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Summary

LDs,’s to 1*7Cs radiation for Pseudomonas oleovorans in broth were 5 kr:
in fresh coolant, 834 r: LD;,’s of sulfate-reducers and mixed aerobes in spoiled
coolant were 2 kr and 10 kr respectively.

INTRODUCTION

The control of microbial populations in industrial cutting fluids is a problem
of great importance, not just confined to the machine tool industry. These
fluids are used to preserve the useful life of cutting tools while promoting
desired surface finish and dimensional accuracy of the part produced in the
cutting operation. Their primary functions are to cool the tools while main-
taining lubricity. To achieve this, a majority of cutting fluids are water-based,
containing either paraffinic or naphthenic oils in oil-in-water emulsion or a
variety of non-ionic wetting agents. These solutions with organic debris
accumulated in use are excellent growth media for a large variety of microbial
species. In the plant, coolants are supplied to individual machines from
attached tanks of up to 300 gallons or from central sumps as large as 100,000
gallons. It is the latter type that are the major problem areas in cutting fluid
deterioration. Although the actual cost of even the most expensive cutting
fluids is relatively low compared to the cost of the total operation, their
breakdown can be expensive, far in excess of total replacement. Such break-
downs cause production slowdowns, shortening of tool life, and leave the
problem of disposal of thousands of gallons of foul-smelling emulsion.
Disposal is not only of economical interest to the manufacturer-user but also
of paramount extramural concern to public health and conservation authori-
ties, because of the potential pollution of inland waterways.

The major microbial contributors to cutting fluids breakdown are Gram
negative, most of which are Pseudomonas (Duffet e al., 1943; Pivnick et al.,
1956; and Tant and Bennett, 1958). This ubiquitous and omnivorous group
not only have the proclivity for growth on a variety of hydrocarbons (Sabina
and Pivnick, 1956; Ellis ez al., 1957) but also can tolerate and utilize a large
number of presumed germicides (Hamdy er al., 1956). In addition te the
array of aerobic organisms of ecological significance in the water-based
cutting fluids, there is one genus of anaerobes that is also of strong interest
(Bennet, 1957; Rossmoore, 1962). The dissimilatory sulfate-reducer, Desul-
Jovibrio desulfuricans, is associated almost symbiotically with the aerobic
flora in cutting fluids (Guynes and Bennett, 1959). This organism only grows
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after optimal conditions for growth have been set up by the aerobes, essen-
tially that of lowering the redox potential. Bachenheimer and Bennett (1961)
found that the aerobic and anaerobic populations co-operate in the presence
of two presumptively synergistic inhibitors, o-phenylphenol and ethyl-
mercurithiosalicylate (Elcide—E. Lilly Co.). The latter is oxidized by the
pseudomonads and the former is inactivated by the sulfate-reducers.

Although a microbe-resistant coolant would be ideal, thus far this possi-
bility has not been realized. Instead, microbial control has been restricted to
‘preventive’ good sanitation and selected chemical germicides. The selection
of a germicide is dependent on several criteria, i.e. cost, effectiveness, longevity,
toxicity, compatibility, and corrosiveness. In addition, chemical structures
containing the phenol group cannot be discharged in industrial effluents into
public waterways. From an industrial health standpoint the accumulation of
phenolic germicides is more of a problem than the organisms they are sup-
posed to control. Although a number of pathogens have been isolated from
cutting fluids (Bennett and Wheeler, 1954; Rossmoore and Williams, 1967),
there is no evidence that these sources ever served as a vehicle for any com-
municable disease in the machine tool shop. Thus, the dermatological abuses
caused by indiscriminate, as well as rational use of germicides, are of far
greater import than pathogenic micro-organisms. The list of antimicrobials
tried in the laboratory and in the plant is extensive (Bennett, 1956; Wheeler
and Bennett, 1955). No one agent has proven successful in many situations
or for periods of time in excess of 2-3 months, and eventually, surviving
populations are resistant. For these reasons, chemical inhibitors to control
cutting fluids leave much to be desired.

There are several possible alternatives for bacterial control in addition to
chemical treatment. Among those suggested have been centrifugal separation
and thermal pasteurization. Neither alternative has received popular support.
The feasibility of using some form of ionizing radiation for microbial control
in cutting fluids was explored by Kivel et al. (1966). On the basis of published
LD;, data, they calculated the theoretical dose rate in rads necessary to
prevent population increase and considered the chances for success on
related work performed on jet fuel. In terms of a practical solution, Kivel et al.
considered the following parameters: the initial concentration of viable
bacteria, the recycling rate of cutting fluid (i.e. flow rate related to total
volume), the generation time, and the LD, of the dominant species. From
this data they calculated a theoretical specific activity in curies of °Co. It is
apparent that the specific activity needed is directly proportional to the LDy,
and inversely proportional to generation time. Unfortunately, the generation
time for Pseudomonas sp. used by them was high by a factor of about 4, thus
giving a false low value for the level of radioactivity needed for control.
Nevertheless, the potential of this type of control program was sufficiently
intriguing to warrant a preliminary investigation of the actual effects of
ionizing radiation on the prime organisms in water-based cutting fluids.

MATERIALS AND METHODS

Irradiation and growth studies were done using a single test organism,
Pseudomonas oleovorans (ATCC 4k8062) in phosphate buffer, Trypticase Soy
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Broth (TSB—Baltimore Biological Lab) or 5% O/W emulsion (Sunseco—
Sun Oil Co.). In addition, survival and recovery studies were done in grossly
contaminated mixed coolant. Stock cultures of Ps. oleovorans were maintained
on Tryptone Glucose Extract Agar (TGE—Difco) and inoculated into TSB
or sterile 5% O/W emulsion. The organisms were grown in their respective
media at 25°C with shaking in a New Brunswick Model R-7 Shaker (New
Brunswick Scientific Co.). A speed of 150 strokes per minute was maintained
at a stroke of 1-5 inches. Transfers were made from log phase to subsequently
irradiated samples. Contaminated coolant was collected from a variety of
tool-working operations pooled, and kept in the laboratory in a 20-litre carboy
to the neck to permit anaerobiosis. Viable counts were done in TGE for
aerobic organisms and American Petroleum Institute Agar (API—Difco) was
used for anaerobic sulfate-reducers.

Irradiation procedure

Aliquots of 50 ml of broth culture, emulsion culture, or contaminated
coolant were inserted into the center well of 137Cs Radcell (Model GR-GA—
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Fig. 1. Growth of Pseudomonas oleovorans in trypticase soy broth. Medium was inoculated

with active culture and incubated with shaking at 25 C. Plate counts in tryptone glucose extract

agar and OD readings ar 640 m were done at % hr intervals for the first 4 hrs, hourly for the next
8 hrs and thereafter every 2 hrs.
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U.S. Nuclear Corp.). This unit had a specific activity of 225 curies emitting
103 roentgens per hour in the volume of the well at the time of use. Irradiation
was carried out continuously or intermittently. In the latter case, dosing was
interrupted by a 2-hour recovery period with or without shaking. This time
period was selected as representative of a maximum recycling time in large
central coolant systems. Kivel et al. (1966) state that for minimal recycling
times (approximately 10 minutes) irradiation of the flowing system is
equivalent to continuous batch irradiation. In addition, 2 hours is relatively
close to the generation times of the organisms dominant in our coolant.
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Fig. 2. Growth of Pseudomonas oleovorans in 5% O/W emulsion. Medium was inoculated

with active culture and incubated with shaking at 25 C. Plate counts in tryptone glucose extract

agar were done at ¥ hr intervals for the first 4 hrs, hourly for the next 12 hrs and thereafter
every 4 hrs.

Evaluation of radiation damage

Methods were directed toward determining loss of viability and concomi-
tantly the detection of any effect that would be reflected in lengthening of lag
phase in post-irradiation survivors. Viability was measured by plant count.
Several approaches were used in assaying sub-lethal effects.

(1) Plate counts were done after 2 kr increments up to 10 kr and plates
were examined very carefully at 6-hour intervals beginning with 12-hour post-
irradiation incubation. A greater increase in colony counts with time in the
irradiated samples was looked for that would reflect an earlier appearance
of macroscopically visible colonies. This was done independently by 2
individuals to compensate somewhat for the subjective nature of very early
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colony spotting. This approach proved fruitless since we found no significant
difference between irradiated and control samples (Gunter and Kohn, 1956).

(2) The problem of lag-lengthening was attacked directly by carrying out
growth-rate studies on the survivors of a series of low-level doses. Since this
procedure required the continual treatment of 10 samples at rather short time
intervals, plate counts were done only immediately after radiation and growth
measurements were done turbidimetrically in a Bausch and Lomb Spectronic
20 at 640 myu. Because of the inherent opacity of the coolant, this latter study
was restricted to TSB.

RESULTS

Growth rates of Ps. oleovorans were determined in both TSB (pH 7) and 59
O/W emulsion (pH 9) at 25°C. The generation times were found to be -4
(Fig. 1) and 2-8 (Fig. 2) hours respectively in those milieu. However, despite
repeated transfers of active cultures from emulsions into fresh, sterile emul-
sion, it was impossible to initiate growth without an extensive lag.

Determination of radiosensitivity in TSB

Maximum population density log phase cultures were exposed in the radcell
continually to extinction. Aliquots were removed at 12-minute intervals for
2 hours and thereafter hourly for plate counts. The LDs, and LD, o* were
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Fig. 3. Effect of 137Cs radiation on survival of Pseudomonas oleovorans in trypticase soy
broth. Cells were exposed in growth and medium at a dose rate of 10 kr per hr. Plate counts
were done in tryptone glucose extract agar at 2 kr intervals and until an exposure of 10 kr;
thereafter counts were made at 10 kr intervals.

* Actually, the point of intercept between the survival curve and the abcissa.
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calculated as 5 kr and 110 kr respectively (Fig. 3). These results were the same
as we had found previously (unpublished data) for Ps. oleovorans in pH 7
phosphate buffer (0-05 M).

As mentioned previously, it was impossible to detect any lag-lengthening
effects by relative time of colony appearance. Aliquots of survivors of doses
of 2 kr to 10 kr were incubated with shaking at 25°C, and examined turbidi-
metrically to optical density (OD) maxima. Since starting populations varied
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Fig. 4. Effect of intermittent 137Cs radiation (dose 5 kiloroentgens) on survival and recovery

of Pseudomonas oleovorans in trypticase soy broth. Plate counts were done in tryptone

glucose extract agar immediately after each dose (D) and after each two hour shaking
recovery period (S).

with radiation dose, there would be an obvious built-in lag proportional to the
mortality. To account for this, the theoretical time (based on 1-4 hr genera-
tion time) to reach an arbitrarily selected OD was subtrated from the observed
time (Table I). The difference in time was assumed to be the actual lag
produced by radiation in the survivors. There was no effect below 8 kr.

The fact that 5 kr produced 50 per cent mortality, coupled with the lack of
detectable lag effect, suggested that this dose would be minimal and could
conceivably control population levels that were intermittently irradiated.
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Table 1

EFFECT OF LOW DOSES OF 137Cs ON GROWTH LAG OF
PSEUDOMONAS OLEOVORANS IN TRYPTICASE SOY BROTH

Radiation Time (hr) to 0-1 optical Apparent Minimum Actual lag
dose density (A) lag (hr) (M)alag (hr) (hr)
1-C

(kr) Irradiated (1) Control (C) A-M
0 77 7-7 0 0 0
2 82 82 0 02 —0-2
4 105 81 2:4 22 02
6 11-0 8-3 27 28 —0-1
8 112 79 33 25 0-8

10 11-4 76 3-8 31 0-7

2 Based on generation time of 1-4 hr previously calculated and post radiation plate
counts.

Accordingly, 5 kr, 7-5 kr, and 10 kr doses were selected in those studies.
In addition, 3 different population levels were treated to assay this parameter.
The results are presented in Figs. 4, 5 and 6. They indicate that 5 kr almost
controls the population at its starting level. There is a slight but perceptable
increase after every dosing-recovery sequence. However, 7-5 kr (regardless of
starting population size) produced a continuing decline after each treatment
period. Although the intermittent treatments were carried through 4 cycles
without a change in the patterns initially established, the protocol did not

Table 11

DETERMINATION OF RADIOSENSITIVITY OF SURVIVING FRACTION
OF PSEUDOMONAS OLEOVORANS AFTER NEAR LETHAL DOSES
OF 137Cs IN TRYPTICASE SOY BROTH

Radiation dose Surviving fraction Surviving fraction
(kr) of original population (O.P.) from recultured O.P.

90 92 x 106 32 x 10-7

90 2:0 x 10-6 60 x 10-6

100 32 x 107 1-0 x 10-7

100 89 x 10-7 68 x 108

100 1-6 x 107 2:0 x 107

permit detection of changes in survivor radiation resistance due either to
selection or induction. For a possible answer to this question we irradiated
cell populations short of extinction, incubated to maximum population
density, and irradiated with the same dose. There were no differences in the
level of survival (Table II), suggesting that radiation resistance may not be a
factor in long-term use. Because of the lag-lengthening noticed earlier (Table
1) at relatively low doses, we carefully checked the radiation survivors during
their re-incubation for possible lag effects. There, indeed, was a very marked
difference between control and irradiated survivors (Table IIT). There
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appeared to be a substantial lag in the growth of the irradiated survivors
which, in part, was reflected in a longer generation time that only reached
control levels after 42 hours of incubation.

Table 11T

COMPARATIVE GROWTH RATE OF SURVIVING FRACTION OF
PSEUDOMONAS OLEOVORANS AFTER 100 kr 137Cs (IN BROTH)

EXPOSURE
Time (hr)  Apparent  Minimum Calculated  Generation timeb
to 01 (A)lag (hr) (M)alag  lag (hr) (hr) at
optical I-C (hr) A-M 34th 38th 42nd
density hr hr hr
Irradiation
Survivors (1) 33.7 40 22 1-4
319 17-5 144
Control (C) 1-8 14— —

a Based on generation time of 1-4 hrs for Pseudomonas oleovorans in trypticase soy broth.
b Calculated from plate count results.
¢ Control in stationary phase.
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Fig. 5. Effect of intermittent 137Cs radiation (dose—7-5 kiloroentgens) on survival and

recovery of Pseudomonas oleovorans in trypticase soy broth. Plate counts were done in

tryptone glucose extract agar immediately after each dose (D) and after each two hour
shaking recovery period (S).
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Fig. 6. Effect of intermittent 137Cs radiation (dose—I10 kiloroentgens) on survival and

recovery of Pseudomonas oleovorans in trypticase soy broth. Plate counts were done in

tryptone glucose extract agar immediately after each dose (D) and after each two hour shaking
recovery period (S).

Studies in O/W emulsions

The parallel studies done in emulsion with Ps. oleovorans followed the
patterns observed in TSB except that in all cases it exhibited a greater degree
of radiosensitivity. Initially, we selected 2 kr dose intervals for determining
LDs, and LDy, and repeatedly found that even the lowest level resulted in
more than 50 per cent kill. In addition, 20 kr left no survivors (Fig. 7) in
contrast to the 110 kr needed to produce the same effect in broth. In order to
calculate more exactly, LDs, plate counts were made after very low doses
(Table 1V). Aliquots were taken at the same time interval from the control
sample kept near the irradiator. There was no detectable change in viability
until 500 r. At 834 r survival was consistently near 50 per cent. Despite the
increase in mortality at the next dose level, this figure did not change up to
and including the 2 kr treatment. If this plateau were included in the death
curve (Fig. 7), it could possibly be interpreted as evidence of sigmoidal rather
than exponential survival. Although the evidence in bacteria suggests
exponential death resulting from ionizing radiation, there are some who
attribute the loss of the sigmoid plateau to lack of very early, closely spaced
samplings. In determining the effect of intermittent irradiation (Table V) on
survival in emulsion the same dose rates as in TSB were used because of the
technical difficulties associated with very short-term exposures. Therefore,
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more severe results were expected. In fact, the 7-5 kr and 10 kr treatments
produced 100 per cent mortality before the 4th dose (22:5 kr and 30 kr
respectively). The 5 kr dose resulted in total kill after the 4th treatment (total
20 kr). This cumulative dose agrees with the LD, 4o previously determined.
In addition, the shaking period of 2 hours, although more than the generation
time (1-4 hours) in TSB is less than that in emulsion (2:8 hours) making
population stasis a more unlikely occurrence.

Log phase cultures of Ps. oleovorans in emulsion were given doses of 10 kr
and the surviving fraction inoculated into fresh emulsion for growth studies.

Table 1V

DETERMINATION OF 137Cs LD 59 OF PSEUDOMONAS
OLEOVORANS IN 5% O/W EMULSION

Radiation dose
(roentgens) Irradiated count/ml Control count/ml

23 x 106 2-3 x 106
167 2:4 x 106 2-8 x 106
334 3-0 x 106 3:0 x 106
500 1-9 x 109 3:0 x 106
667 1-5 x 106 2-4 x 106
834 1-4 x 106 2:8 x 106
1000 88 x 105 2:5 x 106
1334 1-0 x 106 2:6 x 106
1667 8-8 x 103 24 x 106
2000 69 x 105 20 x 106
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Fig. 7. Effect of 137Cs radiation on survival of Pseudomonas oleovorans in 5%, O/W
emulsion. Cells were exposed in growth medium at a dose rate of 10 kr per hour. Plate counts
were done in tryptone glucose extract agar at 2 kr intervals until extinction.



