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INTRODUGTIOHN

It is now generally believed that various forms of life evolve
by a procesa of mutation coupled with envircanmental selection,

Despite the wide acceptance of thiz concept the evidence is atill
indirect and based primarily on what is known to ocour today in cerw
tain genetie experiments with additional support from paleontelegy

and comparative animal merpholegy. Direoct evidence for evelution

has not been cobtainable since evolution cccurs in multicellular organ—
isms over too long a period of time to bs properly observed, Today,
however, a new approash is available in using microbial pepulations
where the study of evolution can be teleacaped into as few as 24 hours
or that time required te grow a large pepulation of cells., With misro-
oganisms the observer can be present from the advent to the dealine eof
a population and preperly record any evolutisnary changes which might
ocour,

Microorganisms better than any othar form of life can bs atudied
under eontrolled conditions; this offers the opportunity to change
only one apssific aspest of their environment and observe theiy re-
sponse, Bacteria, like most living things respond less obviocusly te
so~called improvements in their "normal® enviromment than they de te
deleterious changes. The intredustion of these harmful changes forces
the organism 4o "adapt" or become extinet, The survivors of thease
deleterious environmental alterations are of basic evolutionary impore
tance singe they usually show the evolution of a new characteristie in
the species. If the deleterious fsctor is one of the newer antibiotics



and the organisms respond with an asquired resistance then the study
has a two~fold importance, both basioc mnd practical.

In 1887, M. G. Kossiakoff was the first investigator to record
acquired bacterial resistance to antiseptics (16), It was left to
Fhrlieh (1907) and his coworkers ¢o atimate interest in such obser~
vations, beginning in the field of parasitic protesoology (36). They
found thet animals infected with trypancsomes could be gured by cer-
tain trypanveidal drugs. During thess studies they also observed the
therapy with sub-optimal dosges of these druga could lead to a resistant
strain of trypanosomes, Unfortunately, thaese latter observations were
not applied to bacteria until the advent of the era of successful chemo-~ |
therapy against disesses ocaused by basteria,

In 1939, when the discovery of the sulphonamides gave promise of
eradicating all pathogenic basteria, Maclean, Rogers and Fleming (37)
observed that bacteria wers in no great danger of besoming extinet for
they could aequire comsiderable resistanse to these drugs. This set-
bask spurred on new and fundagmental research into bacterial drug
resistance whish is today still in its infancy. At the mresent time
it is generally agreed that bacteria can acquire resistance to most
chemotherapeutic agents (37).

Bagterial genetics and drug resistanse. Im presenting the various

views regarding asquired bacterial drug resistance it is necessary to
delve into the somewhat nebulous field of bacterial genetios. Basterial
genetics differs from geneties of more eomplex organisms in that there
is little if any information regarding the orderly transmission of
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All the possible explanations of the cecurrence of drug-resistant
basteria have not besen exhausted. The possibility exists that both of
the foregoing views are in part correct, Eagle and coworkers (8) offer
the idea, with supporting evidence, that both genetic and non-genetis
adaptation are involved in the development of bacterial resistancs to
chesmotherapsutic agents. HNon-genetic adaptation is proposed as the
mechanism responsible for low levels of drug resistance and mutation
for the high levels,

Loss of drug resistance. At present it is generally assumed that

the loss of an acquirad bacterial character occurs by the same route
a8 its acquisition. This sssumption has become so firmly established
that apparently no one has felt it necessary to examine experimentally
the mechanism of the losa of drug resistance in bacteria, Since
mutetion and selection have the greatest degree of support as an ex-~
planation for the acquisition of drug resistance it follows that the
same theory would be mest f{requently sssumed for the loss of resistance
(25).

Although the loss of drug resistance in bacteria has been largely
neglected the loss of other asquired bacterial characters has recently
become the subjeet of a number of papers. For example, Novick and
Szilard (27) studied the forward and reverse mutation to baoterial
virus resistance, In this case a number of mutations were involveds
Lieb (18) made similar studies on the loss of the acquired requirement
for histidine in E. coli.

Hinshelwood (13) has also extended his theory to explain the loss
of an soquired bacterial charsacter as a non-genetic adaptation. On



the basis cof chemical kineties he predicts that reversion must occowr
when the short term adaptation is non-genetic. He explains that the
pressure of the drug's rresence forces an enzymatic adaptation if life
is to be sustained, Hinshelwood also predicts that on removel of the
drug the normal enzymes function once again with the adaptive enzyme
assuming a secondary role. Tt might he said that lack of use of the
adaptive enzyme results in its "atrophying®. This theory faills te
explain why many types of drug resistance resulting from a short
ttraining® period are permanent in nature in the absence of the drug.
This disssrtation will undertaks to show which theory better ex-
plaing the rapid loss of chloramphenicol resistance. ividence will be
presented that shows this loss is caused by mutation and selection.
Data will also be presented to indleate that the mutational pattern is
highly complex in mature and probably involves more than one mutational

atep.



CHAPTER I
THE ORGANIS MS

Lscherichia coli. Ths data presented in this dissertation involve

in almost every case the strain B of Escherichia goli or strains derived
from it, This chloramphenicol sensitive, non-motile strain has been
used widely in genetic studies and its characteristics are well lmown
and conform to the oriteria outlined in Bergey's ianwal (1)e This
strain is somsidored sensitive to chloramphenicol sinee only 3 nge. of
antibietis per aml, of broth pnwn% obssrvable multiplication for at
least 24 hours and the same cencentration in agar cheoks the growth
for 48 hours, “owever, when a more sensitive test was used it was
found that as little as 0,2 pg. of chleramphenicel per mli. of broth
inhibited the growth of this strain by 50 per cent,

Using this parent susceptible E., coli a strain was developed
which was highly resistant to chloramphenicol (22,23). The mode
of development of this resistanse involved a step-wise process, with
only small increases in resistance at sach step, a pattern which has
been reported in all csses of basterial resistance te chloramphenicel
(2;4)e The resistant strain used most often in the experiments re-
ported here was the itype which multiplied ;oadily in 1 mg. chloram—
phenicol per mle of brain heart infusien broth during 24-hours
incubation at 37°C. This same strain produces small colonies in 48
hours in brain heart infusion agar with 2 mg. of antibiotic per ml,
The resistant strain, therefore, is more than 333 times as resistant
as the parent sensitive strain when grown in broth and better than



10

666 times as resistant when grown in agar, The difference in resistance
between these two strains is even greater when compared by a test based
on that concentration of chloramphenicol whiech permits only one~half
the maximal growth that the culture produces in a drugefree broth mediwm,.
It was found that between 0.5 and 0.6 mg. of chloramphenicol per ml.
of broth was required to inhibit the reaistant strain by 50 per cent
which is 2500 tc 3000 times as great as for the parent sensitive strain.
Govicusly the degree of resistance varies with the test used to determine
the resistance,

Extensive examination revealed that the resistant E. coli strain
had a remarkable number of differences in characteristics from the
parent strain from which it arocse. One difference is that ths ehloram-

phenicol-resistant strain of E. coli is generslly less metabolisally

efficient than the parent sersitive strain. The resistant strain grows
poorly even when cultured in the abssnce of the antibiotic and produces
only about one-sixth ag much growth in broth as the sensitive strain
over the same incubation time. ILongthening the incubation time does not
enhance the growth of the chloramphenicol«resistant strain in roth free
of antibiotic. Difference in growth ability between the sensitive and
resistant strains is also easily observed on agar where it was found that
the genaitive strain produces the larger colony.

At one time, in these studies, thers was soms doubt whether the
resistant strain was still E. coll since it no longer conformed to the
usual descriptions of this species. This doubt was erased by testing
the sensitivity of the resiatant strain to seven different E. mw.wm
specific bacterial viruses. 71t was found that this atrain was lysed

by all seven virus types, proving that it was still E. coli.




A4 very important difference between the sensitive and resistant

strains of £. goli i= their ability to reduce to different degrees the

para nitre group of chloramphenicol to produse the aryl amines The
amine form 1s far less toxic to the bacteria than the nitro form. Tt
has bsen reported that even though the gensitive strain conld produce
this raduction the resistant strain wes far more efficient (22, 23).
In the light of the above it is most impertant to remember that the
effective chlorasphenicol concentratlcn is decreasing with the incue
bation time used in the separate experiments reported here.

Reslstance to 1 mg. chloramphenicol per ml. of broth is not the
maximum which can be developed for this specles. It has been found te
be rathor easy to "train® the streln growing in 1 mg. antibiotic por
mle in broth te grow in twiee this concentration; however, the growth
is always poor. This strain was cultured in 2 mz. ehloramphenicol per
mls ©of broth for well over a year but the growth produced could never
be callsd good, Since the growth of this more resistant strain was so
poor it was not extensively studied although references will be made
to it for comparative purposes. As far as has been determined to dats
there i® no significant difference between the characlteristics of the
of the two resistant strains.

Variations in the size of the ineculum were of 1little importance
in studying the resistant E. goli strain which grows in 1 mg. of anti=-
biotie per ml, of broth. It was found that large inocula do not produce
any better growth thar amsall inocula; for that reason the majority of
experiments reported here involve subculturing by the transfer of one
wire loop of culture. On the other hamd, the E. coli strain that
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CHAPTER II
THE LO0SS OF RESISTANCE TO CHLORAMPHENICOL

The literature cn bacterial drug resistance usually deseribes it
a3 a gensrally stable characteristic., It has been assumed that when
the resistance is lost rapidly it is due to incomplete "training" or
perhape development of resistance to too low a level (38)e¢ The loss
of resistance toc be desoribed in this report does not fall into
oither of the above catagories. It is believed that this strain has
received more thaneough training since it has been sultured over twe
years in 1 mg. ohloramphenicol per ml. of media and for over a year
in 2 mge of the antibliotic per ml. with no stabilizing of the resistance,
It is also felt that development of toe low a level of resistanee is
not the answer since this strain appears to be as resistant as it can
be made. The reason it is believed that the maximmm resistance has
been developed is that this strain grows so poorly even after train-
ing for one year in 2 mg. chloramphsnicol per ml, Certainly it shows
little inclination to improve its resistance up to the date of this
writing. As will be shown the strain growing in this higher cencen-
tration still loses its resistance as readily as the straia of lower
resistance.

There are a number of methods by which the leoss of chloramphenisel
resistance san be studied in E. goll; however, it should be noted that
the loss appears to vary with the method used, Table I illustrates the
results from one method which testa the loss of resistance of the re-
sistant strains to only one concentration of the antibiotic. Column
1 of this table shows the number of subsculiures in antibilotic-free
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broth that are required before the culture can no longer produse
observable turbidity in 1 mg. ohloramphenieol per ml. of broth after
24 hours incubation at 37°C. The technique for obtaining these data
involved first growing the resistant E. gold im 1 mg. chloramphenicel
per ml. Difeo brain heart infusion broth (5 mls.) for 24 hours at
37°C. An inooulum is transferred from this 24~hour culture by & wire
loop to § mls, of broth which contains no antibiotic. This culture
was grown for 24 hours and again transferred to drug~fres media, Re-
peating this process sventually preduses a set of serial suboultures
froe of chloramphenicol. The resistance of the drug-free subcultures
was tested by transferring a loep of culture to 5 nls. of bhroth which
now contains 1 mg. chloramphenicel psr ml. The antibiotis containing
cultures were incubated for 24 hows at I7°C and then turbidity read-
ings were made on the photoelectrie golorimeter. The data from this
technique show how many transfers in drug-free broth are required be-
fore the strain can no longer produse growth in 1 mg. antibiotic per
mnl.

Column 2 of table 1 illustrates essentially the same type of
experiment exscept that in this case the culture used to bagin the
series of antiblotic-free subcultures waz grown in 2 mg. chloramphenicel
per ml, of broth, The loss of resistance, however, was still tested
by using only 1 mg. per ml, As the data show it matters very little
whether the resistant strain was resistant tol or 2 mg. chloremphenieol
per ml, it still loses resistance to 1 mg, per ml, in essentially the

same number of drug-free subsultures,



Turbidities*produced by various antibiotic-free subculiures of resistant

TABLE 1

strains whem they are grown in broth with 1 mge chloramphenicol per ml.

Fumber of SOURCE OF ORIGINAL IROCULUM
subcultures
in broth free 1, E. coli 2, E. ooli 3¢ e coli 4. il» aureus

of antiblotic

24~hre.culture 24~hr. cultare 48=hr, colonies 24~hr, culture
gromm in 1 mge grown in 2 mg. grown in agar grown in 2 mg.
chlerampheniscol chloramphenicol with 2 ng. chloram- chloramphenicol
per ml, broth per al, roth phenicol per ml. per ml, broth
0 30 37 3» 28 34 3% 28 19 23 25 22 8 8 -
1 32 a 33 4 34 36 35 8 23 26 27 & & 87
2 % 35 34 3 A 38 % 28 26 29 23 8 87 &
3 3 33 34 2 35 » 34 28 25 21 86 87 86
4 3% 33 34 30 33 36 7 2 2, a5 28 86 85 8%
5 1 3»® 29 29 25 23 21 23 7 1 26 83 88 106
6 8 24 27 A o 9 4 25 6 3 23 8% 87 8
7 0 6 0 13 0 0 o 18 0 0 o 83 3 64
8 0 4] 0 o 0 o o 3 0 0 0 73 83 0
9 0o 0 0 L] o 0 ] 1t 0 0 ] 65 83 90
10 90 89 90
11 g B 87
12 90 87 76
13 80 7 65
1 7% 34 88
15 57 &
16 87

* After 24 hours incubation

All turbidimetric measurements reported in this paper were made on a Klett-Summerson photoelectric

colorimeter with a 66 filter,
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In celumn 3 of table 1 the same method of testing resistance was
used bul a different type of culture was used to start the serial sub=-
cultures., In this experiment & single 48-hour old colony waa pleked
via & wire loop from brain~heart infusion agar with 2 mg, chlorame
phenicol per ml. and transferred to ths drug-free broth to begin the
sorial "back" transfers, Here again the result is thes same but there
iz additional significance to this experiment as will be shown below,

Fhen well separated colonies are pioked from an agar plats the
general assumption is that the colony is & pure culture sinse it arose
from a single mother cell, This would imply that the loss of resis~
tance could not have bsen csussd by & contaminating Pacterium which
may have aceidently found its way into the reaistant stock culture.
Purther, this experiment shows that changing from liguid to solid media
does not alter the rapid loss of resistance, TFinally, the most impor-
tant point in regard to the data in column 3 invelves the possibility
that sengitive E. goll cells fror the original parent strain might have
been carrisd along with the resistant cells through hindreds of trane-
fers., If such sensitive cells were carried along then they would, of
course, cause a loss of resistance when the culture was grown in druge
free broth. However, when using the single colony technigue sueh
possible sensitive cells are eliminated froem the pioture,

In column 4 an entirely different chloramphenicol-resistant
species is tested am to the loss of its resistance., The experiments

were done exactly as befors using a culture of Microcoeccus pyogenes

var, auwreus grown for 24 hours at 37°C in broth with 2 mge chloram~
phenicol per ml, As the data show resistance of this apecies is
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rather stable since it naevwer loses resistance 10 2 mge por mle in
16 transfers in drugefree broth. fowever, ioss ol resistance naas
been reported for this species afier 24 drug-free subculbtures (24).

The evidence so far presented tells very little of what is really
taking place in the loss of ehloramphenicol resistance in E. geli.
Since this loss muy be gradual in nature and may begin in the very
Tirst chioramphenicel~iree subculture anciner method wus used to show
the true patbtern of the leoss. The curve in figure 1 shows the gradual
nature of the loss of chloramphenicol resistance and alse shows the
low levsl $o which this resistence eventually falls. In this experi-
ment variocus serial druge-free subcultures wore again tested but in
thias case the average resistance of the entire culture was observed,
This average resistance is sxrived at by a bioclogical assay method
proposed by Jesyln and Galbrath (15) and modified by Kerkel and Steers
(23)s The end-point of this method iz the concantration of chlorame-
phenicol which permits only half She maximal growth that the culture
produces in a drug-free broth medium, The curve in figure 1 is con-
struated of points determined in six similiar experiments perfeormed
over a period of cone year,.

The aurve in {igure 1 shows that about $9 per cent of the re-

sistance of this strsain is lost in about 7 transfers in broth free
of chloramphenisol, After 7 transfers the curve lsvels-off and main~
tains the lower level of resistance for 48 or more iransfers but this
level of resistance is still 60 times greater than that of the parent
sensitive strain (broken line). This last fact is presumpiive
evidence that the parent sensitive strain is not responsible f{oxr the
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Fig 1. This semi~log plot is constructed of points which repre-
Bon yidimetric bicaasays of variocus subcultures of the resistant
E. soli grown in the absence of shloramphenicol,

loss of resistance for if it were then the resistance would have
fallen mich lower, This point will be examined in detail in
Chaptexr IV.

It was also observed that the loss of chleoramphenicol resistance
cacurred squally well vhen the strain was tranaferred on a solid



20

medium free of chloramphenicol. When the resistant strain was
transfzrred in a liguid synthatic medimm the loss of resistance was
aomgwhat delayed, in fact no lcss osourrsd for the first seven itrans-
fers., After 78 tranafers in the synthetic medium the resistance had
been lost Lo a large degree but not 4o 33 low a level as ssen in brain
heart infusion broth. This mizht be explained as a case in which
the syathetic medium is sligbtly more favorable to the resistant
gtrain so that it takes a longer time for sensitive mutants to overw
grow the resistant cells. Unfortunately, this point was never fully
examined, iorkel et al.(21, 23) have also found that an E. coll
strain "trainad® in 2 mz. chloramphenicol per ml. produces a remuxk-
ably similisr curve tc the one sean in figure 1. Appersntly onz of
the xest conslant and relizble characteristics of the resistunt

e coll strain iz its lozs of this resistance.

Table 2 offers 54ill a third method for observing the lozs of
chloramphenicol resistance. 3Since both the firat and second methods
can be considered as measuring the average resistance of the culture
thie third method iz umsed to show the resistance loss of the individe
ual cells in the culture, To obtain the deta seen in the first five
socluwmns of table 2 the various serial subeunliures of the reeistant
strain were diluted to a few hundred cells per ml. This dilution
wasd mixed with agar in a gulture dish and ineubated until full aize
colonies were produced (48 hre.). Colony counts cn plates whieh 1
and £ mge. chloramphenicol per ml. were compared to the counts frem
the same oulture on drug-~frse asger. The table shews the percentage
of cells vhieh ecan produce colonies in the antiﬁietiﬁ containing

platea as compared Lo the total sount in the drug-free plates,



HBLE2

Decrease in the proportion of cells which can produce colonies

in 1 and 2 mp, chloramphenicol per ml, in agar with an

inerease in the number of subcultures in antibietic-free breth

Subcultures in the Por cent of 18 to 24{=hr. resistant No. of colonies resulting from
absence of chloramphenicel oculturss c¢ells producing eolonies inocula of 0,1 ml, of undiluted
in 48 hrs. {(as compared to antibiotic-— cultures (25 turbidity)
free plates)

MG, CHLORAHPHUNICOL PER ML.

2 2 1 1 1 0 2 0 1
o 894 69% 89% - 825 peres - Ty ++
1 52 0 86 98% 91 - ++ -+ -
2 k74 83 80 85 84 2 + +++ ++
3 &b 8,9 83 93 51 -+ + 4 +++
4 1 o n T 3 4+ + B 2 4
about
5 0 0 lal - 4 11,000 ¥+ +++
6 1.3 28 -+ ++
7 0 » -+ +
abeut
8 -+ 14,000
sheud
9 4+ P4 » 500
10 +H+ 800
11 ++ 160
12 ++ 4]

+++ full grewth as seen oen an antibiotic~free plate
4++ diminished grewth
+ diminished growth with colenles tee numerous to estimate



The last two experiments presented in this table involve plate
ing the various serial drug-free subcultures without dilution., This
means many millions of cells are plated in each culture diash. “hen
plates with and without chloramphenicol are compared it is seen that
the number of cells able to preduce growth on & drug-containing
plate decreases as would be expented, However, the resistant oslls
do persist longer than might be suppossd. 7The fact that resistant
cells do last in trace amounts for so many transfers favors the
mutation theory and will be discussed in detail in Chapter I1T,.

Tt wlll be noticed that both 1 and 2 mgs. of antibliotic were
used in the experiments presented 1n table 2 and the overall pieture
for both is the same, Raising the drug concentration mer<¢ly permits
obsexrving the loss of reslstance sovner. A point that is most impore
tant is the difference in the proportion of oulls resistant to 1 and
2 mgse This will be discussed in Chaptexr IV where it will be shewn
that this result in all likelihood is due to & variety of mutants
of different resistances,

In summary it oan be said that an E. eoll strain highly reaise
tant to ehioramphenicel fails to retain its resistance whan culitured
in either solid or liquid brain heart infusion msdivm, Since thia
loss 13 comparativly rapid it would lead many persons to postulate
a nonwgenetie adaptation as functioning here. Although moat mutationse
are rather stable this does not mesan unstable ones are not known,

The task ahead is to resolve thease two points of view,



CHAFTER TITT
THE MECHANISM OF THE LOSS OF CRIORAMPHENICOL RESISTANCE

Az yet, there is no satisisctory direct means by which spon-
taneous matation to vhe chlorumphenicol-~ssnsitive state can be
proved. For that reason the evidense to be offered wiil be of an
indirect nature. No single experiment in this dissextation proves
mutations however, all the evidense together searcely leaves an
altarnative explanation. There is one method, devised by Newsombe
(46}, for direotly proving spontaneous mutation to bacterial resis-
tance to viruses and drugs but this method ocannot be applied te
the loss of resistance, Ain indirect approach used by Demerec (7)
to prove spontaneocus bacterial mutation to penieillin resistance
also could not be applied to the problem presented here.

The data presented in table 3 are examples of the indirect
nature of the evidence which favors the mutation theery, These
data give & number of somparative plate counts in the presence of
1 and 2 mgs. chloramphenicol per ml. of brothe As the table il-
lustrates there is a statistically significant difference between
the colony count in antibiotic-free agar and agar containing cehloram-
phenicol which permits one to say that all resistant cultures are
made up of a variety of cells of different resistances.

In anticipation of some possible objections which might be
raised, a discussion is now presented on the rationale of plating
a culture grown in 1 mg. chloramphenicol per ml. of broth into 2
nge per ml, of agar and uwsing the result as evidence for any theory.
It might well be said that it would be natural, when going from ths



lower antibiotie concentration to the higher, for a lsrge propore
tion of the cells to be found sensitive to the higher concentra-
tion of drug. However, as tabkle 3 shows a large percentage of
the culturets cells are resistant to 2 mg, chloramphenicol per ml.
of agar. In addition, the sulture grown in 1 mg. antibiotis per
ml. of broth can bs streaked on an agar plate with 2 mg. chloras-
phenicel pey ml. and eonfluent growth will reault in 48 hours,

It can &lso be seen from table 3 that plate counts in 1 mg. per
ml, are signifisantly lower than counts in drug-free agar but the
heterogensous nature of the resistant population is still mors
obvious if 2 mg. per ml. are used in the agar.

The data in table 3 also indicate that there is a sensitive
matant or matants ooeurring in a resistant culture even befere the
antiblotis is removed, This last fact is absclutely required if
mutation and selection of these ssnsitive cells is ogourring, It
should be noted that the data in this table can alsc be used to
postulate the arising of more than one sensitive mutant type; how-
ever, this point will be covered in Chapter IV,

If the data in table 3 are taken alone there is more than cue
possible explanation of them, However, if the data In table 2 and
3 are viewed together only one explanation is likely, that of
spoentanecus matation teo the chloramphznicolesensitive state. Une,
of course, might say that the difference seen in the resistances
of variocus c¢ells by plating in the drug-free agar may be due to

the differences in ths ages of the cells, Ilowever, if one does
postulate this idea he must carry it {o its wliimaute end and alee
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TABIE 3

%
Comparative averace plate counts (48 hr.) of various resistant B. eoli euliures

grown for 18 to 24 hours in broth containing 1 mge chlorauphenicel per ml.

Y¥g, chioram-

Group phenicol per Resistant Cultwre Number
md,agar
1 2 3 4 5 6 7 8 9 10 1
A 0 23 184 184 89 150 76 189 187 168 155 158
B 2 146 139 128 40 11 54 86 64 8l - -
[+] 1 - - - - - - 162 m 1‘6 104 m
Yo. of plates
averaged 15 15 11 4 5 5 3 3 3 5 5

Statistical Analysis

"Student's®  P(,_p) <@.001 <0,00R <0.001 0,009 <P.001 <Q.001L <0.001 <0.001L 0,003 - -
t P(-B) - - - - - - 0,003 <0,001 0,03 - N
test ?( A'-C) - - - - - - 0,008 0005 Qe <0g001 @u%l

# The plate counts did not change even after 6 days incubation at 37°C,
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use 1t to explain table 2, As is seen in this table the resistant
cells disappear when the culture is grown a number of times in the
absence of the drug., If resistance l1s related to age then the
data in table 2 would indicate that cells of a specifie age are
disappearing. This explanation is unacceptable since all cultures
used were at least l8-hours old and all must have contained cells
of every age from O to 18 hours.

Another non-genetic explanation for the data in table 3 is
based on the fact that the reasistant culture reduces chloramphenicol
to the less toxiec aryl amine (23). This redustion would, of course,
lower the effective congentration of the antibiotic to such a peoint
that & non-genetic "deadaptation” could produce the sensitive cells
indicated by the results presented in table 3, But, if a non-
gonetic system were functioning then it would be expested that the
cells would lose their resistance even more rapidly when cultured
in media free of the antiblotiec, As table 2 shows, this is not
the casej resistant cells are present in trace amounts even after
many transfers in drug-Iree medis.

Another explanation of the senaitive cells geen in table 3
is that the drug itself is inducing the return to sensitivity.
This, of course, does not fit the theory (30) since lose of resis-
tanse is postulated to ooccur in the absence of thes inducing druge.
The data, however, show that it ocours in the preszence of chlorame
phenicol,

These theoretical diffieculties are not met if the mutation
and selection theory is applied to the evidence so far presented.
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18 hour culture grown in
1 mg. chloramphenicol psyr
ml. of broth

1 loop

5 ml.broth with 1 =g 5 ml.broth with 1 mge
chlorampheniceol per ml. ehloramphenicol per ml,

5 hrs. at 37°C
2000
29 hrs.at 37°C 2400 U.penicillin added per ml.
2000 \
¥ '
Dilute and plate Pilute and plate
1 ’.

i
i

i
I

———— 48 hrs.at 37°C ,
|

Y 'f

Pick and inoculate colonies into 5 ml. of broth with 1 mg.

chloramphenicol per ml.

_Mzi hrs.at 3703

L ‘
Growth Ne growth

F ¢ 2. lodel of a representative experiment used to separate
chlor; enicol~sensitive cells firom the more resistant cells
using beoth chloramphenicol and penicillin,

choramphenicol were bactericidal. The second mechanism is based
on that properity of penieillin which permites it to kiil dividing
cells alone, lesving resting sells intact (5, 14, 17 and 18).

In the lizht of the above mechanisms when a zensitive mutant
arises in a chloremphenicol-containing medium it fails to divide
but is still alive. When penieillin 1s initroduced it kills the
dividing or chloramphenicel~-resistant cells leaving a residue of
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cells unable to divide, that is, cells sensitive to the consentra-
tion of ohloramphenicol being used, To show this result a resistant
culture was grown in 1 mg. chloramphenicol per ml. of broth and per-
mitted to grow to a point of most aotive multiplication (5 hours).
At this point penicillin was introdused (either 2000, 2400, or #000 U.
per nl.) because penisillin is most efficient in killing sctively
dividing cells. These extremely high concentrations of penicillin
ars left in contact with the cells for 24 hours at 37°C to be sure
any cells which are able to divide will be killed, After 24 hours
the eulture was diluted to a point where the coneentration of both
antibiotics was lowered to en insignificant level. This dilution
was plated in drug~free agar and the resulting colonies counted,
Table 4 shows that & rather large number of cells suxvive this
vigorous treatment.
TABIE &

Viable cells recovered from a resistant culture growing in 1 mge.
chloramphenicol per ml. of broth and treated with penicillin far

24 hrs. at_37°C.

Units per ml. Total viable cells Total viable cells
of penieillin before penieillin after penieillin
800 647 x 107 per ml. 4013 x 10° per ml.
1600 6.7 x 107 4407 x 10°
2400 6.7 x 107 2,56 x 10°
2400 8.5 x 107 1.5 x 10°
975 x 107 9.9 x 10%
8000 6.7 x 107 1.03 x 10°

Note: these are 2-plate averages the significance of which far
exceeds what is required of such data (p 0,001).



The fact that cells survive the combined penicillin-chloram-
phenicol treatment indicates they are sensitive. A further step
was taken to show conglusively that these were actually sensitive
mutants. To obtain the data shown in table 4 the oells surviving
the combined antibiotic treatment were plated in drug-free agar.
The colonies that resulted, each being the progeny of & particular
eall, would have inherited the chloramphenicol resistance of that
single cell. When these offspring were tested as to their resis-
tance to chloramphenicol it was found they wore sensitive since
they no longer produced visible growth in broth containing 1 mge.
chlioramphenicol per ml. However, when the colonies from cells un-
treated by peniocillin were tested they could grew in 1 mg. chloram-
phenicol per ml, of broth. Table 5 summariszes a number of experiments
utilising the combined antibictic techmnigue and the results show that
penioillin can separate sensitive mutants from a resistant culture,

It must be emphasized that the colonies tested were grown in
agar fres of both antibiotics which meansz the characters they show
eould not have been induced by either antibiotie. Thus, the eolonies
genseyally show the resistanse that they inherited frrom the mether
cell, The mother cell, therefare, must have been sensitive due to a
genetis difference between it and the resistant cells., This resson~
ing also accounta for the resistance of the colonies that resulted
from cells not treated by penicillin. It must be repeated that
these sensitive mutants are detected in the very presence of chloram-
phenicol which argues against the industion of resistance or sen-
sitivity by the drug.



- TABLE 5

Ability of colonies graémed qasm treated and untreated with

penicillin to muitiply when transferred to broth contaiming 1 mg.
?hla ) ieol r ml,.

No. of eolonies that
nits of penicillin Humber of colonies grew in 24~hrs. in

per ml. used picked 1 mg. chloramphenisol
per ml,
o a5 23
o » 37
2000 25 i
2400 25 1l
2400 25 2
2400 20 7
8000 40 is
8000 40 9
Summary .
Humber growing in Nwsber not growing o
chlioramphenicol in chloramphenicol T
i
Untreated cells 60 4 &4
Treated colls 33 140 175
Total 95 144

Statistical Analysis of Summary
Chi~square (one degrea of fre6dom)...ccvessrerecacesasl06.4
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There are a number of pointg regarding the teehnigue of the
penicillin experiment which require a fuller exposition. In the
firat place one might gquestion the efficieney of the colony-picking
techmigue. It was found,in this regard, that when the colonies
were transferred to broth with no antibiotie all produced growth
irrespeotive of the souroe of the celony. This means that the
colony picking technique was efficient and also that all colonies
were viable,

Another significant guestion is whether the penicillin experi-
ment selects peniecillin reaistant cells which just happen to be
chloramphenicol sensitive. This is not the case here since frem
the very begimning very large doses of penieillin (up to 8000 U,
per ml.) were used to prevent selsetion of penicillineresistant
oells, If this E. eoll strain oould mutate in one step to a re-
sistanse to 8000 U, penioillin per ml. it would be the first
ccourrence of sush & phenomenon. It was found in addition, that
the cells either before or after the penicillin treatment were
unable to grow in as little as 800 U.per ml. with or without added
chlorampheniool. These cells could produce a little growth after
three or four days in 400 U. penicillin per ml. which is rather
comuon for E. ¢oli strains. 1In the light of the above facts it
appears that from 3 to 10 times the inhibitory dose of penicillin
for this strain was used in the experimsnt ocutlined in fizure 2,
The most cenvincing evidenge which argues against selection of
penicillin-resistant cells is the fact that the penioillin steriliszes
a sulture if no echloramphenicol is present. This means that the



cells sslected are determined by the resistance to chloramphenicol
and not to penicilline

I looking again at the data in tablie 5 it iz possidble to
explain the growth irom penicillinetreasted cells which resulted
in 8 few cases in broth with 1 ng. chlsramphénisel per ml. These
few posilive cultures where negative culbures should have ocewrrsd
gimply showed that mutation is & twoeway street, What scems %o
have ooowrred ig ithat sensitive cclonies produce s few resistant
mutants. The produetion of resistant cells from sensitive gells
would, of comrse, have 4o be true for otherwise how could the
original resistant strain have been produced? The faect that there
are a faw poaitives gives greater suppert to the mutation theoury
than 1f no positives had occurred st &ll.

Then the control experiments in table 5 are examined it is
found that & few coleonies failed to produce growth in 1 mge. chlorame
phenicol per ml. of broth when all should have grown, This can be
explained on the basis that any resistant eulture contains a few
gensitive sutants. The few negatives which ars secn in the control
cultures further conflirm the presence of sensitive mutants in a
resigtant culture which contains chleramphenicol,

So far the evidence indlcates that sensitive mulants arise in
& resistant Z. coli culture. In order that such sensitive mutanis
rencer the eulture sensitive they must overgrow the resistant cells
in media free of chloramphenicel. The evidence presented in table 2
certainly supports this idea, In addition tha growbh curves pre-~

sented in figure 2 show that the more sensitlve culiure can grow



TURBIDITY

better than the wmorae resistant cultures., These growth-curves are
typical representatives of many growth-curves which were plotted

at various times in the past two vears.

" 90 — P
TRANSFERS  RESISTANCE
e o} 520 MG PERML. ,/
80 1 o—o 3 250 e
o-—-o 4 120
| a—a 7 5
70 T ..o PARENT otz /
SENSITIVE 3
60 — \
50 —
40 —
30 —
20 —
10 —
o T
!
HOURS OF INCUBATION
Figure 3. The average turbidity of three tubes was used for each
gm on these curves. Transfers refers to the number of times

the oculture had been transferred in the absence of the antibiotic,

The resistance was determined by the 50% growth inhibition test.
In summary it ean be said that the evidence showed sensitive

cells to be cecurring in a chloramphenicol-resigtant culture in

the very presensce of chlorampheniecol, PFurther, it was also shown
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that as the resistant strain is transferred in the absence of
chloramphenicol the number of gensitive cells increase while the
reaistent cells decrease. Thess sensitlve mutants were separated
from the resistant cells and shown to pras on the sensitiviiy to
their offspring. In &ll bioclogy there is only ons wmechenism for
paasing a character fyom the parent te the progeny and this involves
& genetie transfer. Therefore, the only cenclusion that can be
drevn is thut the character of sensitivily is genetically determined
and results from mutation. The sensitive mutants appasrently arise
in a rendom fashion end overgrow the resistant cells when ehlorame
phenicol iz removed from the medium.



CHAPTER IV
THE MUTANTS I®VOLVAD IN THE LOGS OF CHLOHAMPHENICOL RuSISTANCE

Although the matation-selectien theory fits all the cbservaw-
tions made in the study of the lose of echloramphenicol resistanse
there must be further experimentation to explain fully all the
data. In the first place chloramphenicol resistance ocours by a
stepwise processj this is strong evidence for the ides that a
nusber of mutations wers involved in the ascguisition of high levels
of resistance, The work of Cavalli and ifaccacarc (2) is also exXe
osllent evidence for the multiloeci-nature of mutations te chloram-
phenicol resistance in E., coli. Sinoe a number of gens loci seem
o be involved in resistance then it should come as no surprise
that a numsber or mutants exist in the same resistant culture and
that these mutants differ from each other in their degree of re-
sistanoe. This chapter will present evidense for the possibllity
of a variety of sensitive mutants osourring in a resistant E. goli
culture,

The first point which requires clarifying is whether the parent
sensitive strain plays 2 role in the loss of shloramphenicol resis-
tance. The parent sensitive E. coli gave rise to the resistant
strain and it would seem natural that the reverse might also be
true in going from resistance to sensitivity. The evidence, how=
ever, shows the parent sensitive strain never appeared in all the
numerous transfers that were made of the resistant strain in chloram=-
phenicol-free broth. On re-examining fizure 1 it can be seen that
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resistant culture, The data here tabulated indicate three types
of cells: those able tc produce colonies in 2 mg. ¢hloramphenicol
per ml, of magar, thease abls %o grow in 1 mg. per aml. but not 2,
and those unable to grow in either 1 or 2 mg. per ml, but to pre-
duce colonies on drug~iree agar. Since only two concentrations

of the antibiotic were used to obtain the data in table 3 it be-
came apparent that many more types might have been observed if more
concentrations had been used. One method of testing the above
possibility involved the use onece more of the penicillin experiment
with appropriate alterationa,

Using the same rationale and techniques as previously deseribed
for the penicillin experiment it is assumed that when 1 mg, chloram-
phenicol per ml. of breoth was ussd those cells resistant to this
concentration will be killed by the penicillin, The cells whioh
live through the combined treatment are therefore sensitive to
1 mg. per ml. Now if 0.8 mg. or 0.6 mg. chloramphenicol per ml.
is used with penicillin then mutants sensitive to these concentra-
tions should be obtained providing such mutants exist, A3 the data
in table & show there is a strong possibility that such varieties
of matants deo exist. It will be noted that for every level of
chloramphenicel used there was a significant drop in the mumber
of cells recovered. In other words as the level of chloramphenicol
is lowered a greatsr number of more resistant mtants can now grow
and be killed by the penicillin.

Further attempts were made to show the true nature of the
matants present in a resistant culture and in drug~free cultures



TABLE 6

Visble cells recovered after & 24~hour treatmont with 85000 U

penicillin per ml, and various concentrations of chloramphenisol

¥g. chloramphanicol

por 1wl of broth imperiment I axperigent IX

1 4e66 % 10° per mul. 3.65 x 10° per mle
Oe8 2,49 x 10° 908 x 10%
0.6 4035 x 10% 2.36 x 104
05 - 1e57 x 104
Ok 3.35 x 10° 4ot % 103
0.3 - 3,58 x 10°
0 - 0

Population before 3.9 x 107 3.85 x 107

penicillin

derived from a resistant culture. One approach inveolved expanding
ths experiment presented in table 3 to include not only a wider
range of anbtibiotic concentrations but also “bagk™ transfers of the
resistant eulture, Table 7 presents data from such an approash.

To obtain the data for table 7 the varicus culiures were
diluted and then plated in agar with various concentrations of
chloramphenicol and in agar without any druges 7The drug-free plates
are the controls whlch show the total visble cells per ml, in
the culture being analysed., The plates with the drug were compared

with ths drug-fres plates and it was sesn that at ocertain drug-levele



TABLE 7

Representative experiments illustrating the possible separation of resistant groups found in a resistant

gulture or cultures derived from a resistant culture, using apgars with a variety of chloramphenicol con~-

gentrations, (In per cent of total population s comparsd to antibiotic-free plate aoumts),

40

Subcultures in Mg. chleramphenicol per ml. of agar
Expe antibiotic-free 2 (1.8 3e7 [1e6  led 143 L2 1 0s8 0,7 06 044 |02 | O
broth

1 0 37%| 51% 67%

2 4 3 |5 | 55

5 3 8.3 45%

5 4 8.9 46

6 3 0

2 4 59 55 9% 895

2 7 0 0 5 Beb |

4 0 56 E 72 76 J f

5 1 68 68 1 | |

5 3 45 71 | |

5 4 46 65 g |

5 6 0 G & 1

1 0 68 7”0 90% 8% 93%  98% |

2 7 5 8 13 10 13 20 | |

3 6 0 0 307 37 4s9  2eb |

4 0 T 76 87 95% 103

5 3 71 S4

5 4 65 77

5 6 , 9 28

6 2 L_ 32 . 79

£ 3 1 47 ; 84

: L |

2 7 | | 13 10 13 20 | 97

5 6 | j 28 41

6 2 ; 79 90

6 3 1 . 84 101

3 6 L 28 100%

5 6 41 |100

6 6 ; | 7 100

é 8 1 1 643 | 100
r ;

TYPE 1 iI g 111 | v v VI

1 |
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these data are somewhat diffisult to present there is still reason
to believe g« a number of mutants ocour in & resistant culture.
As the tabls shows some of theses mutanis csn only be seen ty this
method after they npad overgrown most of the ¢ells of higher vesis~
tances They ars, therefors, most easily seen in the various "bagk"
transfers. In an sffort _3 make the evidemae presented in table 7
» little clearer it is presented in the form of & bar-zreph (figure 4).
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NUMBER OF SUBCULTURES IN THE ABSENCE OF CHLORAMPHENICOL

Figure 4. Representative experiments based on the data in table

a ?goﬂwag?g%wggégﬁg
when the isrssistant gulture is transferred in the
absence of the antibietis.
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figure 4 presents a number of representative experiments which
show the types of cells found in various drug-firee gubcultures of
the resistant E. goli. Those numerals which are followed by a
question mark indicate the possibility that these types are present
but cannct be deteoted by the plate count technique.

Both table 7 and figure 4 indicate that there may be as many
as 6 different types of oslls involved in the loss of chloramphenisol
resistance, Further, it can be seen that the least resistant type
of cell gradually replaces the more resistant types. Ons by one the
cell types of higher resistance are overgrown by a oell type of a
lower resistansce until the culture bescomes rather sensitive when
compared with its original resistance. This ability of the more
sensitive sell to overgrow the more resistant cell is confirmed
by the growth curves seen in figuvre 3.

The date presented in this chapter indicate that there may be
more than one type of semsitive mutant arising in a chloramphenisol-
resistant eulture. The same data alsc show the stepwise manner by
which the most sensitive mutant eventually replaces the more resis-—
tant cells. It is readily admitted that more experimentation is
gtill required to prove ihe nature and mubers of the various mutants
which appear to ocour in a resistant cunliure; however, it seems at
least jJustifiable to say that more than one type of sensitive mutant

is involved,



CHAPTER V
CONCLUSION

The evidence presented in this dissertation shows the loss of
ehloramphenicol resistanse in E. coli as resulting from a mutation
or mutations of the resistant to the sensitive cell. How and why
sueh a mutation cccurs is still wnknown; however, this chspter
will discuss a few possible explanations of how the mutation
might have occurred.

It is now lmown that a resistant culture of E. goli
mltiplies in the presence of 1 mg. chloramphenicol per =ml.
of broth and in the process produces sensitive mutants for
reasons still unknown. The sensitive mutant cells are favored
in broth or agar with no antibiotio and they overgrow the
resistant eells lowering the average resistance of the culture
to a rather low level., Evenr though these mutants appear in
large numbers in the eulture which contains chleoramphenicol the
resistant cells are still favored in such & medium and the high
resistance of the culture is maintained. Apparently more than
one mutant type is produced in the resistant culture whish resuits
in a very complex picture of mutation, a picture not easily
proved,

The largse number of mutant cells which cocur in the
presence of chloramphenicol is umisual in that mutants are
relatively rare. However, in a chloramphenicel system it is
known that reduction of the drug to the aryl amine produces a



medium in which the sensitive mutants can divide and thus in-
crease their numbers above what i3 normally seen in mutation,
The fact that the more resistant of the sensitive mutants ocours
first end in the largest numbers could well indicate that the
cther sSensitive mutants do not come directly fyom the fully
resistant cells but rather from the preceding sensitive mutant
type. in other words the muiation coccurs in & stepwise manner:

RESISTANT CELL-mwp UUTANT Imwmp [UTANT Ilw-=s etos

Another explanation fer the ocourrsnce of the various types
of sensitlve mutants is that the reslstant cell throws off all
or most of them in the following manner:

MUTANT I

RESISTANT CELLS mﬂmﬁ»ﬁ II

S\ MUTANT III, ete.

The faet that more mutants of the higher than of the lower re-
gistance ccour might be due te the difficulty of produeing those
eclls which require more than one genstic change. The sensiiive
mubants resvlting from only one genetic change would be the most
numerous and probably the most resistant, while the very sensitive
matant would require a number of simultaneous genetic changese
These would be more diffieult te preduce and hence result in these

cells being rarer.



It is believed by some that when a large variety of mutantis
eccur in great numbers that this is not a true nuslear mutation
but & mutation of Yeytoplasmic genes" (28). The eoytoplasmic gens
theory holds that &ll the genetic material is not in the nucleus
of the cell but some is scattered in the cytoplasm (9, 3R and 34).
This theory could easily explain the variety of mutants seen in a
ehloramphenigol-resistant E. goli oculture. If the loss of one
eytoplasnmic gene for each mutation im the reason for the occurrence
of five sensitive mutants seen in table 7 then there would be five
such genes responsible for complele resistance to the antibiotic.
When the cell divides then each of these genes also divides so
there are ten such genes just before the two dawghter cells
separate from each other. But what happens if these cytoplasmic
genes are not equally distributed to the two daughter cells? The
most likely answer would be that the daughter cells would not be
of equal resistance., If the new daughter ¢ells received the full
complement of five genes then they would be fully resistant., Om
the other hand if one or more of the genes were not equally dis-
tributed 4o each of the daughter eells than the cell with less than
five genes would be more sensitive. The accident of division which
would result in the loss of two genes would seem rarer than that
which caused the loss of one gene. For the aceident to result in
the loas of all five genes would seem to be extremely rare. The
fact that the most sensitive mutant occurs in the fewest numbers
in a resistant population might be thus explained, Of course, if
one daughter gell loses a gene than the other daughter cell would
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resistant strain cocurred then perhaps a diseontinuation of the
chloramphenicol therepy would result in the recurrence of a sensl~
tive strain. 1f this be 30 then a retwrn again to the chlorsme
phenleol therapy might well find the onee resistant bacterium
sensitive,

From the work presentsd here and elsewhere (22, 23) there
seexs to be little to fear f{rom chlorazphenicel~resistant bacteria
sincs they are produced with diffieulty. Inaddition, when baoteria
do begone resistant they seem to Lo less metabelieally efficient.
This would materially aid the bedy in overcoming the lnfection.

By far the greatest single practical contribution thie work
might make is to help solve the problem of the prevention of drug
resistance in zome inféotive organisms. Although there is ne
evidence in this dissersation which would indicate the aschanism
by which drugeresistant mutanis arise, it is the author's hope
that perhaps the dats presented may lead some othsr workex to the
final solution,
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