ Formaldehyde MICs (mM)

1 Fusarium sp. . 7-5-10
2 Fusarium sp. - 7-5-10
3 Fusarium sp. 7-5-10
4 Fusarium sp. 7-5-10
Control A Candida tropicalis 2-5-5

Control B Fusarium sp. BG 12-5-15

FA = formaldehyde.
MIC = minimal inhibitory concentration.

sensitive and relatively resistant to FA, were isolated in unrelated studies
from contaminated MWFs.

Induction of FA resistance

Efforts were made to induce FA resistance in isolates with the lowest
MICs, 2-5-5-:0 mM FA. Pretreatment of these isolates with FA induced
resistance in some (isolates 4 and 6) but not in others (isolates 1 and 2).
Fungal isolates were not inducible (Table 4).

Cross-resistance to other FA adduct biocides

Five isolates were tested for cross-resistance using five FA adduct
biocides (Fig. 1). Results (Table 5) which are in agreement with the
equimolar available FA concept described earlier (Sondossi et al., 1986b;
Rossmoore & Sondossi, 1988) are listed. Minimal inhibitory concen-
trations (ppm) of commercial products and their recommended doses
are presented in Table 6.

FA lethal activity and removal in mixed culture

A simple model system was used to study the kinetics of FA disappearance
from the media and bactericidal activities on pure and mixed cultures of
isolate 5 and Serratia sp. The latter organism, despite apparent total kill
(Fig. 3), survived in the presence of 15 mM FA and recovered to high
densities.

Formaldehyde disappearance was measured parallel to biocidal
activity measurements. Formaldehyde is lost slowly in the absence of
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TABLE 4
Effect of Pretreatment with FA on FA Resistance Levels of
some Isolates

FA MICs (mMm)

Isolates Untreated Pretreated Induced
resistance
Bacterial
1 2-5-5 2.5-5 (-)
2 2-5-5 2:5-5 =)
4 2-5-5 10-15 (++)
6 2.5-5 5-7-5 (+)
Fungal
1 7-5-10 7-5-10 (-)
2 7-5-10 7-5-10 (-)
3 7-5-10 7-5-10 (—-)
4 7-5-10 7-5-10 (-)

FA = formaldehyde.

MIC = minimal inhibitory concentration.
(—) = negative.

(+) = moderate induction.

(++) = highly inducible.

TABLE §
Cross-Resistance to some FA Condensate Biocides (MICs of Biocides Based on
Available FA per mM Active Biocide Moleculey

I* 2* 3*

Bacterial
isolates  Formaldehyde Biocide A Biocide B Biocide C  Biocide D  Biocide E

3 10-15 7-5-10 7.5-10 7-5-10 -5-7-5 5-7:5
4 2.5-5 5-7.5 7-5-10 7-5-10 5-7.5 5-7.5
5 20-25 20-25 20-25 25-30 20-25 20-25
8 7-5-10 7.5-10 7-5-10 10-15 7-5-10 7-5-10
9 10-15 7.5-10 7-5-10 7.5-10 10-15 10-15

?Range of MICs are calculated by multiplying mM active ingredient by the number of FA
potentially available in intact molecule of the biocide.

bSee Fig. 1 for chemical names of Biocides A-E.

FA = formaldehyde.

MIC = minimal inhibitory concentration.

*Number of potentially available (N-bound) formaldehyde(s) in the biocide molecule
(See Fig. 1).
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TABLE 6
MICs, ppm (v/v), of Commercial Biocide, and Recommended Doses (in parentheses) by
Manufacturers

Bacterial Biocide A° Biocide B Biocide C Biocide D Biocide E
isolates

682 892 2350 - 450 700

3

4 682 1190 2350 450 700
5 2273 2976 5875 1 500 2332
8 909 1190 2 350-3 525 594 924
9 909 1190 2350 594-900 1 400

(500-1500)  (500-1500)  (500-2000) (100-1000) (1000-1 500)

MIC = minimal inhibitory concentration.
9See Fig. | for chemical names of Biocides A-E.

bacteria by interacting with the medium, as was the case with a FA
adduct biocide (Sondossi et al., 1985a). In the presence of bacterial
populations, FA removal is directly proportional to FA-resistant
population densities, indicating its rapid metabolism (Figs 3 and 4).
Since FA removal is rapid (a matter of hours), its concentrations fall
below threshold concentrations lethal to declining Serratia populations.
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Fig. 3. Exponentially growing cultures of isolate 5 and Serratia in TSB, 1-5 X

107 cfu ml~', were exposed to (A) 15 mM FA and (B) 10 mM FA. The exposures were in

pure cultures. Serratia = V¥ V¥ . isolate 5 = V. V. and mixed cultures; 1:1 v/v

mixture (Serratia = @ @: isolate 5 = O——0) and 4:1 mixture (Serratia = B——M;

isolate 5 = O [J). Population sizes of both organisms, in pure and mixed cultures,
were determined by pour and surface plating,
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Fig. 4. Formaldehyde concentrations were determined in parallel to cfu mi~! determi-

nation shown in Fig. 2. A control flask was also used to measure the rate of FA and TSB

reactions resulting in removal of FA in the absence of bacterial populations.

TSB = V. V : Serratia = V¥ V. 4:1 mixture = B H; 1:1 mixture = O—1U0[1;
and isolate 5 = O——-O.

Hydrocarbon utilization

The Pseudomonas isolates neither grew in minimal salt medium with
hexadecane nor in the same MWF (5% oil-in-water emulsion) that was
used in the plant. Emulsions supplemented with minimal salts yielded
the same results.

DISCUSSION

Oil-in-water emulsion MWFs can support the growth of a large variety of
microorganisms that can cause deterioration, microbiologically
influenced corrosion, and reduced efficiency of the metalworking
process. Many factors contribute to the biodeterioration of MWFs. Early
detection of alarming levels of microbial populations is necessary for the
successful treatment of these systems with biocides.

The usual monitoring procedures used do not predict or detect
microbial resistance development in the system early enough for an
effective response. This problem is compounded not only by the lack of
information on mode of action of biocides but also by the fact that mode
of action usually is not considered in biocide selection. Therefore,
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alternate biocide(s) may face the preexisting cross-resistant organisms,
rendering them useless when applied.

It was reported that resistance to a FA adduct biocide, ET, develops
underlaboratory conditions. The mechanism of resistance was related to
enzyme systems involved in detoxification of FA released from the
adduct (Sondossi et al., 1985b, 1986a). These formaldehyde dehydrogenase
systems were both inducible and constitutive in nature.

These findings and the selection of an organism resistant to ET were
used further to determine the mode of action of a large group of
industrial biocides (Sondossi er al., 1986b).

The on-site maintenance data chart proved to be a very unreliable
source for indicating the activities of the microbial population in the
system (Fig. 1). No information could be obtained to indicate, with some
degree of certainty, microbial resistance development to the biocide in
use.

Bacterial population levels as high as 10® cfu ml~! are not unusual in
MWFs; therefore, microbial levels detected (Table 1) are not extra-
ordinary. Furthermore, the dominant bacterial group in MWFs are
reported to be species of Pseudomonas, omnivorous and capable of
growth under minimal nutritional conditions (Rossmoore, 1981), and
Fusarium sp., the most frequently encountered fungal contaminants.
These identifications were indicative of a classic case of contaminated
MWEF.

Usually, the MICs and dose ranges of industrial biocides are
expressed as parts per million or percent, and FA adducts are not
exceptions. This could be misleading when the effectiveness of FA
adduct biocides are compared. It is also misleading if comparisons are
based on molar concentrations. If FA is the toxic moiety, the only reliable
comparable data would be derived from equimolar concentrations of the
potentially available FA and its rate of release from the adducts
(Sondossi er al., 1985b, 1986b; Rossmoore & Sondossi, 1988).

The MICs of FA for the bacterial isolates indicate cross-resistance
between HET and FA (Table 2). Induction of resistance to FA in some of
the isolates suggests it could be elevated with FA or FA-based biocides
(Table 4). Furthermore, the data listed in Tables 5 and 6 are in agreement
with the equimolar FA concentration concept discussed above. A simple
but incorrect assumption based on the data in Tables 2-6 would be that
all of the isolates except bacterial isolates would be killed by the
recommended dose of biocides used in this experiment. The fact that
they were all isolated from treated MWF with recommended doses
disproves the above assumption.

It will be rather complex to study mixed microbial populations in






