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Abstract

Resistance development among microbial populations exposed to industrial biocides intending to control microbial levels has
received increasing attention in the last few years. Usually studies dealing with resistance development are done after the process
has taken place. Characterization of resistant organisms by isolation of dominant populations reveals some details, but the steps
leading to resistance usually remain unclear. In this study, development of resistance to methylchloro-/methylisothiazolone (IT)
biocide under laboratory conditions is described. Results with experimental setups relevant to field dosing conditions
demonstrated how the pattern of biocide treatment influenced the degree of resistance development. The induction of higher
resistance in the laboratory populations exposed to different dosing patterns varied. Sequential treatment of culture with a
constant increase in concentrations of isothiazolone (5-10 ul 17! of commercial product) resulted in increasing resistance,
exceeding ten-fold. However, additional increases of 25-50 pl 17! in each step were lethal, suggesting threshold levels of
resistance in populations tested. Extrapolation of laboratory data to field conditions appearcd more relevant after Pseudomonas
species, highly resistant to IT, were isolated from metalworking fluids. In these fluids the biocide treatment regimen in the field
was similar to the one used in the laboratory. An understanding of the factors contributing to resistance development and
selection in the field is emphasized. © 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Imtroduction (using an automatic biocide injection pump) in con-

trast to intermittent additions. Methylchloro-/methyli-
Methylchloro-/methylisothiazolone (IT), Trade name sothiazolone is an effective biocide for MWFs,
Kathon 886MW, has been used for many years as a

biocide to control microbial contamination levels in
synthetic, semi-synthetic and soluble oil metalworking
fluids (MWF). It is primarily a tank-side biocide used
at levels from 25 to 125 ppm (25-125 pl 1”). The regi-
men of treatment varies from one dose weekly to every
3 weeks. Obviously this depends on the coolant con-
dition. The biocide can also be added continuously

however, fluid incompatibility and development of re-
sistance to IT in microorganisms could reduce its effec-
tiveness. There have not been any published reports on
the development of resistance to IT in MWFs,
However, a report describing the adaptation of bac-
teria to cosmetic preservatives has compared the level
of adaptation in Pseudomonas aeruginosa, Escherichia
coli, and Staphylococcus aureus to six top ranking cos-
metic preservatives including IT (Orth and Lutes,
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tation to the highest concentration which allows
growth before adaptation) is high.

Resistance development to antimicrobial agents
appears to be a widespread characteristic among
Pseudomonas species, in particular Ps. aeruginosa.
Pseudomonas species are generally more resistant to
chemical antimicrobials than other bacterial species
(Eagon, 1984). Pseudomonads are the most frequently
identified contaminants and spoilage organisms in
industrial products, found during manufacturing pro-
cesses, and also affecting process components (Eagon,
1984; Mattsby-Baltzer et al., 1989; Rossmoore, 1981).

Development of resistance to many industrial bio-
cides and the mechanisms involved are not clearly
understood, mainly due to lack of research in this
area. There are reports, however, concerning mechan-
isms of resistance to some industrial biocides. Evidence
has been presented demonstrating efflux of various
antimicrobial agents including QAC’s, chlorhexidine,
and metals in bacteria (Nies and Silver, 1995; Midgley,
1987; Paulsen et al., 1996a,b). Included are reports on
the mechanism of resistance to formaldehyde-based
biocides (Sondossi et al.,, 1985a, 1986a,b, 1989;
Sondossi, 1988; Rossmoore and Sondossi, 1988).
Resistance could be induced in cultures of Ps. aerugi-
nosa by serial transfer in the presence of sublethal con-
centrations of biocide. Strains resistant to many
antimicrobial agents could emerge from such treat-
ments . (Gilleland and Conrad, 1982; Irvin and Ingram,
1982; Sondossi, 1988).

The term resistant is usually used to define an
organism that is not susceptible to the approved or
recommended concentration of biocide. There are
many reports and reviews classifying the types of re-
sistance to antimicrobial agents in microorganisms
(Eagon, 1984; Greenwood, 1985; Bryan, 1989). There
are two types of antimicrobial resistance: bacterial per-
sistence and positive function resistance {Bryan, 1989).

Persistence resistance deals with phenotypic changes
and gene regulation that are seen during the course of
biocide treatment (Bryan et al., 1985; Greenwood,
1985). However, they affect cell growth and have dele-
terious effects on the organism. These types of organ-
isms form small colonies and have reduced growth
yield and rate (Bryan, 1984, 1989). This type of resist-
ance will be lost by subculturing on antimicrobial free
media.

In positive function resistance the microbe gains re-
sistance by the acquisition of a gene function(s). These
gene functions usually inactivate or modify the antimi-
crobial agent or they may be expressed as an efflux
system, new specified target or enzymatic modification
of the target (Bryan, 1989). This type of resistance is
stable and there are no disadvantages to the organism
possessing the function. Experimental design to study
the resistance selection process, mechanism of resist-

ance development and factors influencing these pre
cesses is a difficult challenge. In this study, low level
of resistance were induced in Ps. aeruginosa in TSI
under laboratory conditions. Further exposure wa
scheduled to mimic under-dosing with subsequen
increase in biocide concentration. This is the usu:
practice when it becomes evident that the in-use cor
centration is not sufficient to control microbial level
The effectiveness of slug dosing vs intermittent lov
doses and resistance development to IT under thes
regimens are discussed.

2. Materials and methods
2.1. Organisms, media, and culture conditions

A strain of Ps. aeruginosa isolated from contam
nated MWF was used throughout the experimen
unless stated otherwise. The organisms were mair
tained on tryptic soy agar (TSA)(Difco Laboratorie
Detroit, MI), grown in tryptic soy broth (TSB)(Difc
Laboratories, Detroit, MI) for 12 h, and transferred t
fresh medium for 3-5 h prior to use to ensure th:
inocula were in the exponential phase.

Incubation conditions: Cultures in TSB were 100 n
final volume in 250 ml flasks and were incubated in
rotatory shaker with 200 rpm at 30°C.

2.2. Determination of MICs, dose-response curves and
measurement of resistance

To determine MICs for bacterial populations, su
pensions of 1-5x 107 cfu ml™" of organisms were use:
A serial tube dilution method with a final suspensic
volume of 2 ml was employed, and organisms we
challenged with various concentrations of IT in TSB
duplicate. Resistance and sensitivity of populatios
were determined by the change in the number of ¢
ml™" with time. The number of cfu was determined 1
the pour-plate method on TSA plates after 48 h ar
rechecked for late colony formation after five day
Neutralization of IT in MIC determinations for ori
inal and adapted populations was not necessary sin
the cultures were centrifuged and washed before pr
cessing. The possible carry-over effect in plating ag
was not considered because of serial dilution and ple
ing in TSA. The overall dilution of any carry-over |
ranged from 2x107% to more than 10~ Furthermor
each population was totally resistant to any possit
carry-over IT in each step (see results). The goal of t
study was to select for healthy IT resistant populatio
and recovery of injured cells was not considered esse
tial.



M. Sondossi et al. | International Biodeterioraton & Bindegradation 43 ( 1999) 85-92 87

growth | ]
no growth ()
variable )

original culture

LALAL A

A: Constant Low Sublethal Dose Treatment
Cultures were treated with 10 ul/l of [T in
TSB. Regrown populations were exposed 1o
same concentration repeatedly.

i
£0\

VY
GEALA

~

N Yoy

B: Highest Sublethal Dose Trcalmcnl
Cultures were treated with indicated doses
(uln) in separate flasks. Regrown
populations from 25 ul/l were exposed to
higher concentrations, 20, 30, 40, and 50
ul/l in the next step.
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The pattern for treatment was to expose
the cultures to series of increasing
consentrations using the regrown
populations from highest sublethal dose in
the next step.
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C: Small Incremental Dose Increase

The dose of IT was increased 5 ul/l in
each step of active transfer starting at 10
ul/t .

Fig. 1. Pattern of biocide treatment for selection of isothiazolone re-
sistant populations of Pseudomonas aeruginosa in TSB.

2.3. Biocide

A commercial mixture of IT (5-chloro-2-methyl-4-
isothiazolin- 3-one, 10.87% w/w, and 2-methyl-4-iso-
thiazolin-3-one, 3.36% w/w) was used (Rohm and
Haas Co., Philadelphia, PA). Fresh dilutions of IT
were prepared each time before use. Concentrations
indicated are based on ul 17! (ppm) commercial pro-

duct and are relevant to recommended in-use concen-
trations.

2.4. Induction of low level resistance to IT and selection
of resistant populations

Induction of resistance to 1T was carried out by in-
cubation of 1-5x 107 cfu ml™" suspensions with var-
lous concentrations of IT, depending on sensitivity
levels of the population during the course of the study.
Regrown populations were harvested by centrifu-
gation, washed in 50 mM phosphate buffer and resus-
pended in fresh TSB at 1-5 x 107 cfu ml~'. The
biocidal effects were studied by the pour-plate method
measuring survival rates. Whenever required, MIC de-
terminations were carried out as described above.

2.5. Treatment regimen

The biocide treatments were designed to mimic pat-
terns of under-dosing in the field (Fig. 1).

1. Constant low sublethal dose exposures: The bac-
terial cultures were treated with IT (10 pl I™Y) in
TSB. Regrown populations were harvested and
resuspended in TSB containing IT (10 pl I™') repeat-
edly (Fig. 1A).

2. Active transfer with a highest sublethal dose treat-
ment: The bacterial cultures were incubated with 10,
15, 20, 25, 30, 40 pl 17! of IT in separate flasks.
Concentrations 30 pl I™! and above resulted in total
kill. Regrown populations from 25 ul 17! IT treat-
ment were harvested and exposed to IT concen-
trations ranging from 20 to 50 ul 17! (seven flasks
with increasing increments of 5 pl 17!), The pattern
for treatments was to expose the cultures to a series
of increasing concentrations using the regrown
population from highest sublethal concentration in
the next exposure (Fig. 1B).

3. Initial low dose and subsequent highest sublethal
dose treatment: This is a combination of the ex-
posure patterns described in treatments 1 and 2.
The bacterial cultures were exposed to 10 ul 17" of
IT in initial active transfers, and then to a series of
IT concentrations ranging from 10 to 40 p] |~} (as
described above). The regrown population from the
highest sublethal concentration of IT was used to
inoculate the next series of flasks (IT concentrations
from 25 to 60 ul I™'). This pattern was continued as
shown in Fig. 1B.

4. Small incremental dose increase pattern: In this
series, the dose of IT was increased by 5 pl 17!
cach step of active transfer, starting at 10 pl '
Survival curves were established for bacterial sus-
pensions in all of the above experiments using the
pour-plate method (Fig. 1C).
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Fig. 2. Effects of different concentrations of isothiazolone on
Pseudomonas aeruginosa in TSB. The bactenial population density
was 5x 107 ml. The concentrations (ul 17') of biocide are indicated
next to each curve. Parameters for assessment of biocide activity,
TGB and MLR, arc also indicated.

2.6. Characterization of resistance using dose-response
curves

Two parameters of dose-response curves were used
to characterize the resistance in regrown populations;
(1) maximum log reduction of microbial population
with each dose (MLR), and (2) time required for each
treated population to grow back (TGB) to the starting
density. These two parameters will indicate the overall
effectiveness of IT treatments (Fig. 2).

2.7. Isothiazolone resistant organisms isolated from
MWF

Four isolates, all characterized as Pseudomonas
species were isolated from a spoiled MWF. The mi-
crobial contamination levels in this MWF were not
affected by IT additions. The MICs were determined
for these isolates and dose-effect curves were estab-
lished.

3. Results

Initial dose-response curves generated by various
doses of IT in TSB shows a typical decline in numbers
of cfu ml™! proportional to concentrations of IT (Fig.
2). In experiments with a final volume of 100 ml in
flasks, total kill was achieved with 30 pl ml™'.
However, determination of MIC using the serial tube
ditution method with final volume of 2 ml gave 25 ul
ml™" in 72 h. This is not surprising and simply
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suggests the volume effect that has also been shov
for other biocides (Sondossi et al, 1985t
Furthermore, concave upward dose-response curve
larger log reduction in cfu with increasing conce
tration of IT, indicates typical bactericidal activiti
(Fig. 2).

The following regimens were chosen to assess the i
fluence of dosing patterns on resistance developme

(Fig. 1).

. Constant low sublethal dose regimen: In all cas
Ps. aeruginosa cultures treated with 10 pl 17" gre
back and regrown populations were totally resista
to subsequent exposure to 10 ul 17" of IT. Repeat
exposures to 10 pl 17! did not result in the selecti
of highly resistant populations. Exposure of the
cultures to 35-40 ul 17" of IT in tube dilution te
resulted in non-viable cultures. However, slig
increase in resistance is noted (MIC increased
35 ul 17! as compared to 25 ul 17" of original ¢
ture).

2. Highest sublethal dose regimen: Regrown porg
lations previously exposed to 25 pl 17! of IT show
somewhat higher levels of resistance when compar
to regrown cultures with the low sublethal dose re
men. However, populations selected had highly ir
gular responses to the next treatment. T
populations selected were more slow growing a
produced small colonies when plated for survi
curves. All attempts failed to select for populatic
with resistance to higher than 70 pl 1=}, This patte
was reproducible in different sets of experiments.

3. Initial low dose and subsequent highest sublet]
dose treatment: The cultures were transferred
10 ul 1" IT twice before exposing to higher conci
trations as described in Materials and metho
However, this did not result in selection of hig
resistant populations, although the levels of res
ance observed were slightly higher than th
obtained in the previous regimen. In all exp
iments, 80-100 pl 17! were lethal to regrown poj
lations from exposure to 70 pl 17"

Attempts were made to stabilize the populatic
at a mid-point of the highest sublethal dose regin
before proceeding to higher doses. Populatic
regrown from exposure to 50 pl 17! were repeate
exposed to 50 pl 17", In all cases, the regrown po
lations were rendered non-viable by 80-100 ul
and, at best, a highly irregular pattern of resista
was observed with MIC determinations.

4. Small sequential increase in dosing regimen: Ps. ¢
uginosa cultures exposed to 10 pl 17! and regrc
populations were exposed to higher concentrati
with an increment of 5 pl 17" increase in each si
After a large number of transfers, this regir
produced highly resistant populations (MIC
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Fig. 3. Threshhold limit of resistance levels in selected populations in TSB. (A) Effects of higher doses of isothiazolone on regrown cultures of

Pseudomonas aeruginosa previously exposed 1o 20 ul 1! of IT. (B) Effects of 80 and 100 p) 17" of IT on regrown cultures of Pseudomonas aerugi-
nosa preciously exposed to 50 ul 17! of IT. (C) Effects of various doses of IT on selected population resistant to 200 ul 17" of IT.
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Fig. 4. Effects of 200 ul 1= of IT on four Pseudomonas spp. isolated
from a metalworking fluid. These isolates were highly resistant to IT.
Experiments were carried out in TSB.

225 ul 1Y), The experiments were discontinued
when the level of resistance resulted in minimal bac-
tericidal concentrations exceeding the recommended
label dose (100-150 ppm) by 70-100 ppm and not
because of failure to elevate resistance limits. The
accumulated data was analyzed using two par-

amcters of cach dose-response (survival) curves;
MLR and TGB.

The data indicated that as a population becomes
more resistant, MLR and TGB decrease (IT become
less effective). At several points during selection, cul-
tures were exposed to IT concentrations higher than
incremental dose increases to assess the limits of the
resistance to IT. In every experiment increases between
25-35 pl 17! were lethal to regrown populations. This
indicates a threshold for the resistance levels achieved
(Fig. 3).

3.1. Isothiazolone resistant isolates from contaminated
MWF

The MWFEF used to isolate IT resistant Pseudomonas
species had a history of treatment with IT. The ad-
dition of biocide was continuous, using a tank-side
injection pump. At some point the microbial contami-
nation level and physical characteristics of MWF indi-
cated failure of the biocide treatment. Biocide dose
was increased to confront the situation several times.
The microbial levels stayed high indicating the possible
presence of resistant organisms and/or failure of the
biocide due to incompatibility with components of the
system.

MIC determination with 1isolates from the fluid
clearly demonstrated the presence of highly resistant

organisms to IT in the fluid. The range of MICs for
the four isolates used in this study were from 250—
400 pl 17!, The survival curves for these isolates treated
with 200 pl 17! of IT are shown in Fig. 4.

4. Discussion

Repeated subculturing in the presence of antimicro-
bial compounds has been shown to result in the selec-
tion of microbial populations with higher levels of
resistance (Gilleland and Conrad, 1982; Irvin and
Ingram, 1982; Sondossi, 1988). It should be kept in
mind that resistance is a relative term. However, this is
a measurable characteristic in relation to parent popu-
lations.

In this study the main objective was to determine
under what condition organisms develop resistance to
IT. Furthermore, from a practical point of view, it was
desirable to determine if dosing patterns have any in-
fluence on the selection of resistant organisms. In our
opinion, a simple experimental design could reveal
valuable data to study resistance development.

The results indicate that the regimen of repeated
transfers with a small increase in biocide concentration
does.lead to a high level of resistance under laboratory
conditions. The nature of resistance may be considered
as a positive function since the resistant population
could grow in presence of 200 ul 17! of IT. This by
itself does not exclude the presence of persistence re-
sistance mechanisms or their co-existence with positive
function resistance mechanism(s). At this point the
type of resistance has not been clearly demonstrated.

Gram-negative bacteria are surrounded by a per-
meability barrier, the outer membrane. Hydrophilic
solutes most often cross the outer membrane through
water filled channels, i.e. porins. Since porin channels
are nonspecific, small hydrophilic agents such as IT
most possibly will utilize such channels. The level of
resistance can be increased by genetic or physiological
alterations that lower the permeability of the outer
membrane (Hancock, 1984; Nikaido, 1989) reducing
the amount of biocide entering the cell. Reaching cyto-
toxic concentrations of biocide inside the cell will now
require higher levels of biocide to be present outside
the cell. This would be characterized as persistent re-
sistance. If the permeability of the outer membrane is
only reduced, the cell may also be at a disadvantage
due to reduced permeability of required nutrients
(Bryan, 1984). Low levels of resistance could be
selected due to this alteration. With higher concen-
trations of biocide outside of the cell, eventually a
lethal concentration will be reached in the periplasmic
space. This may be the case in the onset of the selec-
tion process. Small, slow-growing colonies of survivors
in the highest-sublethal dose regimen suggest this
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ossibility. The highly resistant populations did not
xhibit reduced growth rates judged by colony for-
nation.

There are many factors contributing to the selection
f resistant populations to IT in industrial settings.
"hese may be approached as: (1) intrinsic character-
stics of organisms to develop resistance; (2) the regi-
nen of biocide treatment; (3) conditions leading to
inequal exposure of microbial populations in the sys-
em to biocide; and (4) loss of biocide due to reaction
yith environmental nucleophiles, therefore lowering
he available biocide concentration.

As mentioned in the introduction, resistance to anti-
nicrobial agents appears to be a widespread intrinsic
haracteristic among Pseudomonas species (Eagon,
984). This was supported by our results where all IT
esistant isolates from IT treated MWF were identified
s Pseudomonas species. Furthermore, it should be
lear from the results presented here that the regimen
f biocide treatment contributes to selection of highly
esistant populations. It seems that when a regimen of
ewer high-dose treatments is compared to that of
nore frequent low-dose treatments, with total biocide
iddition being equal, the latter regimen most likely
vill result in the selection of resistant microbial popu-
ations. Under-dosing and subsequent small increases
n biocide concentration (when it becomes evident that
n-use concentration is no longer effective) will most
ikely produce the same results.

The above suggestions may explain the presence of
esistant organisms under field conditions in MWFs
Fig. 4). The dosing pattern leading to selection was in
igreement with laboratory results. Conditions may
xist in metalworking systems that could inadvertently
ead to unequal exposure of microbial populations to
T. This means that part of the populations are
:xposed to significantly lower concentrations of IT.
Vietalworking fluid distribution and circulation sys-
em’s design may contribute to unequal exposure.
dowever, cells protected in- biofilm and bacterial
iggregates are probably more important factors
Sondossi et al., 1984; Costerton et al., 1987). The bio-
ide resistance in biofilm organisms is not clearly
inderstood. Some investigators maintain that physical
rotection in and mechanical barrier of the biofilm
ffer protection against biocides. This is not an intrin-
ic resistance character, however, resistant organisms
1ave a propensity for aggregate and/or biofilm for-
nation (Ruseska et al, 1982). The combination of
thortcomings in design and biofilm/aggregate for-
nation will produce the most favorable conditions for
ielection of resistant populations.

This study points out the fact that a combination of
ntrinsic and extrinsic factors will contribute signifi-
:antly to the emergence and sclection of resistant

organisms to IT in metalworking fluids. Similar factors
may be involved in other systems.

5. Conclusions

Resistance development to IT does occur under lab-
oratory and field conditions. Resistance to high levels
of IT is most probably a multi-step process that
requires many favorable conditions to be present. This
process is difficult to observe and study by regular
tank-side monitoring of microbial levels in MWF,
Resistant population selection is a consequence of bio-
cide dosing patterns, concentrations, and the actual
concentrations of IT to which the microbial popu-
lations are exposed. There are intrinsic and extrinsic
factors involved in the selection process. An under-
standing of factors involved and mechanism(s) of re-
sistance is essential if the problem is to be avoided.
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