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Smith and Worrel (1950) have reported that
the major pathway employed by Escherichia
coli for the inactivation of the bacteriostatic
effects of chloramphenicol was the reduction of
the nitro group on the chloramphenicol mole-
cule to an amino group. A fairly extensive study
of the enzymatic reduction of chloramphenicol
has been made by Smith and Worrel (1949).
This study, however, involved only chloramphen-
icol sensitive strains of bacteria, and no attempt
was made at that time to determine what effect
the enzymatic reduction had on the chloram-
phenicol resistance mechanism.
We have reported previously (Merkel et al.,

1951) on the in vitro development of chloram-
phenicol resistance in strain B of E. coli. By the
method of repeated contacts with graded amounts
of the antibiotic it was possible to develop cul-
tures which could grow in brain-heart infusion
broth containing 2 mg of chloramphenicol per
ml of medium.
The present paper demonstrates a correlation

between the enzymatic reduction of chloram-
phenicol ("chloramphenicol reductase activity")
by E. coli, strain B, and the development of
chloramphenicol resistance. The relative instabil-
ity of the "highly" resistant cultures has made
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grant from the Frank C. Bressler Reserve Fund
and is one of a group of studies supported by a
grant to the Section of Infectious Diseases from
Parke, Davis and Company.

2 Abstracted from a dissertation offered in
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degree of Doctor of Philosophy at the University
of Maryland, and presented in part at the 36th
annual meeting of the Federation of American
Societies for Experimental Biology, New York,
New York, April 15-18, 1952.

3Presently, Waksman-Merck Postdoctoral Fel-
low, Department of Microbiology, Rutgers Uni-
versity, New Brunswick, New Jersey.

it possible to study the relationship between
resistance and "chloramphenicol reductase activ-
ity" during the loss of resistance as well as dur-
ing the development of resistance, and has shown
that this correlation exists only at certain stages
in the resistance.

MATERIALS AND METHODS

Strains. The chloramphenicol resistant strains
of E. coli used in the present study are those
which were developed by Merkel et al. (1951)
in a previous investigation. E. coli, strain 100,
refers to a culture "trained" to grow in 100
,ug per ml of chloramphenicol ("chloromycetin")4
in brain-heart infusion medium, and, similarly,
E. coli, strain 2000, refers to the highly resistant
culture "trained" to grow in 2 mg per ml of
chloramphenicol in the same medium. E. coli,
strain B, refers to the parent sensitive strain.

Media. All cultures were "trained" in brain-
heart infusion medium (Difco), and all deter-
minations of "chloramphenicol reductase activ-
ity" were made in either this medium, Monod's
salt-glucose medium (Monod and Woilman,
1947), or in a specially prepared synthetic me-
dium referred to in table 1 as the "chloramphen-
icol reductase" medium.

Measurements. All measurements of growth
were made with a Klett-Summerson photoelec-
tric colorimeter using the red no. 66 filter.
pH measurements were made with a Beckman,

Model G, pH meter.
Polarographic results were obtained with a

manually operated Fisher Elecdropode5 which
was equipped with a mercury stand-tube, sat-
urated calomel reference electrode, KCl-agar

4Generously supplied by Parke, Davis and
Company, Detroit, Michigan.

6 Kindly supplied by the Department of Bio-
chemistry, University of Maryland, School of
Medicine, Baltimore, Maryland.
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bridge, an electrolytic cell prepared by cutting
the length of a 13 by 100 mm test tube to ap-
proximately 50 mm, and a constant temperature
water bath. Solutions of methyl red and basic
fuchsin were used as maxima suppressors, and
oxygen-free nitrogen was used to remove oxygen
from the test solutions.

Determination of "chloramphenicol reductase ac-
tivity." The particular culture for which the
"chloramphenicol reductase activity" was to be
determined was inoculated (0.1 ml of an 18 to
24 hr culture) into 20 ml of brain-heart infusion
medium and allowed to incubate for 15 to 18
hours in the absence of chloramphenicol. Each
culture was harvested then by centrifugation
and washed two times with cold Sorensen's
m/15 phosphate buffer at pH 7.35 or pH 7.42.
After the last washing the cells were resuspended
in 6 ml of the so-called "chloramphenicol re-
ductase" medium, or in brain-heart infusion me-
dium, or in Monod's synthetic medium con-

TABLE 1
Composition of "chloramphenicol reductase"

medium (nitrogen-free)

mg/100 ml

NaRPO O........... 767.0
IKH2PO4........... 435.6
MgSO47H20.......... 19.1
CaCl ............. 1.0
FeSOc7H,O........... 0.054
Glucose........... 36.0
Chloramphenicol.......... 10.0

pH adjusted to 7.42.

taining 100 ,ug of chloramphenicol per ml of
medium. Where a constant number of cells was

desired, a turbidity of 50 (approximately 1 mg
of cells per 5 ml of medium) was chosen arbi-
trarily. The cultures were kept in an ice bath
until all dilutions were complete. Then these
cultures were placed in a constant temperature
water bath at 37 C along with control tubes con-

taining only the media plus chloramphenicol.
These tubes were incubated for various periods
of time (chloramphenicol-cell contact time). At
the end of the designated incubation periods the
turbidities of the suspensions were again checked;
the solutions were chilled in an ice bath, and the
majority of the cells were removed by centrifuga-
tion at 5,000 rpm for 10 minutes. The amounts
of unreduced chloramphenicol remaining in the

supernatants were determined either by the tur-
bidimetric bioassay method of Joslyn and Gal-
braith (1950) or by the polarographic method
described below. If the chloramphenicol was de-
termined by the turbidimetric bioassay method,
the supernatants first were sterilized by filtration
through sintered glass. This precaution was not
necessary if the polarographic method of analy-
sis was used.
The large number of assays which were re-

quired made it almost impossible to utilize the
turbidimetric bioassay procedure for routine an-
alyses. The polarographic technique described
below was used for the majority of the chloram-
phenicol determinations and was checked period-
ically by the bioassay method. Generally, good
agreement was obtained between the two
methods of assay. It appeared, however, that
the polarographic procedure was more sensitive
for the determination of minimum and maxi-
mum ranges of chloramphenicol reduction. Con-
sequently, the reduction of chloramphenicol by
growing cultures of E. coli, strain 100, was de-
tected at the end of a shorter incubation period
than was detected by the bioassay procedure,
and by the polarographic procedure the reduction
was shown to proceed at a somewhat gradual
rate rather than the logarithmic rate observed
with the bioassay method. The early measure-
ment of reduced chloramphenicol by the polaro-
graphic procedure was checked also by a colori-
metric procedure and was found to be real.
The colorimetric method involved the addition
of an HCl-ethanol solution of p-dimethylamino-
benzaldehyde to the culture ifitrates. Very small
amounts of reduced chloramphenicol immedi-
ately produced a yellow color in the solutions.

Polarographic method of assay. The polaro-
graphic technique used in the present experiments
does not differ essentially from the technique
developed by Hess (1950) and from standard
procedures described by Kolthoff and Lingane
(1947). Since the polarographic method proved
to be invaluable for the many assays of chlor-
amphenicol which had to be performed in the
present experiments, it might be of benefit to
describe in brief the particular procedure used in
these studies.

After the majority of the bacterial cells were
removed from the chloramphenicol culture me-
dia by centrifugation, the pH of 3 ml portions
was adjusted to 7.2 with minute amounts of
1:1 HCI or 30 per cent NaOH. The solutions
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were poured into the specially prepared elec-
trolytic cell and placed in a constant tempera-
ture water bath at 25 0.5 C. A drop of methyl
red (1:3,000 in alcohol) was added to the brain-
heart solutions, and a drop of basic fuchsin
(0.1 per cent in 10 per cent alcohol) was added
to the synthetic solutions as maxima suppres-
sors. Oxygen-free nitrogen was bubbled through
the electrolytic cell for five minutes to remove
dissolved oxygen from the solutions. Polarograms
(current-voltage curves) were obtained then by
varying the applied EM.F. from 0.1 to 0.9 of a
volt and recording the uncalibrated galvanometer
deflections. A capillary electrode having a drop
time of 3 seconds was used in all the determina-
tions. The heights of the polarographic waves
(id), which are proportional to the concentra-
tions of the reducible substances, were measured
by the extrapolation method (Kolthoff and Lin-
gane, 1947). The chloramphenicol concentrations
were determined from standard id-concentration
curves which had been obtained under exactly
the same experimental conditions as above.

RESULTS

Preliminary experiments in which the amount
of reduced chloramphenicol was determined by
the turbidimetric bioassay procedure indicated
that if growth in the culture media described
in the previous section was started with small
inocula of E. coli, chloramphenicol reduction
did not occur until late in the log phase of growth.
When brain-heart infusion medium containing
100 ,ug per ml of chloramphenicol was inoculated
with 0.1 ml of an 18 hour culture of E. coli,
strain 100, diluted to a turbidity of 25, maxi-
mum reduction was not obtained until the cul-
ture had been incubated for 8 to 10 hours. This
could lead to the assumption that the reduction
of chloramphenicol by E. coli was merely a
secondary process of resistance. There was, how-
ever, another possibility; namely, that small-
scale, cellular reduction was occurring continu-
ously in growing cultures but the reduction
could not be detected until either a large amount
of cells was present in the media or the cells were
left in contact with the chloramphenicol for
long periods of time. The likelihood of this pos-
sibility was increased by results which indicated
that the reduction was an intracellular process
or, at least, a reaction which required the pres-
ence of bacterial cells; culture filtrates would not
reduce chloramphenicol.

With the possibility of small-scale reductions
in mind three types of experiments utilizing
whole cell suspensions were planned, which would
magnify essentially the reactions occurring with
small inocula. These involved studies on the
effects of cell numbers, culture age, and chloram-
phenicol-cell contact time on the "chloramphen-
icol reductase activity".
These experiments were performed in both

nutrient medium (brain-heart infusion broth)
and in the nitrogen-free "chloramphenicol reduc-
tase" medium. The use of the nutrient medium
was discontinued after several experiments be-
cause of the variability in the growth rates of
E. coli cultures having different degrees of re-
sistance.
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Figure 1. Effect of glucose concentration on the
"chloramphenicol reductase activity" of 6% hour
cultures of the partly resistant Escherichia coli,
strain 100 (A), and on the parent sensitive E.
coli, strain B (B). "Chloramphenicol reductase ac-
tivity" measured polarographically in nitrogen-
free synthetic medium containing 100 jg per ml of
chloramphenicol. Chloramphenicol-cell contact
time of 14 hours.

The decision to adopt the nitrogen-free "chlor-
amphenicol reductase" medium was arrived at
after it was discovered that maximum reductase
activity in Monod's synthetic medium lacking a
nitrogen source was dependent on the glucose
concentration in the medium (figure 1). Maxi-
mum reduction with E. coli, strain 100, was ob-
tained between 2 to 4 X 10-3 M glucose, whereas
E. coli, strain B, gave maximum reduction over
the range 2 to 16 X 103 M glucose.
Maximum reductase activity was exhibited

between pH 7 to 8 for both the resistant and
sensitive cultures.
The results recorded below have been ob-

tained with the "chloramphenicol reductase" me-
dium described earlier, but several results ob-
tained with brain-heart infusion medium are
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included for comparison. All determinations of
chloramphenicol in these results were obtained
by the polarographic method. The data in fig-
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Figure 2. Effect of cell numbers on the "chloram-
phenicol reductase activity". (A) 18 hour culture
of Escherichia coli, strain 100, in brain-heart in-
fusion medium; (B) 16% hour culture of E. coli,
strain 2000, in the nitrogen-free "chloramphenicol
reductase" medium; (C) 16% hour culture of E.
coli, strain B, in the "chloramphenicol reductase"
medium. Chloramphenicol-cell contact time of 3
hours.
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Figure S. Effect of chloramphenicol-cell contact
time on "chloramphenicol reductase activity".
(A) 6 to 10 hour cultures of E8cherichia coli, strain
100, in brain-heart infusion medium; (B) 15 hour
culture of E. coli, strain 2000, in the nitrogen-free
"chloramphenicol reductase" medium; (C) E.
coli, strain B, similar treatment as (B).

ures 1 to 3 represent averages of at least three
experiments.
Using both the "chloramphenicol reductase"

medium and brain-heart infusion medium we

have found that, within the limits of 2 to 12
hours, the culture age did not affect appreciably
the "chloramphenicol reductase activity". How-
ever, cultures above 24 hours old when tested
for reductase activity in brain-heart infusion
medium and above 48 hours when tested in the
"chloramphenicol reductase" medium had lost
a considerable amount of both reductase activ-
ity and chloramphenicol resistance.

Figures 2 and 3 show clearly that "chloram-
phenicol reductase activity" varies directly with
the concentration of cells and with the chloram-
phenicol-cell contact time.

In each of these experiments it can be noted
that the resistant cultures always exhibit greater
reductase activity than the parent sensitive cul-
tures. It also appears from these results that
chloramphenicol reduction is a continuous proc-
ess in growing cultures but is not measurable
until either a large number of cells is present
in the media or until the cells have been left
in contact with the chloramphenicol for long
periods of time. Maximum reductase activity
must result from a combination of these two
factors, and the maximum activity cannot be
attributed solely to culture age.
An attempt was made then to see if there was a

correlation between the development of increased
resistance in E. coli and an increase of "chloram-
phenicol reductase activity." The results in table
2 indicate that the first step in chloramphenicol
resistance is associated with a comparable rise
in the "chloramphenicol reductase activity".

Resistance was developed in these particular
studies by inoculating a series of tubes contain-
ing 5 ml of brain-heart infusion medium and in-
creasing amounts of chloramphenicol with the
parent sensitive E. coli, strain B, and incubating
for 18 hours at 37 C. At the end of 18 hours the
cells were harvested by centrifugation from the
highest concentration of the antibiotic permit-
ting fair growth (turb. >25) and diluted with
Sorensen's M/15 phosphate buffer (pH 7.35) to a
turbidity of 25. Then 20 ml of fresh brain-heart
infusion medium with no added chloramphenicol
were inoculated with 0.1 ml of the cell suspension.
At the same time a new series of tubes, contain-
ing 5 ml of brain-heart infusion medium with
increasing concentrations of antibiotic, was in-
oculated with 0.5 ml of the cell suspension to
repeat the above process at the next higher
level of resistance. The cells in the 20 ml volumes
of medium were harvested at the end of 15
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hours and tested for chloramphenicol sensitivity
and "chloramphenicol reductase activity" by
the procedures described under materials and
methods. The only variation in the procedure
used for measurement of "chloramphenicol re-
ductase activity" was the use of different chlor-
amphenicol-cell contact times as indicated in
table 2. Chloramphenicol sensitivity tests were
performed with known concentrations of chlor-
amphenicol on all of the above 15 hour cultures
by the turbidimetric bioassay procedure referred
to earlier. Sensitivities have been recorded as 50
per cent inhibition concentrations (amount of
chloramphenicol in brain-heart infusion medium
needed to inhibit the growth of a culture to 50

in which 3, 6, and 14 hours' chloramphenicol-
cell contact times were used. Since the amount
of reduction was dependent on the contact time,
the reductase results with 14 hours' contact
appear to be discontinuous while 6 and 3 hours'
contact show a continuous rise in both resistance
and in reductase activity. Apparently with the
longer contact time the effect of culture re-
sistance is overshadowed.
An attempt to raise the maximum amount

of reduction by using anaerobic conditions was
unsuccessful. Complete aerobic conditions, how-
ever, greatly inhibited the reductase activity.
Another inhibitory factor was the tendency for
the cells of resistant cultures to clump together.

TABLE 2
Relation between gain of chloramphenicol resistance* and "chloramphenicol reductase activity"

CWLMORAMNE0ICOL- CONTACT TIME AT 37 C

14 hr 6 hr 3 hr 6 hr

50% inhibitiont % red.t 50% inhibition % red. 50%0 inhibition % red. 500ainhibition o 0 red.

0.13 26.0 0.16 17.8 0.16 9.1 0.57 66.0
0.15 22.3 0.18 28.4 0.19 10.5 0.55 74.5
0.26 64.1 0.28 43.0 0.28 19.2 0.41 66.4
0.46 57.5 0.48 59.7 0.46 43.4 0.31 48.8
0.66 62.1 0.57 (a) 60.2 0.64 56.2 0.27 26.7
1.04 55.6 1.25 55.7 0.20 13.6
1.20 58.3 2.20 58.0 0.14 18.7

* Escherichia coli, strain B, "trained" in brain-heart infusion medium.
t Amount of chloramphenicol necessary to inhibit the growth of a culture to 50 per cent of that of

the same culture grown in the absence of the antibiotic (chloramphenicol resistance).
t Per cent reduction of chloramphenicol by approximately 1 mg of cells (turbidity 50) in nitrogen-

free "chloramphenicol reductase" medium.

per cent of the growth of that same culture in
the absence of antibiotic).
Maximum reductase activity, under the con-

ditions of the experiments, was reached at rela-
tively low resistances (note italicized values of
table 2). The maxima reached depended on the
rate of reduction of chloramphenicol and on the
chloramphenicol-cell contact time. The rate of
reduction is a measure of the quantity of enzyme
present in the cells and is apparently proportional
to resistance. In figure 3 it was shown that chlor-
amphenicol reduction varied with the chloram-
phenicol-cell contact time, and the maximum
reduction with a nongrowing culture was ob-
tained in 8 hours. Table 2 contains 3 experiments

This latter effect tended to give lower values for
the reductase activity of E. coli, strain 2000,
cultures as compared to cultures with lower re-
sistances (table 3).

Although polarographic determinations on the
amount of chloramphenicol reduced by a single
culture were reproducible to i2 per cent, slight
variations in the results reported in tables 2 and
3 are expected since each result was obtained with
an individual culture carried through the pro-
cedure described earlier for the determination
of resistance and reductase activity.
The chloramphenicol resistance developed in

cultures of E. coli was found to be relatively
unstable. On subculturing in brain-heart in-
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fusion medium in the absence of antibiotic, re-
sistance was rapidly lost. By this method of sub-
culturing in the absence of antibiotic, cultures
of varying degrees of resistance and "chlor-
amphenicol reductase activity" were obtained
and the correlation between resistance and re-
ductase activity could be studied at various
levels of resistance.
When a slightly resistant culture (note back-

transfer (a) in table 2) was subcultured in the
absence of antibiotic, resistance and reductase
activity were lost by almost the same pattern
as in the development of this "first step" in
resistance.

at this particular level has proved to be stable
even after 28 subcultures in antibiotic-free media.
A more thorough discussion concerning the

nature of the loss of chloramphenicol resistance
is presented in a subsequent publication (Herr-
mann and Steers, 1953).

DISCtU55ION

"Chloramphenicol reductase activity" could
either be a primary resistance mechanism or it
could merely be one of the secondary results of
developed resistance. If E. coli were able to
grow in the presence of chloramphenicol simply
because it had the ability to inactivate the anti-

TABLE 3
Correlation of los8 of chloramphenicol resistance* with loss of "chloramphenicol reductase activity"

I (1 Hi) n (14Hi) m (6Hi
NO. OF BACK-TANSJERS 0F

50%0 inhibition % red.t 50%o inhibition % red. 50%0 inhibition % red.

Escherichia coli, strain 2000
0 1,100 66.1 920 46.3 950 53.1
1 _ 800 57.7 _
2 870 64.8 710 64.8 - -
3 890 68.5 430 55.6 - -
4 550 64.8 225 52.9
5 19.3 45.5 25 27.4 200 42.4
6 22.5 43.0 10.8 17.6 - -
7 9.1 26.7 8.4 17.6 21.2 37.9
10 7.4 21.7 13.7 12.7
15 - - - 12.5 15.5

Escherichia coli, strain B - 0.1 33.1 0.1 19.5

* Loss of resistance by the highly resistant strain, Escherichia coli, strain 2000, when subcultured in
brain-heart infusion medium without chloramphenicol.

t Per cent reduction of chloramphenicol by approximately 1 mg of cells (turbidity = 50) in the
"chloramphenicol reductase" (nitrogen-free) medium.

On subculturing E. coli, strain 2000, in brain-
heart infusion medium without chloramphenicol,
both resistance and reductase activity dropped
off rapidly, but a stage was reached where the
resistance remained above that of the parent
sensitive cultures, yet the "chloramphenicol re-
ductase activity" actually dropped below that
of the parent sensitive cultures (table 3). Table
3 lists a representative number of numerous
similar experiments conducted over the period
of one year. In each experiment the break in the
correlation between the loss of resistance and
the loss of reductase activity occurred at approxi-
mately the same value of resistance (50 per cent
inhibition concentration of 10 to 20 ,ug of chlor-
amphenicol per ml of medium). The resistance

biotic by reduction, growth in a concentration
of chloramphenicol which was normally inhibi-
tory should be associated with a marked re-
duction of chloramphenicol. Also, if the re-
ductase activity is associated with resistance,
variances in resistance should accompany vari-
ances in reductase activity.
The possibility that the reduction of chlor-

amphenicol was taking place continuously in
inoculated media in a cellwise manner, and was
not being detected until the cell numbers in-
creased to a point where a measurable amount of
chloramphenicol was being reduced, made the
first contention difficult to realize experimentally.
Since no techniques were available to study the
single-cell reactions, experiments were designed
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to magnify these reactions. This, of course, was
done with the reservation that the results ob-
tained with large numbers of organisms may
not only have enlarged the cellular reactions
but may also have added new effects as a result
of intercellular reactions. One of the most pro-
nounced effects of large numbers of organisms,
aside from the metabolite or coenzyme contribu-
tions, is to cause the lowering of' oxygen tension
in the medium. This possible effect has been
minimized considerably since anaerobic condi-
tions applied to either lightly or heavily inocu-
lated media did not produce greater amounts of
reduction than that obtained under ordinary
conditions.
The data presented indicate that the reduction

of chloramphenicol plays a primary role in the
resistance mechanism of this strain of E. coli.
This contention is supported further by the
data demonstrating a direct relationship between
the gain and loss of resistance and the increase
and decrease of "chloramphenicol reductase ac-
tivity" at various levels of resistance. One par-
ticular level or stage of resistance which has been
described in the results does not uphold this
relationship.
Two factors which have a direct bearing on

the nature of the resistance should be pointed
out. The first of these is the fact that maximum
reductase activity is reached at relatively early
stages in the development of resistance, yet
the resistances of the cultures can be developed
to much higher stages; secondly, on subculturing
the partly resistant E. coli (table 2) in the absence
of antibiotic both resistance and reductase ac-
tivity fall off in about the same pattern as that
by which they were developed. However, when
the highly resistant E. coli, strain 2000, is sub-
cultured in the absence of antibiotic, the loss of
resistance and reductase activity parallel each
other for a certain number of back-transfers,
but a point is reached where the resistance re-
mains above that of the parent sensitive cul-
tures, yet the reductase activity falls below the
normal sensitive level. Although the correlation
between reductase activity and resistance was
not studied over the entire range of resistances
during the development of the E. coli, strain
2000, a review of the pattern of the development
of its resistance in brain-heart infusion medium
indicated a definite break or "step" at the same
point (10 to 20 ,g per ml 50 per cent inhibition)

where the break in the correlation between re-
sistance and reductase activity occurred during
the back-transfer procedure.

In view of the above results it appears as if
chloramphenicol resistance is developed in this
strain of E. coli by two or more mechanisms
either simultaneously or at different stages of
resistance. There exists a correlation between
resistance and reductase activity during the de-
velopment and the loss of resistance at low
levels. Starting at high levels of resistance the
loss of resistance and the loss of reductase activ-
ity follow the same general pattern on subculture
in the absence of the antibiotic; however, a par-
ticular stage of resistance at a 50 per cent in-
hibition of 10 to 20 jig of chloramphenicol per
ml of medium blocks the complete reversion
to the parent sensitive culture. The reductase
activity at this level of resistance is almost 50
per cent less than that of parent sensitive cul-
tures. This particular stage in resistance seems
to indicate a genetic step. At low levels of re-
sistance ("first step") the pattern of adaptation
seems to best fit the picture. In other words, we
seem to have adaptation to a certain level in
resistance followed by a genetic change. This
may actually be occurring simultaneously and
may occur at various levels of resistance.
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SUMMARY

Data are presented which illustrate the pos-
sible role of "chloramphenicol reductase activity"
in the primary mechanism by which Escherichia
coli becomes resistant to chloramphenicol.
High concentrations of glucose in "nitrogen-

free" media have been shown to be inhibitory to
the "chloramphenicol reductase activity" of re-
sistant cultures.
A direct correlation has been shown between

chloramphenicol resistance and "chloramphenicol
reductase activity" in E. coli at certain stages
of resistance; however, this activity does not
seem to account for all of the resistance which
can be developed.
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