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INTRODBCTION

The present—day widespread use of antibiotics poses two
outstanding problems. The first of these is the direct or indireet
effects of the antibiotics on the cellular functions of the body. The
second problem involves the complications of bacterial resistance to
the antibletic developed on expesure of bacteria to the antiblotie. An
approach to both problems should include the determination of the mode
of action of the antibiotic and the elucidation of the nature of the
antibiotic-resistance mechanisms in bacteria. It is felt that the solu~
tion of one of these preblems may hold the key to the solution of the
other problem.

The present studlies were underteken in an attempt t{o describe
the nature of chloramphenicol resistance developed in strain (B) of
Escherichia coli and strain (1A) of Micrococcus pyoge:

§ Var. aureus.

The magnitude of the original problem necessitated a more concentrated
effort utilising enly ome of these species, Escherichis celi (B).

Coffey and coworkers (1) have performed in vitro studies on
bacterial resistence to chloramphenicol and bave found that the resis-
tance increased in a graduate mammer as the chloramphenicol concentra-
tions in the growitbh-media were increased. 7The resigtance of a strain of
E. coll was raised 125 fold, and this resistance was found to be rela-
tively stable, Coffey's group was unable to show any correlation between
increased ensymatic activity and increased resistance.

A fairly extensive study on the ensymatic reduction of chlor-
amphenicol has been made by Smith and Worrel (2). These studies,

“l"
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3.
followed by marked activation of the esterase activity. In the fourth
concentration range there was a marked inhibitien of both growth and
esterase activity. No attempl was made to determine whether or not the
inhibition of esterase activiiy was a primary reactloen.

On the basis of antimetabolite studies with chloramphenicel
on a strain of E. coli, Woolley (5) postulated that chloramphenicol acts
as an inhibitor of a vital process in which phenylalanine is transformed
inte a metabolite essential for eell mmltiplication. Woolley's work can
be eriticized emn the grounds that he worked at relatively low concentra-
tions of antagonist and antibiotic (2v/ml), and did not obtain a complete
picture since phenylalanine would not antagonise higher concentrations
ef chloramphenicel. This factar does not discount the possibility that
Woolley's observations, along with somewhat similar observations by other
investigators, may actually represent a primary site of action; but the
antagonistic action could only account for a relatively low stage of
resistance.

Molho and Molho-Lacroix (6, 7) have alsc directed their studies
on the inhibitory effects and on the enhancing effects of certain struc-
tural amslogs of chloramphenicol. They apparently have been unable to
demonstrate that phenylalanine will antagonize the action of chloram-
phenicol on E. coli. They have shomn, however, that resistance is
associated with a decrease in the synthesis of phenylalanine. Nolho and
Molho-Lacroix take the view that the resistance produced in E. coli
apparently invelves the development of a new enzyme system which can
effect the hydrolytic cleavage of chloramphenicol, thus inactivating it.
This theory of the development of resistance needs considerably more
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study, since chleramphenicol apparently is inactivated in a mumber of
different ways in different organisms (8). The conditions under which
resistance is developed would, to a large extent, determine the nature
of the inactivation processes. Aecordingly, it has been reported (8)
that E, coli preferentially inactivates chlorsmphemicel by first reducing
the nitro group to an amine group.

Other investigators have prebed farther ahead, and have observed
the end effects of thils antibiotic on protein synthesis (9). These in-
vestigators have reported that chloramphenicol affects the formation of
adaptive enzymes in one instance (10), and im amother (11) chleoramphenicol
causes the accwmlation of mononucleotides in basterial eells., It is my
opinion that results of this nature only tend to show the end effects of
chloramphenicol action; and, although the problem may be complicated be-
cause it apperently touches on protein synthesis, the more basic steps in
the mode of action and in the development of resistance require more
thorough investigation. Such a study may eventually contribute a small
1ink to the complex problem of preotein synthesis.

¥etabolite studies in relation to antibiotics are usually
designed to uncover & specific metabolic function which is adversely
affected by the presence of the antibiotic. Development of resistance
to what could now be called the Yantimetabolite" would inwolve either
the development of a new metabolic pathway bypassing the antibletle
effect, or the production of enzymes to inactivate ths antibletie, or
a combination of both of these activities.

The present paper attempts to demonstrate a cerrelation be-
tween the ensymatic reduction of chloramphenicel and the development of
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chloramphenicel resistance. It was decided to approach this preblem
first by qualitatively following the development of resistance, and
secondly by a2 more specific study of a chemical reaction which is mea-
surably altered by the manifested resistance. The latter study was
designed eventually to be directed toward the determination of the pri-~
mary site of action of this antibiotic., The present paper, therefore,
containg only one phase in the study of the in vitro effects of chlor-
amphenicol on bacteria,

Although no specific attempt has been made to define the
inherent nature (adaptive or selective) of the resistance which was
developed, certain of the data can be interpreted as suggesting the
function of both basic mechanisms,

HATERIALS

Chloramphenicol (Chloromycetins)

The actinomyces responsible for the production of chloram-
phenicol was originally isolated from a soil sample by Dr. Burkholdert's
laboratory at Yale University. Eventually the organism was shown to be

Streptomyces venezuelae.

The isolation and biclogical determination of chloramphenicol
have been carried out mainly in the Parke, Davis and Company laboratories
(12), and independently by Gottlieb, et al, (13) at the University of
Illinois.

# Parke, Davis & Co. trade name.
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Crystalline chloromycetin has been found to be active in vitre
against most Gram-negative bacteria and moderately active agzinst most
Gram-pogitive bacteria including Mycobacterium tuberculosis. It is rela-

tively inactive against Clostridia, Pseudomonas, yeast and fungi. In vive

the crystalline ccompound has been reported to be active against Rickettsia
and moderately active against Klebsiella and Shigella, It has been found

to be relatively inactive in vive against pneumococci and streptococed,
¥ore recently the known effective range of this antibiotic has been ex-
panded considerably.

The chemical structure of the chloramphenicol molecule has been
determined by the Parke, Davis & Company research group (1L - 16) to be
D~ ( - )~threo-2-dichlorocacetamido~l-p-nitro-phenyl- 1,3-propanediol.

Chloramphenicol is a relatively stable neutral compound having
a sharp melting point (150.1°9C), soluble in many organic solvents, but
sparingly soluble in water. It is optically active, [d]2°D +19° in ethancl
and -25,5° in ethyl acetate., It contains carbon, hydrogen, nitrogen,
oxygen, and non-iomic chlorine. The molecular weight is about 310. The
empirical formula is cnalzclzxaos.

Yedis

Brain heart infusion (Difco)
Monod!'s salt—glucose medium# (17)
Sorensen's buffer solution¥, Naza?oh/mzamh = 41

¥Chloramphenicol reductase medium®, (note ‘Table 1)

* Beagent Grade chemicals.
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TABLE I

Composition of "Chloramphenicol-iteductase® Medium
(Kitrogen-Free)

¥olar conc,

Na HPO), —— S.h x 1072
KHpPO), 3.2 x 1072
¥gS0y, . THyO e 8.0 x 10-h
CaCl, e 9.0 x 10-5
Fe50), TH,0 —me 2.0 x 1076
Glucose —mn 2.0 x 1073
Chloramphenicol N 3.1 x 0~k

Apparatus

Al]l measurements of growth were made on a Klett-Summerson
photoelectric colorimeter using the red, #66 filter.

pH measurements were made with a Beckman, Hodel G, pH meter,

Pelarographic results were cbtained with a manually eperated
Fischer Elecdropode which was equipped with a mercury stand-tube, satu-
rated calomel cell, KCl-agar bridge, an electrolytic cell prepared by
cutting the length of a 13 x 100 mm test tube to approximately 50 mm, a
constant temperature water bath, maxima suppressors, commercial nitrogen,

and pyrogallel to remove the exygen that may be in the nitrogen tank,

EXP:RIMENTAL

Development of Chloramphenicol Resistance

Chleoramphenicol resistance was developed in strain (RB) of
Escherichia coli snd in strain (14) of Micrococcus pyogenes var, aureus
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by three different procedures in the case of I. coli and two procedures
in the case of M. pyegenes. One procedure involved a slow proceas in
which the parent strains of E. 2_9_3:.1__ and M. pyogenes were transferred
{standard loop) daily into brain heart infusion medium or Monod's salt-
glucose medium (E. coli only) containing a certain concentration of
chloramphenicol for one week, At the end of the weeck the resistances of
the cultures were determined by the Army Medical Department Research and
Graduate School adaptations of the Joslyn and Galbraith (18) turbidimetric
assay method, In the present experiments the Klett-Summerson colorimeter
wag used to measure turbiditiss, and the total volume of sclution used
in the assay tubes was reduced to 5 ml. Relative resistances are reported
as the amount of chloramphenicol which will inhibit the growth of a cul-
ture 50% as compared to the growth of that same culture in the absence of
the antibiotic., This is referred to as the 50% inhibitien concentration
and is expressed in Y/ml.

The culture which was used to determine resistance at the end
of a week of daily transfers was then inoculated into an increased amount
of chlorampheniccl and the above process was repeated.

In the course of the above development procedure it was de-
cided to ®force® the resistance to a high lsvel by making daily, large
increases in the chloramphenicol concentrations in brain heart infusion
mediwm, This was done with both gpecies being studied. A gimilar
approach was used in the later stages of the present experiments to study

the first step in the development of resistance of E. coli (B).

# Printed document.
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One other procedure was used in the development of chloram-—
phenicol resistance in E. coli (B). That was to take an E. coli culture
from the regular "training® procedure (slow increases in chloramphenicol)
and subculture this in brain heart infusion medium containing a constant

amount of chloramphenicol (LO+y /ml) for approximately 13 weeks.

Determination of "Chloramphenicol Reductase Activity!

The partiecular culture for which the reductase activity was to
be determined was transferred to 20 ml of brain heart infusion medium and
allowed to grow for 15-18 hours in the absence of chloramphenicol. Each
culture was harvested by centrifugation from the brain heart infusion
medivm and washed two times with cold Sorensen's buffer at pH 7.35 or pH
T.h2., After the last washing the cells were resuspended in 6 ml of the
so-called "chloramphenicol reductase mediumm", or in brain hesrt infusion
medium containing 100 v/ml chlorsmphenicol, at a turbidity of 50. The
cultures were kept in ice baths until all dilutions were complete. These
cultures were then placed in a water bath at 370C along with a control
tube containing only the "chloramphenicol reductase medium® or brain
heart medium plus chloramphenicol. These tubes were then incubated for
varicus periods of time, At the end of the specifie incubation periods
the turbidities were again checked; the solutions were chilled in ice
water and the majority of the cells were removed by centrifugation at
5000 RPM for 10 minutes. The amount of chloramphenicol remaining in the
supernatant solutions was then determined either by the turbidimetric
bioassay method of Joslyn and Galbraith (18), or by the pelaregraphic
method described in the next seetion. The pereent reduction of chloram-
phenicol was then calculated by comparison with the concentrations in the

eontrol tubes.
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Polarographic Method

The determination of the chemical strueture of chloramphenicol
indicated that the compound contained a p-nitro group. Since organic
nltro compounds are reducible at the dropping mercury electrode (19), the
possibility of applying the polarographic technique for the routine deter-
mination of chloramphenicol in culture broths arose.

The polarographic procedure used to determine chloramphenicol
has been developed independently by the author after the earlier initia-
tion of a similar procedure by Hess (20)., Hess has made a general survey
of the polarographic behavior ef both chloramphenicol and the hydreolysis
product, l-p-nitrophenyl-2-amino-l,3-propanediocl, and has also presented
a8 method for the routine analysis of chloramphenicol using the polarc—
graphic teclmique, Since the present procedure contains several modifi-
cations of the Hess procedure, it will be described below,

After removal of the majority of the bacterial cells from the
culture medium or from the *chloramphenicel reductase medium® by centri~
fugation as described in the previous section, the pH of 3 ml portions of
the supernatants were adjusted to 7.2. This is the pH value at which the
standard curves have been obtained. The pH of the solutions were adjusted
by adding minute amounts of 1:l HCl or 30% NaOH. In this manner the final
volumes were not appreciably altered,

The test solutions were then poured into a specially made test
tube (13 x 50 mn) and then placed in & holder in a constant temperature
bath (25° %0,5%C)., One drop of methyl red was added as a maxima suppressor
in the brain heart infusion solutions, and one drop of basgic fuschin was
found to bhe an effeetive maxima suppressor for the synthetic solutions.
Oxypgen~free nitrogen was then bubbled through the solutions for 5 minutes

to remove the dissolved oxygen.
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A Fischer manually operated Elecdropode was used to obtain all
of the polarographic curves. A drop time of 3 seconds was always used.
Ho attempt was made to determine either the diffusion current or the
value for nz/ 3tl/ 6, since all values are reperted on a comparative basis
with respect to standard values obtained with known concentrations of
chloramphenicol under exactly similar conditions. The voltage range
generally employed was restricied ito -0.1 to -0.8 volts vs. the satu-
rated calomel elsctrode.

Several uncontrollable factors prebably entered into the above
method due to the accumulation of certain metabolic products in the
growth media, but these factors apparently did not cause serious altera-
tions of the diffusiem current.

From time {o time the polarographic resulis were compared with
the turbidimetric bloassay procedure and good agreement was always ob-
tained, Oince the intact chloramphenicol molecule is necessary for anti~-
bacterial activity, the above comparison indicated that the reduction of
the intact chloramphenicol molecule was being measured by the polaro—
graphic technigue and not the hydrelytic product of chloramphenicol.

RESULTS

When chlorampheniccl resistance was developed in strain (B) of

Escherichia coli in Monod's synthetic medium and in strain (1A) of Miecro-

coccug pyogenes var. aureus in brain heart infusion medium by the slow

stepwise procedure the resistance generally increased in a gradual mammer.
§. coli (B) in brain heart infusion medium showed a more rapid increase

in resistance than it did in Mcnodts synthetic medium, but the increase
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went in somewhat stepwise manner., Fig. 1 illustrates these general

trends as resistance was developed.
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Fig. 1. Development of chloramphenicol resistance.

A, E. coli (B) "trained® in brain heart infusion medium.

B, E. coll (B) "trained” in Monod's synthetic mediwm.

C, M. pyogencs var. aureus {(14) "trained" in brain heart infusion medium.

D & E, Curves for ‘he parent sensitive strains fall too close to the
abscissa to be differentiated. Actually E. coli (B) maintains a 50%
inhibition of approx. 0.1 v/ml and M. pyogenes var. aureus (1i) main-
tains its 50% inhibition of approx.” 0.5 v/ml throughout the entire
*training® period when not in contact with chloramphenicol.

Note: "Training® refers to the procedure used but is not necessarily
meant to imply an adaptive mechanism.,
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Resistance was developed more easily in B. coli than in M.
pyegenes, and chloramphenicol resistance was more readily produced in
brain heart infusion medium than in Monod's synthetic medium.

In each case control culture of the parent sensitive strains
were treated exactly as the resistant cultures with the one exception that
the controls were never brought into contact with chleramphenicol during
the transfer procedures.

By disregarding the regular Ytraining" procedure at point (a)
in the case of E. coli and at point (b) in the case of M. pyogenes (note
Fige 1) and transferring inocula from these culiures by the "forced
training® procedure it was possible to obtain cultures which would grow
in 2 mg/wl of chloramphenicol (maximwm solubility). The valuss for the
resistances of these cultures, in terms of 50% inhibition concentrations,
were 800 to 1000 v/ml and 96 to 150 v/ml for E, coli and M. pyogenes
respectively. The values for the 50% inhibition of the "highly" resistant
organisms cannot be stated with the degree of accuracy which is desired.
The resistances at these points were not very atable, and in order te
maintain the resistance at a high level it was necessary to tranafer
these eultures at least every L8 hours into fresh brain heart infusion
pedia containing 2 mg/ml of chloramphenicol. Storage of these cultures
on mutrient agar slants, with or without the addition of chloramphenicel,
caused a rapid loss of resistance., As will be demonstrated later, a re—-
latively rapid loss of resistance can be effected by subculturing the
resistant cultures in brain heart infusion medium which does not contain
any added chloramphenicol., The nature of this instability in resistance
has been the subject of an investigation by another member of our research
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Fig. 2. Decrease of E. coli (B) growth with increasing
concentrations of chloramphenicol during the "training” procedure. The
growth is expressed as the percent of the average of 7 daily turbidity
readings of cultures transferred in a partiecular concentration of
chloramphenicol in brain heart medium compared to similar averages for
the parent susceptible culture transferred in the abgence of the anti-
blotic.

As registance was developed certain morphelogical changes
took plsce in the organisms, A general phenomenon cobserved with both
species is a marked increase in the size of the individual cells, and
a tendency toward pleomorphism. In addition, resistant M. pyogenes cells
lose their tendency to form clusters and generally exist in the liquid
media as single or paired organisms,
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Another phenomenon which is very characteristic of the develop-—
ment of resistance is the tendency for the resistant cells to coagulate
in the liquid media and settle to the bottom of the culture tubes,

Comparative biochemical studies on the resistant E. coli

(1000) (E. coli (B) *trained® to grow in 1000 v/ml of chloramphenicol)
and on the parent sensitive strain of E. coli indicated that the develop-
ment of resistance had caused changes in the metabolic activities of the
resistant cultures, In most instances, however, these changes appeared
to be only quantitative with perhaps & few exceptions in which the lags
in the activity of the resistant culture were so greal as to make the
differences appear to be qualitative. This apparently was the case in
the fermentation of maltose and duleitol which appeared to be qualita-
tively different in the resistant and parent sensitive strains. The
instability of the resistant cultures probably contributed ¢ the diffi-
culty of obtaining very conclusive gualitative data. There was never
any assurance that the resulis which were observed in these comparative
studies were due to fully resistant organisms or to partly resistant or
sensitive organisms in the cultures, The comparative studies which were
made have been reported elsewhere (22).

A characteristic which apparently had the potentiality for
varying with varying resistance, and which would lend itself conveniently
to experimental procedures, was the ability of E. coli to reduce the
nitro group on the chloramphenicol molecule (2) (¥chloramphenicol
reductase activity"). The possibility existed that an increase in
this engymatic activity might coniribute to the development of resistance,

It was originally thought that if the “chloramphenicol reduc-
tase activity” was the primary factor in resistance, a detectable amount



17.

of reduction should occur in the culture tubes used to determine resistance
(sensitivity tests)s Since the scnsitivity tests were usually stopped
when the control tube without chloramphenicol reached a turbidity of 60,
the chleramphenicol concentratien which just permitted half of this
growth was exposed to a relatively small amount of cells for a relatively
short period of time. A turbidity of 30 meant that the chloramphenicol-
cell ratio and the chloramphenicol-cell contact time were rather low, and
by the technique first employed (turbidimetric bicassay (18)) no measursble
reduction of chloramphenicol was observed until the cultures reached their
maximum growth stage,

With the introduction of the polarographic technique for the
determination of chloramphenicol it appeared as if the reduction of the
chloramphenicol conld be detected at an earlier stage.

Fig. 3 summarizes these observations.
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Fig. 3. “C}ﬂ.cramphmiccl reductase activity* of E. coli (100)
(E. coli (B) "trained® to grow in 100 v/ml chloramphenicol.}. ~—
A, Growth curve for E. coli (100) in brain heart infusion medium; no
chlorsmphenicol, ~

B, Growth curve for E. coli (100) in brain heart infusion medium; 100 v/
ml chloramphenicol in the medium.
C, % reduction of chloramphenicol as measured by ithe biocassay method.

D, % reduction of chloramphenicol as measured by the polarographiec
method,

It appears as if the maximum reduction is not attained until
the culture is 6 to 10 hours old. This could lead to the assumption
that the reduction of chloramphenicol by E. coli was merely & secondary
process.,

There was, however,another possibility the likelihood of which
was increased by the results which indicated that the reductlien was either

an intracellular process, or at least a reaction which required the
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presence of bacterial cells. This was the possibility that small-scale,
cellwise reduction was occurring continuwally in the partly resistant
cultures growing in the presence of chloramphenicol, but the reduction
could not be detected until elther a larger amount of cells was present
in the chloramphenicol media, or the cells were left in contact with
the chloramphenicol for longer periods of time. Only then would the
cultures measurably reduce the chloramphenicol,

With thig possibility in mind (small-scale reducticns), three
experiments utilizing whole cells were planned which, it was hoped, would
essentially magnify the reactions occurring with small inocula. These
involved studies on the effects of ecell mass or cell numbers, culture
age, and chloramphenicol-cell contact time on the ®chloramphenicol re~
ductase activity®,

These experiments were performed in both "growing” media {brain
heart infusion broth) and in "non-growing® media ("nitrogen—free” syn-
thetic, "chloramphenicol reductase medium®), The use of the "growing®
media introduced a number of undesirable variables into the experiments.
The most obvious variable was the effect of culture growth during the in-
cubation periods when the cells were in contact with the chloramphenicol.
Since the resistances varled, the growth rates varied from culture to
cvlture., This led to misconceptions of the reductase activities of cer-
tain of the partlally resistant cultures.

To eliminate this variable "nitrogen—-free" media were employed.
The medium first used was Monod's gynthetic salt-glucose medium without
the addition of ammonium salts. The glucose concentration in this medium
was adjusted to 0.3 ¥. Using this medium only very small amounts of
reduction were observed (5-15%).
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Grant Smith's data (2) indicated that there was an optimal

glucose concentration for maximum reductase activity of a chloramphenicol-
sensitive sirain of E. coli. However, within the range of his experi-
ments, variations in the reductase activity were not great. This was
not true in the case of the resistant E. coll strains developed in the
present experiment., The curves in Fig. L demonstrate the importance of
utiliging an optimel concentration of glucose to get maximum reductase

efficiency. This is especially true for the chloramphenicol resistant
organi sms,

100

80

(14 HRS. INCUBATION)

60

40

20

“/o REDUCTION OF CHLORAMPHENICOL
o >

0

T T T T T 1
2 4 6 8 10 12 14 16 32

GLUCOSE CONC. (x10°m)

Fig. k. Eifect of glucose concentration of the "chloram-
phenicol reductase activity" of the partly resistant E. coli (100) A,
and on the parent sensitive E. coli (B) B. -
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The curves in Fig. ) were obtained with 6.5 hour, washed cul-
tures ef E. coli (B) and E. coli (100) after adjusting the turbidities
to 50 in 6 ml. of synthetic medium containing a constant amount of
chloramphenicol (100 v/ml) and varying amount of glucose. Peolarographic
dsterminations of the chloramphenicel remaining in the media were made
after 1k bours of additional incubation at 37°C. It is apparent from
the curves that high glucose concentrations inhibit the reductase acti-
vity of the resistant culture. Maximum activity was obtalned with 0,002 ¥
to 0,00k M glucose for the resistant culture, E. coli (100). Glucose
apparently does not inhibit the semsitive cultures until the glucore
concentration exceeds 0,02 M. At high glucose concentrations the re-
ductase activities are either about the same, or the activity of the
parent sensitive cultures extends slightly above the resistant cultures,

Fig. L also demonstrates the increased "chloramphenicol reduc—
tase activity® of the resistant culture at the optimel glucome concentra~
tlon a® compared to the parent sensitive culture,

pH optima were determined for each of the above cultures in
synthetic media containing 0,002 M glucose. Both sirains exhibited
maximum reductase activity between pH 7 - 8.

At this point it was decided that henceforth the “chloram-
phenicol reductase medium®, which has been described earlier, would be
used for all of the determinations of "chloramphenicol reductasse
activity® where the growth factor was to be eliminated.

Results recorded in some of the experiments below in which both
the "growing" and "non-growing® media were utilized illustrate the effect
which culture growth had on the reductase results,
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Fig. 5. Effect of cell concentrations or cell numbers on
the ®chloramphenicol reductase activity®.

A, B. coli (100) in brain heart infusion medium; 18 hour culture.

B, E. coli (2000) in the "non-growing", "chloramphenicol reductase
medfmm; 16.5 hour culture.

C, BE. coli (B) in the "non-growing", "chloramphenicol reductase medium®.

In each of the above experimenta the cultures of each strain were diluted
te the various turbidities shown on the graph; using the desired chloram-
phenicol medium; these cultures were then incubated an additionsl 3 heurs
and the percent redustion of the chloramphenicol was determined by the
pelarographic method,
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Fig. 6. Effect of chloramphenicol-cell contact time on
*chloramphenicol reductase activity®.

A, E. coli {100) in brain heart infusion medium; 6 to 10 hour cultures.

B, E. coll (2000) in the "non-growing", "chloramphenicol reductase
medTom¥; 15 hour culture.

G, E. coli (B) similar treatment as B.




TABLE II
Effect of Culture Age on "Chloramphenicol Reductase Activity"”

Cultare age E. coll (2000)# ~E. coll (I00)F
BHI medium 50¢ InkdbItion £ Reduction % Beduction
v/ml ehlore
2 620 29.k 7.6
3 — — 65.3
h — 29.4 T1.6
6 670 k6.2 80.0
& — ~—— 7L.0
10 — —— 86.0
12 — S 71,0
2h 300 36.5 k3.0
k8 280 38.8 S—
72 23 20,6 —

# 6 hours chloramphenicol-cell contact time in nitrogen-free synthetic
madium,

# 4.5 hours chloramphenicol-cell contact time in btrain heart infusion
rpedium,

The results demonstrated in Table II and in Figs. 5 and 6 can
be summed up as follows: the reductase astivity can be increased by
{1) increasing the cell concentratlons, (2) extending the chloramphenicol-
cell contact time, and (3) spperently within certain limits the reductase
activities do not wary appreciably with age; beyond this range the re~
ductase activities and resistances fall off,

An attempt was then made to see if there was a gorrelation
between the development of resistance and the increase of "chleramphenicol
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reductase activity®. The results in Table III indicate that the first
step in chloramphenicol resistance is associated with a comparable riss
in the %chloramphenicol reductase activity®,

TAMIE II1

Relation Between Gain of Chloramphenicol Resistances
and "Chloremphenicol Reductase Activity"

Chlorc~cell contact time at 37°C

1l brs. 6 hrs. g hrs. 6 br.(Back transfer-a)
Ihib, Red#  Inhib. Red. Inhib, Red. xgi?ib nzd.
y/md
0,13 26,0 0.16 17.8 0.16 9.1 0.57 6640
0.15 22,3 0.18 28,4 0.19 10.5 0.55 The5
0,26  6hll 0.28 13.0 0.28 19.2 0.1 66els
0.6  57.5 0.u8 59.7 0.6 k3.h 0.31 8.8
0.66 62.1 0.57 60.2 0.6 55.2 0.27 2647
1.0k 55.6 1.25  55.7 0.20 13.6
1.20 58.3 2,20 58.0 0.1k 18.7

# E. Coli (B) "trained® in brain heart infusion medium.

# ¥ reduction of chloramphenicol by approx. 1.0 mg of cells (turbidity = 50)
in “chlorasmphenicol-reductase® (nitrogen-free) mediwm.

The resistance was developed by transferring the sensitive
E. coli culture into brain heart infusion medium centaining increasing
amounts of chleramphenicol and incubating for 18 hours. At the end of
18 hours, the eells were harvested by centrifugation from the highest
concentration of chloramphenicol permitting fair growth (turb, >20);
diluted to a turbldity of 25 with Sorensen's buffer (pH - 7.h2). Five
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tenth eof a ml. of this dilution was then inoculated into 20 ml. of fresh
brain heart infusion broth without chloramphenicol. This culture was
then incubated for 15 hours at 379C; barvested, washed two times with
cold buffer, and resuspended in the "chloramphenicol reductase medivm®
at a turbldity of 50, The cells were left in contact with the chloram~
phenicol media for the periods of incubation indicated on the table., At
the end of that period the cells were removed by centrifugation and the
amount of chlorsmphenicol remaining in the solutions was determined in
the usual manner,

Sensitivity tests were performed on all of the above 15-hour
ecultures by the method described esrlier,

Table III also 1llustrates a similar relationship between the
loss of resistance on subculiuring a slightly resistant culture in the
absencs of chloramphenicol and the loss of *chloramphenicol reductase
activity".

It should also be pointed cmt in this same table that the
maximun reductase activity, under the conditions of the experiments, was
reached at a relatively low resistance; and the maxima reached appsrently
depended on the resistance of the culture and the chloramphenicol-cell
contact time, An attempt to raise the maximum amount of reduction, using
the same amount of cells (turb., = 50) and the same chloramphenicol-eell
contact time (6 hours), by carrying out the 6~hour incubation peried
under sirict anaerobic conditions was unsuccessful, The same amount of
reduction was obtalned as with the cultures growing under normal condi-
tions., Apparently the normal conditions used approached those of
anaercblesis, since aeration of the media in which chleramphemicol
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reduction was supposed to occur almost completely inhibits the reductase
activity of a growing culture of E. coli (100). With the results ob-
tained thus far, it appears as if the only means for increasing the
reductase activity is to either increase the amount of cells or extend
the chloramphenicol-~cell contact time.

Through a period of 7 to § daily transfers it has not been
possible to develop any resistance in E. coli using Monod's medium with
either 0.01 or 0,02 M glucose. Normally Monod!'s medium contains 0,03
molar glucose.

Chloramphenicol resistance has been developed in strain (B) of
E. coli to the point where tle organiems can grow in 2 mg/ml of chlor-
amphenicol (E. coli (2000)). The reductase activity of E. coli (2000)
generally appsared to be slightly lower than some of the more sensitive
cultures; however, it was felt that the apperent decrease in reductase
activity was merely the result of the coagulation phenomencn., The re—
sistant cultures begin to coagulate after about 20 minutes of incubation
in elther the "chlorampheniecol reductase medium" or in Sorensents buffer
or brain heart infusion broth. Among other things, the coagulation tends
to reduce the active surface ares of the cells, and can probably aecount
for the reduced activity of these cultures as compared to the more ssn-
gitive cultures which do not coagulate. Intermittent shaking (not
enough to be considered aeration) tends to give the resistant cultures
an appareni increase in the reductase activity.

On subculturing of the highly resistant culture (E. coli (2000))
both resistance and reductase activity dropped off rapidly, but a stage

was reached where the resistance remains above that of the parent
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sensitive cultures, yet the Ychloramphenicol reductasge activity" actually
falls below that of the parent sensitive cultures., In some of the earlier
experiments this break between resistance and reductase activity occurred
between the fourth and the fifth back-transfers in the absence of the
antiblotic. Since the conditions of the experimenis over the period of
oneé year could not be controlled with the desired degrse of certainty,
it is uwnderstandable that a factor as indefinite as the number ef loop
subcultures to attain a certain step in the loss of resistance and the
loss of reductase activity could not be predicted with any dsgree of
accuracy, 3Since the highly resistant strains have been continually
transferred in the presence of the drug te maintain the resistance, it
ie possible that the resistance was more stable when the lasi experiments
were performed as compared to the wery earliest experiments, However,
the general relationship between “chloramphenicol reductase activity®
and resistance is maintained for certain stsges in the development and
the loss of resistance in E. coli. The loss of resistance and reductase
activity on subculturing E. coll (2000) cultures in brain heart medium
minus chloramphenicol is illustrated in Table IV,



TABLE IV

Correlation of Loss of Chloramphenicol Resistancex

with Iess of "Chleramphenicol Reductase Activiiy®

No. of back- I (1 brs) II (14 hrs) III (6 hrs)
Booeli (2000) Db, Badd  Dinb. et . B,
R y/ml
o 1100 66.1 920 k6.3 950 53.1
1 — —— B0 57.7 ——— -—
2 870 64.8 710 6Li.8 — S
3 890 68.5 L30 55.6 — —
h 550 64.8 225 52.9 — —
5 19.3  LS.5 25 27,k 200 k2.k
é 22,5 13.0 10.8  17.6 — e
7 9.1  26.7 8.4 17.6 2.2 37.9
10 — 7.8 217 13.7 12,7
15 — 12,8  15.5
E. coli (B) —_— — 0.1  33.1 0.1  19.5

# loss of resigtance by the highly resistant strain E. eoli (2000)
when subcultured in brain heart infusion medium withoul chleramphenicol.
# % reduction of chloramphenicol by approx. 1 mg ef cells (turbidity = 50)
in the "chloramphenicol-reductase” (nitrogen-free) medium,

In one particular experiment which is not showm on the table

the break between the reductase activity and resistance did not occur

wntil the tenth back-transfer, The break wmmdvhantﬂenltmm

dropped in resistance to a 50% inhibition of 10 to 12 y/ml. The bresk

always occurred at this stage of resistance.

The resistance of this
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particular culture remained the same even after 28 transfers in the
abgence of the antiblotic. This result has been repeated a number of
times, and would tend to show that this particular stage in resistance
is relatively stable,

DISCUSSION AND COMCLUSICHS

It hasz been possible to develop chloramphenicol resistance in
strain (B) of Escherichia ccli and strain (1A) of Micrococcus pyogenes

var, aureus when grown in either & natural medium (brain heart infusion)

or in & synthetic mediwm (Monod's). It was noted in Fig. 1, however,
that the rates at which resistances were developed, and possibly the
nature of the resistances, varied with the media used and with the par-
ticular species used.

The differences cbserved in the development of resistance in
E. coli as & result of the wariations in the composition of the growth
media indicate a possible lack of some preformed nutrients in the syn-
thetic media, The absence of these mutrients may have several resultis;
(1) they may slow down the metabolic activity of the organisms to the
point where the mechanism for overcoming the chloramphenicol is also
slowed down; (2) the lack of certain nutrients may either inhibit or
prevent the production of necessary genetic material; (3) the inhibition
ef the production of certain specific metabolites; and (L) an effect
which has not besn too thoroughly investigated in the present paper, the
possible effect that these nutrients might have in ereating better con-
ditions for the reduction of chloramphenicol.
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The differences observed in the development of resistance in
the two species studied is quite interesting, Again referring to Fig. 1,
resistance was developed with considerably more difficulty in the strain
of M. pyogenes in brain heart infusion medium as compared to the develop~
ment of resistance in E. coll in the same medium., One outstanding
difference has been detected between the two species used. That is the
fact that E. coli bas the ability to inactivate some of the chloramphenicol
by a reductive process, while M. pyogenes lacks the ability to reduce the
chloramphenicel under the same conditions. As resistance is developed
in E. coli its reductase ability also increases. On the basis of results
obtained with a growing culture of M. pyogenes in 2 mg/ml of chloram-
phenicel, which showed that there was little or no reduction of chloram—
phenicol even after 20 hours of incubation (even though considerable
growth had taken place), it is concluded that the enzymatic reduction of
ehloramphenicol does not enter into the resistance plecture for M. pyeg .
This one factor alone may account for the different rates ef development
of resistance observed with the two species situdied.

Since it was not possible to demonstrate an increase in the
reductase activity in cultures "trained” in Monod's synthetic medium,
this may explain why the curves for the development of resistance in E.
coll in synthetic medium is quite similar to the curve obtained with M.
Pyogenes in brain heart infusion medima,.

The implication here is that several mechanisms are posaible
for the development of chloramphenicol resistance, and E. coii when grom
in brain heart medium apparently has the ability to utilize other mechan-
isms in addition to those present in M. pyogenes, or in a strain of E.
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coli which had been grown in & synthetic, salt-glucose medium. Further
evidence has been obtained which would tend to support the idea that
several mechanismes are involved in the development of chloramphenicel
resistance in E, coli., This will be discussed later,

Associated with the development of resistance is a continual
decrease in culture growth as the resistance is increased (note Fig. 2).
Horphelogical observations always indicated an increase in the size of
the cells which have been exposed to chloramphenicol for some length of
time. These two factors, decrease in culture growth and increase in size,
indlcate that chloramphenicol is affecting cellular divisien, possibly
at some phase of protein synthesis (9). This phenomenon of increased
cell size in the presence of antiblotics has been reported in the case
of penicillin-treated cells (23, 24), and undoubtedly has been observed
with other antibiotics. Generally, the lack of growth coupled with in-
ereased cell alze has been attributed to interference in protein synthesis.

To say that chloramphenicol interferes with pretein gynthesis
does not imply that the specific site of action of chloramphenicol is
known, since protein synthesis is an end observation of all bacterial
anabolism, This comcept also does not contribute much te the determina-
tion of the problem of the development of resistance unless the resistance
which is developed is only the result of a change in some protein struc-
ture in the cells.

In general, the development of resistance in E. coli is asso-
eciated with a decrease in its biochemical reactivity; but the instability
of the ehloramphenicol resistance, coupled with the possibility that the

resistance is developed in a stepwise manner, dces not permit any definite
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cenclusions to be drawn from comparisons of the sensitive strains with

the highly resistant gstrains. The uncertainty of drawing inferences
from end results usually makes comparative studies of this nature un-
desirable unless accompanied by other supporting data.

The demonstration by Smith and Worrel (25) that E. coli in-
activates chloramphenicol primarily by reducing the nitro group on the
chlormmphenicol molecule to an amine group suggested the possible role
of a ¥chloramphenicol reductase® in the development of resistance, The
fchloramphenicol reductase activity® could either be ane of the primary
functions in.the resistance mechanism, or it could merely be the secon-
dary results of developed resistance. If E. coli was able to grow in
the presence of chloramphenicol simply because it had the ability teo
inactivate the drug by reduction, growth in a concentration of chloram—
phenicol which was normally inhibitory should be associated with a marked
reduction of the chloramphenicol.s Also, if the reductase activity is
assocciated with resistance, variances in resistance should accompany
variances in the reductase activity. Nelther of these points could be
clearly damonstrated in preliminary experiments, primarily because of
certain technical difficulties involved in the experimental procedures.

Under ordinary cirecumstances, in which a sensitivity test was
begun with a relatively small inoculum (0.1 ml. of a culture diluted to
a turbidity of 25 per S ml. of media), redustion of chloramphenicol
could not be detected until the culture was almost out of the log phase
{68 hours in the case of E. coli (100); note Fige. 3). This would lead
t0 the assumption that the reduction of chloramphenicol was merely a

secondary reaction,
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cultures of various ages are practically similar over a wide range. Very
old cells begin to lose thelr reductase activity and their resistance,
From the data obtained with E. celi in the "chloramphenicel reductase
mediun® it would appear as if the very young cultures do not possess maxi-
mur reductase activity. This may be quite true; however, several factors
have to be taken inte account when considering the latter result, In
order to cbtain enough very young cells it was necessary to use larger
amounts of growth media (100 ml compared to the usual 20 ml)., This may
have intreduced emcugh variation in the growth conditions to affect the
results, but & larger source of error was probsbly due to the uncontrol-
lable co-centrifugation of a large amount of fine black material frem the
large ameunts ef brain heart medium, This black material could not be
washed out thoroughly, and consequently the turbidity readings on the
very young cultures were slightly higher than the true values for these
cell suspensions., This would tend to give us less of the younger cells
in the fchloramphenicel reductase medium® as compared to the older cells
which were harvested from much smaller amounts of media,

Nevertheless, even if these factors are not considered, the
reductase activity does not vary greatly between the 2- and l2-hour cul-
tures, and all of the cultures bave considerably more activity than the
parent sensitive cultures.

From the data presented, it therefore appears that the possi-~-
bility of continual reduction of chloramphenicol in the chloramphenicol
media 1s very good. The only reason chloramphenicol reduction is not
observed when growth starts is most likely the inmability of the investi-
gator to measure these minute amounts eof reduction. Reduciion of
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chloramphenicol can well be considered as one of the primary mechanisme
in the resistance of E. coli teward chloramphenicol.

Some evidence which would also tend to support the above con-
clusion is the fact that even the amallest resistant colonies have the
ability to notlceably reduce methylene blue or resazurin in nutrient agar
plates, and other investigators have shown & correlation between the
reduction of methylene blue, e.g. (8), and the reductase activity.

If the ability of E. coli to reduce chloramphenicol is one of
the primary mechanisms by which it becomes resistant, them any change in
resistance of cultures should follow a similar change in the *chloram-
phenicol reductase activity® of those cultures. This was indeed true in
almost every instance. The reductase aetivity of the resistant cultures
was observed to be two to three times as great as that of the parent
sensitive cultures.

To see if thers was a direct correlation betwsen the develop-
ment of resistance and the "chloramphenicol reductase activity® the
development procedure was repeated for E. coli in brain heart infusion
as described in the previcus section. At each stage in the resistance,
as measured by the usual procedure, the reductsse activity was also
determined., The development procedure was also reversed (subculturing
in the absence of the antibiotic) for a slightly reaistant culture. A
representative number of these experiments were shown in Table IIT. In
every experiment involving the development of resistance to the first
Rgtage® a direct correlation is cbserved between the resistance and the
reductase activity, This same correlation exists at the high levels of
resistance (Table IV), and can be observed in the experiments invelving
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the loss of resistance and reductase activity as the highly resistant
cultures are subcultured in the absence of the antibiotic.

All this indicates that there is a correlation between the
development and loss of both resistance and reductase &etivity. However,
Ywo factors which have a direct bearing on the nature of the resistance
should be pointed esut. The first of these is the fact that the maximum
reductase activity is reached at a relatively early stage in the develop~
nent of resistance, yet the resistance of the cultures can be driven wp
to a much higher stage. Maximum reductase activity can be obtained at
various levels of resistance, depending on the chloramphenicol-cell
contact time. Secendly, on eubculturing the partly resistant B. coli in
the absence of antibiotic frem the first "stage® in resistance both re~
sistance and reductase activity fall off in about the same pattern as
that by which they were develcped. When the highly resistant E. coli
(2000) was subcultured in the absence of the antiblotic the loss of re-
gistance and reductase activity paralleled each other for a ceriain
number of back-transfers; but a point w&s reached where the resistance
remained above that of the parent sensitive culture, yet the reductase
activity fell down below the normsl sensitive level, In other words, the
trangition from the high resistance (50% inhibition of abeut 1000 v/ml)
to sengitivity exhibits a divergence of resistance and reductase activity
at a point above the first "stage" in resistance.

These data can be interpreted to mean that chloramphenicel
resistance is developed in this strain of E. coli by two or more methods
at different stages; and that the loss of resistance and the loss of
reductase activity follow the same general pattern; however, some stages
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{particularly arcund 10 to 15 v/ml) block the eontinual drop to sensi-
tivity on sabeulturing in the absence of chloramphenicol. Since maximum
resistance is reached at such an carly stage, and since this particular
stage (10 to 15 v /ml) maintaing its resistance even when subeultured
numercus times (at least 28) in the absence of chloramphenicol, this
particular bresking point might represent a genetic step in the develop~
ment of resistance.

It seems & little more than coincidental that the point at which
maximum reductase activity is atiained, or where the reductase activity-
resistance relationship is broken on transferring in the absence of the
antibiotic, is alsc approximately the same point at which a sharp break
was obtained in the early development picture (note Fig. 1).

It was not the intent of this paper to determine whether the
developed resistance and the reductase activity were due to selective,
inductive, or adaptive responses of E. coll to chleramphenicol. However,
the data presented strongly suggests that a combination of both genetiec
and adaptive functions account for the chloramphenicol resistance
developed in this strain of E. coli. A picture can be formulated in
which adaptation operates to build the realstance up to a certain level,
then a genstic step enters which allows the organisms to adapt to still
higher concentrations of chloramphenicol. These processes can be occur-
ring individually or in conjunction with each other, and the number of
“gteps? or "stages” may be many or few,

The data which have been presented lend themselves to the
interpretation that there is a direct relationship beiween resistance
and *chloramphenicol reductase activity® in several “stages® of
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resistance, but the reductase activity cannot account for all of the re—

gistance which can be developsd in thils strain of E. coli. The direct

correlation between resistance and reductase activity is interrupted at
certain stages in the development of resistance. The "chloramphenicel
reductase activity® appears to function as a primary mechanism in the

development of resistance in E. coli.

SUMMARY

Chloramphenicol resistance has been developed in strain (B) of
Escherichia coll and strain (1A) of Kierccoccus pyogenes var. aureus by

several procedures employing a natural and a synthetie medium. The pat~
tems of the development of resistance are graphically recorded. Data
are presented which illusirate the possible role of "“chloramphenicol
reductase activity” in the primary mechanism by whicn E. coll becomes
resistant to chloramphenicol. This feature bhas only besn demonstrated
for E. coli in brain heart infusion medium and apparently does not enter
into the H. pyogenes resisiance pleture or into the results obtained with
E. coll in a synthetic medium. A direct correlation has been shown be-
tween chloramphenicol resistance and "chloramphenicol reductase activity®
in E. coli. Evidence is presented which indicates that several "steps®
are involved in the development of chloramphenicel resistance in E. coli,
and the "chloramphenicol reductase activity! cannot account for all of

the resistance which can be developed.
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