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When Proteus mirabilis harboring the R factor NRI is cultured in Penassay
broth containing 100 ug of chloramphenicol (CM) per ml, there is an amplifica-
tion in the number of copies of the r-determinants per cell. Under these
conditions, R factors harboring multiple tandem sequences of r-determinants are
formed. Autonomous poly-r-determinants consisting of multiple copies of r-
determinants are also formed. This phenomenon has been referred to as the
“transition.” Transitioned cells have considerably higher levels of resistance to
CM and streptomycin (SM), but not to tetracycline (TC), than do nontransi-
tioned cells and grow more rapidly in medium containing either CM or SM.
There is essentially no difference in growth rates between transitioned and
nontransitioned cells in drug-free medium. The higher level of resistance of
transitioned cells to SM has made it possible to investigate the mechanism of the
transition. Using replica plating, it has been possible to isolate spontaneously
occurring transitioned cells from a nontransitioned population which appear to
outgrow the nontransitioned cells during growth in medium containing 100 ug of
CM per ml. If transitioned cells are subsequently cultured in drug-free medium,
the cells return gradually to the nontransitioned state, which has been referred to
as the “back-transition.” The rate of appearance and disappearance of transi-
tioned cells during the transition and back-transition was monitored by exam-
ining the level of resistance of the cells to SM. In both situations the cell popula-
tions were found to be heterogeneous, consisting of a mixture of nontransitioned
and transitioned cells. Under the conditions of our experiments, the transition
appeared to be due to the more rapid growth of a minor fraction of spontaneously
occurring transitioned cells which outgrew the remainder of cells in the
population. To obtain the transition, the drug resistance gene must reside on the
r-determinants component of the R factor. The transition did not take place
when the cells were cultured in medium containing high concentrations of TC.
This indicates that the TC resistance genes reside on the resistance transfer
factor component of the R factor, which is in agreement with physical studies on
R factor deoxyribonucleic acid.

Genetic (3, 21, 22) and physical (4, 5, 14, 15,
17, 18) studies have shown that R factors are
composed of two distinguishable units: a resist-
ance transfer factor (RTF) and a unit that
carries drug resistance genes (r-determinants).
In Escherichia coli and Serratia marcescens,
RTF and r-determinants appear to be stably
associated to form a composite structure (an R
factor) (4, 9, 14, 17). In Proteus mirabilis, there
is now evidence that several different R factors
can dissociate to varying degrees into RTF and
r-determinants (4, 5, 14, 17, 18). In the case of
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the R factor NR1, we have presented evidence
that the number of copies of r-determinants per
cell can be amplified during growth in medium
containing drugs to which r-determinants con-
fer resistance (14, 15, 17, 18; D. Perlman and R.
Rownd, submitted for publication). Under these
conditions, R factors harboring multiple tan-
dem sequences of r-determinants (poly-r-de-
terminant R factors) are formed. Autonomous
poly-r-determinants consisting of multiple
copies of r-determinants may also be formed
(Perlman and Rownd, submitted for publica-
tion). This mechanism of gene amplification,
which has been referred to as the “transition,”
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can be monitored in a CsCl density gradient.
The addition of multiple copies of r-determi-
nants (1.718 g/ml) to an RTF (1.710 g/ml)
results in an increase in the density and the
relative amount of the R factor deoxyribonu-
cleic acid (DNA). This process can be reversed
if transitioned cells are subsequently cultured in
drug-free medium; r-determinants are diluted
from the cell population, presumably due to a
decrease in their rate of replication when in the
autonomous state (referred to as the ‘“back-
transition”).

In this communication we describe a number
of interrelated experiments on the level of drug
resistance and the growth rates of nontransi-
tioned and transitioned P. mirabilis cells and on
the mechanism of the transition and the back-
transition. A preliminary account of this work
has been presented elsewhere (17).

MATERIALS AND METHODS

Bacterial strains. ¢S-3 is a tetracycline (T'C)-sen-
sitive mutant of the P. mirabilis strain used in this
laboratory whose origin has been described previously
(11). ¢S-31 is a gal~ mutant of ¢S-3 and was isolated
after mutagenesis with N-methyl-N'-nitro-N-nitroso-
guanidine by the method of Adelberg et al. (2).
#S-38 in a thymine-requiring mutant of ¢S-31 which
was isolated by D. Taylor in this laboratory. In a few
experiments strain Pm17 (8) was used. E. coli K-12
W677 has been described previously (11, 16).

R factors. The R factor NR1 confers resistance to
chloramphenicol (CM), streptomycin/spectinomycin,
sulfonamide, and TC and has been described previ-
ously (11, 16). R100-99 is a derivative of NRI (7) and
has point mutations in the CM and TC resistance
genes.

Media. Bacterial cells were cultured in Penassay
broth (Difco) supplemented with drugs as described
in the text. Penassay agar was used for the assay of
the level of drug resistance on plates. To prevent
swarming of P. mirabilis, 0.15% bile salts (Difco) was
added to the plates. MacConkey agar base (Difco)
containing 1% galactose was used in indicator plates
to distinguish gal* and gal- strains. Appropriately
supplemented M9 (1) agar plates were used to select
for R+ recipient strains in mating experiments be-
tween E. coli and P. mirabilis.

Drugs. CM and streptomycin sulfate (SM) were
purchased from Parke, Davis & Co., Detroit, Mich.
and Merck & Co., Inc., Rahway, N. J., respectively.
Tetracycline hydrochloride, sulfadiazine, and sulfa-
thiazole were generously provided by American Cya-
namide Co., Pearl River, N. Y.

R factor transfer. E. coli K-12 W677/NRI was
used as the donor of the R factor NRI to the P.
mirabilis strains. Overnight cultures of the donor and
recipient strains were diluted 10-fold into fresh Pen-
assay broth and incubated at 37 C with gentle shaking
for 3 h. Equal volumes (1 ml) of the donor and
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recipient strains were then mixed, and the mixture
was incubated for an additional 2 h with gentle
shaking. Samples of the mating mixture were spread
on selective plates consisting of M9 agar supple-
mented with 25 ug of TC per ml, 20 ug of nicotinic
acid per ml, and 0.2% glucose.

Isolation of DNA and density gradient centrifu-
gation. DNA was prepared from 3 ml of stationary-
phase cultures and was examined in a CsCl density
gradient as described previously (8, 13). The molecu-
lar weight of bacterial DNA prepared by this proce-
dure is in the range 100 x 10° to 150 x 10° (10;
Perlman and Rownd, submitted for publication).

RESULTS

Comparison of the level of drug resistance
of nontransitioned and transitioned P. mira-
bilis harboring NR1. The R factor NRI was
transferred by bacterial mating to P. mirabilis
strains ¢S-3 (gal*) and ¢S-31 (gal-), using TC
as the drug in the selective plates. When these
R+ strains were cultured in drug-free Penassay
broth, NR1 DNA appeared as a satellite band of
density 1.712 g/ml to the P. mirabilis chromoso-
mal DNA (1.700 g/ml) (Fig. 1A). The percent-

ABSORBANCE
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Fic. 1. Density profiles of R factor NRI1 DNA in
nontransitioned and transitioned P. mirabilis. (A)
Density profile of DNA isolated from nontransitioned
¢S-3/NR1 cells that had been cultured in drug-free
Penassay broth. (B) Density profile of DNA isolated
from transitioned $S-3/NR1 cells that had been
cultured in Penassay broth containing 50 ug of SM per
ml. The 1.719-g/ml NR1 DNA represents 37% of the
chromosomal DNA (1.700 g/ml). A similar NR1 DNA
density profile was observed when the cells were
cultured in Penassay broth containing 100 ug of CM
per ml; in this case the 1.719-g/ml NR1 DNA repre-
sented 21% of the chromosomal DNA (1.700 g/ml).
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age of the NR1 DNA relative to the host
chromosomal DNA in stationary-phase cultures
was about 7% for ¢S-3/NR1 and about 5% for
¢S-31/NR1. ¢S-3/NR1 was cultured in Pen-
assay broth containing either 50 ug of SM or 100
ug of CM per ml. The NRI DNA from these
cultures had a density of 1.718 to 1.719 g/ml
(Fig. 1B); the 1.712-g/ml NRI DNA band was
no longer observed in the R factor DNA density
profile. The amount of the NRI DNA also
increased to 37% (SM culture) and 21% (CM
culture) of the host DNA (1.700 g/ml), respec-
tively. In similar experiments using Penassay
broth containing various concentrations of TC,
the density of NR1 DNA in P. mirabilis did not
increase even after prolonged growth in medium
containing up to 200 ug of TC per ml.

As described previously, the increase in the
density of NRI DNA as a result of growth in
medium containing appropriate concentrations
of CM and SM is due to the incorporation of
multiple copies of r-determinants (1.718 g/ml)
into individual R factors to form R factors with
repeated sequences of r-determinants (poly-r-
determinant R factors) (14, 15, 17, 18; Perlman
and Rownd, submitted for publication). Auton-
omous poly-r-determinants consisting of multi-
ple copies of r-determinants themselves may
also be formed. This results in a large amplifica-
tion in the number of copies of the drug resist-
ance genes that reside on r-determinants in the
cells.

To compare the level of drug resistance of
nontransitioned and transitioned R* P. mirabi-
lis, a nontransitioned culture and cultures of
¢S-3/NR1 that had been transitioned by using
either CM or SM were each diluted 102, 104-,
and 10%fold. A 0.02-ml amount of each of the
original cultures and their respective dilutions
were spotted on plates containing either no
drugs or various concentrations of CM, SM, or
TC. After 20 h of incubation, the growth of each
of the dilutions on the different types of plates
was recorded. Transitioned cells had a much
higher level of resistance to CM and SM than
did nontransitioned cells (Table 1). This differ-
ence was apparent even for dilutions producing
confluent growth on drug-free plates because of
the large number of cells inoculated. However,
the difference was most evident when higher
dilutions of the cells were inoculated so that
individual clones could be counted. The num-
bers recorded in Table 1 refer to cases in which
the number of clones appearing on the plates
could be counted. Individual nontransitioned
cells can only form colonies on plates containing
a maximum of 100 ug of CM or 12.5 ug of SM
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per ml. However, individual transitioned cells
can form colonies on plates containing up to 400
ug of CM or up to 200 ug of SM per ml. The
increased level of resistance to both CM and
SM was observed for transitioned cells pro-
duced by growth in either of the drugs. Thus
plates containing 200 to 400 ug of CM or 25 to 50
ug of SM per ml can be used to distinguish
between nontransitioned and transitioned cells
when only about 100 cells are inoculated onto
plates. There was no reproducible difference
observed in the growth of nontransitioned and
transitioned cells on plates containing various
concentrations of TC.

The minimal inhibitory concentrations of
CM, SM, and TC for the formation of single
colonies by cells of R~ ¢S-3 are less than 5, 5,
and 1 ug/ml, respectively. Since the same
number of colonies of nontransitioned cells are
formed on plates containing 100 ug of CM or
12.5 ug of SM per ml as on drug-free plates, all
of the cells in the nontransitioned cultures must
be R+. NRI is very stable in the strain of P.
mirabilis used in our experiments, and R-
segregants of nontransitioned cells are rarely
observed (segregation frequency of less than
10-4).

Relative growth rates of nontransitioned
and transitioned cells. The previous results
suggested that transitioned cells would grow
more rapidly than nontransitioned cells in me-
dium containing either CM or SM due to their
higher level of drug resistance. To examine this
point further, transitioned cells of ¢S-3/NRI
(gal*) and ¢S-31/NR1 (gal~) were prepared by
growth in Penassay broth containing 100 ug of
CM per ml. Transitioned stationary-phase
¢S-3/NR1 (gal*) cells were mixed with non-
transitioned stationary-phase ¢S-31/NR1 (gal-)
cells, and the cell mixture was diluted 10%,
10*, 10°%, and 10°fold into either drug-free
Penassay broth or Penassay broth containing
100 ug of CM or 50 ug of SM per ml. After
growth of these cultures into stationary phase,
appropriate dilutions of the cells were plated on
galactose indicator plates. The transitioned
cells rapidly outgrew the nontransitioned cells
in medium containing CM or SM (Table 2). In
Table 3 is shown the effect of CM or SM
concentration in the growth medium on the
proportion of transitioned cells in a mixing
experiment similar to the one just described.
(The proportion of transitioned to nontransi-
tioned cells differed in the original mixture of
cells in these two experiments.) To exclude the
possibility that the ability of the cells to fer-
ment galactose affected the growth rates of the
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TaBLE 2. Relative growth rates of nontransitioned
and transitioned cells in medium containing
CM or SM®

Percent transitioned cells after
Increase in no. growth in medium containing:
of cells
CM (100 ug/ml) | SM (50 ug/ml)
102 73 94
104 99 100
10¢ 100 100
108 100 100

¢ ¢S-31/NR1 (gal-) nontransitioned cells and ¢S-3/
NRI1 (gal*) transitioned cells were mixed and the
cultures were given hundred-fold serial dilutions into
Penassay broth containing 100 ug of CM or 50 ug of
SM per ml. After growth into stationary phase, the
cultures were plated onto MacConkey indicator plates
containing 1% galactose. After overnight incubation,
the percentage of the cells that were gal* (transitioned
cells) was determined. More than 600 colonies were
scored in the determination of the percentages listed.
The initial mixture of cells contained approximately
10% transitioned cells.

cells in medium containing CM or SM, similar
experiments were carried out in which gal-
transitioned cells were mixed with gal* non-
transitioned cells and 100-fold serial dilutions of
the mixture of cells were cultured in either
drug-free medium or medium containing either
CM or SM. In agreement with the previous
experiments, the transitioned cells grew more
rapidly in medium containing either CM or SM
(data not shown).

When mixtures of transitioned ¢S-3/NRI
(gal*) and nontransitioned ¢S-31/NRI (gal-)
cells were cultured in drug-free Penassay broth,
there was only a slight increase in the percent-
age of gal* cells even after a 10%-fold increase in
the total number of cells (Table 4). A compara-
ble increase in the percentage of gal* cells was
also observed in similar mixing experiments
with R~ ¢S-3 (gal*) and R~ ¢S-31 (gal~) cells
(Table 4). Thus, ¢S-3 (gal*) has a slightly
faster growth rate than ¢S-31 (gal-), which
was derived from it. These experiments suggest
that there is essentially no difference in growth
rate between nontransitioned and transitioned
cells in drug-free medium.

These findings were confirmed in experi-
ments in which the growth rates of transitioned
and nontransitioned P. mirabilis cells were
determined by turbidity measurements at 650
nm. Both transitioned and nontransitioned cells
had a doubling time of 43 min in drug-free
medium. In medium containing 100 ug of CM
per ml the transitioned culture had a doubling
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time of 45 min, whereas the doubling time of the
nontransitioned culture was 126 min in this
medium. The growth rate of nontransitioned
cells (and probably of transitioned cells) would,
of course, be expected to depend on the drug
concentration in the medium as well as the
extent of inactivation of the drug by the cells.

TasLE 3. Effect of concentration of CM or SM on
growth of transitioned cells®

Percent transitioned cells after the
indicated increase in the number
Concn of drug in of cells
growth medium
(ug/ml) CM SM
102 10¢ 10? 10¢
0 17.7 21.5 9.5 10.5
6.25 17.0 15.2
12.5 31.4 82.3
25 50.5 100
50 86.3 61.2
100 47.2 98.6 99.1
200 80.6 100
600 98.0 100
800 No growth 100

o Mixtures of nontransitioned (gal-) and transi-
tioned (gal*) cells were diluted either 10? or 10* into
Penassay broth containing varying concentrations of
either CM or SM. After growth into stationary phase,
the percentage of transitioned cells was determined as
described in Table 2. The initial mixture of cells
contained a different ratio of nontransitioned and
transitioned cells in the two experiments.

TaBLE 4. Relative growth rates of nontransitioned
and transitioned cells in drug-free medium

Percent transitioned
3 " Percent R- ¢S-3
Increasein | #S-3/NRI (gal") (gal*) cells®
no. of cells
1¢ 2 3 1 2 3
102 182 | 139 | 7.1 [12.1 ] 13.2 | 155
104 155 [ 21.5 | 11.0 | 14.8 | 12.2 | 194
10¢ 11.8 [ 128 | 9.6 [13.2 | 16.5 | 14.2
10® 16.3 | 16.4 | 15.2 | 16.2 | 18.6 | 16.5

2 $S-31/NR1 (gal~) nontransitioned and ¢S-3/NRI
(gal*) transitioned cells were mixed, diluted, cul-
tured, and analyzed as described in Table 2. The
initial mixture of cells contained approximately 10%
transitioned cells in the three experiments.

*R- ¢S-31 (gal-) and R- ¢S-3 (gal*) cells were
mixed, diluted, cultured, and analyzed as described
in Table 2. The initial mixture of R~ cells contained
9.6, 12.0, and 14.6% ¢S-3 (gal*) cells, respectively, in
the three experiments.

¢ Experiment number.
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We have not examined these points in any
detail by using turbidity measurements.
Selective outgrowth of transitioned cells.
Since nontransitioned cells are unable to form
colonies on plates containing 25 or 50 ug of SM
per ml, it should be possible to monitor the
appearance of “transitioned” cells in a nontran-
sitioned population by plating the cells on
plates containing either 25 or 50 ug of SM per
ml. In the experiment shown in Fig. 2, nontran-
sitioned cells of ¢S-3/NR1 were diluted 10%-fold
into Penassay broth containing 100 ug of CM
per ml. After incubation at 37 C for various
periods, the cells were plated on either drug-free
plates or plates containing 25 or 50 ug of SM per
ml. There was no increase in the number of
viable cells for the first 4 h when monitored on
drug-free plates; the cells then began to divide
with a doubling time of approximately 55 min
(Fig. 2). After 4 to 6 h, a small fraction of the
cells could be detected that could form colonies
on plates containing 25 ug of SM per ml; a still
smaller fraction could form colonies on plates
containing 50 ug of SM per ml. The doubling
times of both of these more resistant cell sub-
populations was about 36 min. The proportion
of cells resistant to either 25 or 50 ug of SM per
ml increased with time, presumably as a result
of their faster growth rate in Penassay broth
containing 100 ug of CM per ml. When initially
detected 4 to 6 h after the dilution, these cells
represented approximately 1 and 0.1% of the
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Fi6. 2. Growth rates of nontransitioned and transi-
tioned cells in Penassay broth containing 100 pg of
CM per ml. An overnight culture of nontransitioned
¢S-3/NR1 cells was diluted 10°-fold into 10 ml of
Penassay broth containing 100 ug of CM per ml. The
culture was incubated at 37 C, and the number of
viable cells was monitored by plating on Penassay
agar plates containing either no drugs (@), 25 ug of
SM per ml (O), or 50 ug of SM per ml (B).
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cell population, respectively. After growth of
the culture into stationary phase, their propor-
tion had increased to 68 and 10%, respectively.

Comparison of the density profiles of NR1
DNA and the fraction of more resistant cells.
In these experiments a stationary-phase culture
of nontransitioned cells was given various dilu-
tions into Penassay broth containing 100 ug of
CM per ml. Each dilution was grown into
stationary phase and DNA was prepared from
samples of each culture. The percentage of the
cells that could form colonies on plates contain-
ing 25 ug of SM per ml (SM25-resistant cells)
was also determined in each culture. In the
nontransitioned culture used to begin this ex-
periment, NRI DNA appeared as a small satel-
lite band of density 1.712 g/ml. After a 10*-fold
dilution and subsequent growth into stationary
phase, there was no apparent change in the NRI
density profile (Fig. 3A) although the percent-
age of SM25-resistant cells had increased to 2%.
After growth into stationary phase after a 10°
dilution, a small band of density 1.718 g/ml was
observed in the NRI density profile (Fig. 3B)
and the amount of SM25-resistant cells had
increased to 13%. The culture that had been
diluted 10¢-fold and grown into stationary phase
was diluted 10*-fold and grown into stationary
phase. When the DNA prepared from this
culture was examined, a broad and diffuse band
of density intermediate between 1.712 and 1.718
g/ml was now present in addition to the
1.718-g/ml band. The 1.718-g/ml band had
increased in proportion so that it now repre-
sented about 15% of the chromosomal DNA
(Fig. 3C). A distinct 1.712-g/ml band was no
longer observed in the density profile of the NR1
DNA. The percentage of SM25-resistant cells
had increased to 57%. After continued dilution
and growth into stationary phase, the percent-
age of the intermediate density NRI DNA
decreased and eventually only appeared as a
skewing of the 1.718-g/ml band toward the less
dense side (Fig. 3D, E). By this time, 100% of
the cells could form colonies on plates contain-
ing 25 ug of SM per ml.

Decrease in the proportion of transitioned
cells during growth in drug-free medium. If
cells harboring NRI DNA in the 1.718-g/ml
form are cultured in drug-free medium, there is
a decrease in the percentage and the density of
the NR1 DNA (14, 17, 18). After several hun-
dred generations of growth, only the 1.712-g/ml
NRI1 DNA band appears in the NRI density
profile. This phenomenon has been referred to
as the “back-transition.” To examine the mech-
anism of the back-transition in further detail,
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Fic. 3. Comparison of the density profile of R
factor NR1 DNA and the fraction of more highly
resistant cells at various stages of the transition.
Nontransitioned cells of $S-38/NR1 were given vari-
ous dilutions into Penassay broth containing 100 ug of
CM per ml. DNA was prepared from samples of the
cells after growth into stationary phase. The numbers
following the letters which identify the various den-
sity profiles refer to the total increase in the number of
cells after the dilutions. In some cases, cells which had
been diluted and grown into stationary phase were
given further dilutions and regrown into stationary
phase. For example, in C, the cells were diluted
10°%-fold, grown into stationary phase, and then di-
luted 10*-fold and grown into stationary phase. The
fraction of cells in the population that were resistant
to 25 ug of SM per ml was determined as described in
the legend to Fig. 2.

we have analyzed the density profile of NRI
DNA and the percentage of cells resistant to 25
ug of SM per ml as a function of the number of
generations of growth of a previously transi-
tioned culture (Fig. 4A) in drug-free medium.
Initially 100% of the cells were resistant to 25 ug
of SM per ml. After a 108 dilution and subse-
quent growth into stationary phase, the per-
centage of the total NR1 DNA decreased to
about one-half of its initial value, and about
50% of the NRI DNA now had a density
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intermediate between 1.712 and 1.718 g/ml.
Seventy-one percent of the cells were resistant
to 25 ug of SM per ml (Fig. 4B). After a second
108 dilution, there was a further decrease in the
density of the NRI DNA and only 24% of the
cells were resistant to 25 ug of SM per ml (Fig.
4C). After a third 102 dilution, most of the NRI
DNA was present in the 1.712-g/ml form; only
17% of the cells were resistant to 25 ug of SM per
ml (Fig. 4D).

These experiments have shown that there is a
decrease in the percentage of cells resistant to
25 ug of SM per ml which accompanies the
decrease in the density of NRI DNA to the
nontransitioned value of 1.712 g/ml. Since NR1
density profiles consisting of 1.718- and 1.712-
g/ml DNA species (and also intermediate
density NRI DNA) were observed, it was of
interest to examine whether such profiles repre-

Percent
w
o SM 25
g A |0° Resistant Cells
g:a 100
3
m 8 71
| B:10
24
c: 10%x10°
D: 10® x108x10° i 7
1.700 |.7|é 1.718
~ DENSITY

Fic. 4. Comparison of the density profile of R
factor NR1 DNA and the fraction of more highly
resistant cells during the back-transition. A transi-
tioned culture of $S-38/NR1 (A) was given successive
10°%-fold dilutions into drug-free Penassay broth and
grown into stationary phase. At various stages of the
experiment DNA was prepared from samples of the
cells, and the fraction of the cells that were resistant
to 25 ug of SM per ml was determined as described in
the legend to Fig. 2. The numbers following the letters
which identify the various density profiles refer to the
total increase in the number of cells after the dilu-
tions.
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sented individual cells harboring both DNA
species or a heterogeneous mixture of cells har-
boring primarily one type of DNA species or the
other. To distinguish between these possibili-
ties, some of the single clones that grew on
drug-free plates inoculated from cultures in
various stages of the back-transition experiment
shown in Fig. 4 were examined for their level of
resistance to SM and their DNA was examined
in a CsCl gradient. Three different types of
clones could be distinguished (Table 5). Type A
clones grew well on plates containing 50 ug of
SM per ml. Analysis of the DNA prepared from
type A clones showed that most of the NRI
DNA had a density corresponding to the transi-
tioned state. Type B clones only formed a few
colonies on plates containing 25 ug of SM per ml
although they were resistant to 12.5 ug of SM
per ml. The density of NRI DNA in these clones
was 1.712 to 1.713 g/ml, corresponding to the
nontransitioned state. Type C clones, which
represented only a very small fraction of the
total, formed only a few colonies on plates
containing 12.5 ug of SM per ml. This indicated
that the majority of cells in type C clones were
R-. Consistent with this view, type C clones did
not show a detectable satellite band when their
DNA was examined in a CsCl gradient. How-
ever, when all of the cells of type C clones were
streaked onto plates containing 12.5 ug of SM
per ml, some of the cells were found to be drug
resistant. This indicates that type C clones
originated from R* cells that gave rise to R-
progeny during the early stages of colony forma-
tion.

To examine the rate of accumulation of these
three types of clones in the back-transition
experiment shown in Fig. 4, 10 of the clones
from samples of the cells that had been plated
on drug-free plates at various stages of the
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experiment were examined for their level of
resistance to SM. It appeared that some cells
returned almost completely to the nontransi-
tioned state (type B) during growth in drug-free
medium, whereas others remained in the transi-
tioned state (type A) (Table 6). Thus, NRI
density profiles such as those shown in Fig. 4B
and 4C would appear to reflect a heterogeneous
mixture of cells, some of which harbor
1.712-g/ml NR1 DNA whereas the others harbor
1.718-g/ml NR1 DNA. After prolonged growth
in drug-free medium, however, all of the NR1
DNA had a density of 1.712 g/ml, which is
characteristic of nontransitioned NRI DNA (14,
15).

Isolation of a minor fraction of partially
transitioned cells from a nontransitioned
population. The experiment shown in Fig. 2 is
consistent with the view that a minor fraction of
the cells in a nontransitioned population can
outgrow other cells during growth in medium
containing appropriate drugs. This fraction of
the cells could be regarded as spontaneously
transitioned cells in the nontransitioned popu-
lation. Alternatively, it could be imagined that
the presence of drug in the growth medium
somehow induces the conversion of nontransi-
tioned cells to transitioned cells, which there-
fore accumulate during growth in the presence
of drug. If the former explanation is correct, it
should be possible to isolate transitioned cells
from a nontransitioned population by using
replica plating. Nontransitioned cells were
plated onto drug-free plates and about 5,000
clones were examined by replica plating onto
plates containing 25 ug of SM per ml. Although
the majority of the replicated clones showed
only sparse growth on the SM25 plates, 32
clones showed extensive growth. A number of
these clones were picked from the drug-free

TaBLE 5. Types of cells observed during the back-transition®

Pattern of cell growth on plates
containing:
Type of clone Density pattern of NR1 DNA
No drugs SM SM SM (50
(12.5 ug/ml) | (25pug/ml) ug/ml)

A +4+4° +++ ++ ++ Two bands of density 1.715 and 1.718 g/ml
B +++ ++ ca. 20 — Single band of density 1.712 to 1.713 g/ml
C +++ ca. 10 — — No observable NR1 DNA bands

2 Single clones which resulted from the plating of the cells on drug-free plates during the back-transition
experiment shown in Fig. 3 were transferred into 0.2 ml of sterile buffer with a sterile toothpick and vortexed.
The suspension of cells was streaked onto Penassay agar plates containing either no drugs or various
concentrations of SM. After the plates were incubated at 37 C for 20 h, the pattern of cell growth was monitored.
DNA was prepared from the lawn of cells which grew on the drug-free plates after resuspending them in an

appropriate volume of buffer.

®The notation for the pattern of cell growth is as described in Table 1.
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TaBLE 6. Clonal analysis of change in level of
resistance of cells at various stages of the
back-transition®

Increase in no. of Resistance levels (types) of clones

cells during examined
growth in
drug-free medium A B C
— 9 1 0
10¢ 7 3 0
10® x 10® 6 3 1
10® x 10°® x 10® 3 6 1

aLevel of resistance of 10 clones which resulted
from the plating of the cells on drug-free plates during
various stages of the back-transition experiment
shown in Fig. 3 was determined as described in Table
5.

master plates and found to be resistant to at
least 25 ug of SM per ml. These clones were
generally unstable. If they were streaked onto
drug-free plates, both more highly SM-resistant
progeny clones and less resistant (nontransi-
tioned) progeny clones could be isolated. Occa-
sional R- progeny clones were also observed.
The level of SM resistance of these clones was
also reflected in the density profile of their
DNA. Whereas NR1 DNA in the original non-
transitioned population of cells had a density of
1.712 g/ml (Fig. 5A), the more highly SM-resist-
ant clones isolated by replica plating from the
nontrasitioned population also contained NR1
DNA of density 1.718 g/ml as well as intermedi-
ate density NR1 DNA (Fig. 5B, C). The density
of some of the DNA of these clones was thus
characteristic of the transitioned state. In gen-
eral, clones with higher levels of SM resistance
contained a larger amount of NRI DNA of
density greater than 1.712 g/ml. More highly
SM-resistant progeny clones derived from the
SM25-resistant clones formed on the original
drug-free master plates also had a larger
amount of more dense NRI DNA than the
original clones from which they were derived.
For example, the DNA density profile shown in
Fig. 5C corresponds to a more highly resistant
clone that was isolated from the SM25-resistant
culture whose DNA density profile is shown in
Fig. 5B. The occasional R~ progeny clones that
were observed did not have detectable satellite
DNA bands. It should be emphasized that all of
these experiments were carried out with drug-
free medium so that the changes in the level of
SM resistance and the NRI DNA density profile
were not caused by the presence of antibiotics.
In the experiments shown in Fig. 5, the
proportion of the NRI DNA species of density
greater than 1.712 g/ml was considerably
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smaller than that observed after prolonged
growth in medium containing appropriate drugs
(as in Fig. 3E). Thus, it seems that these more
highly resistant cells in a nontransitioned popu-
lation are most properly designated as “par-
tially transitioned.” The frequency of occur-
rence of such partially transitioned cells is
estimated to be about 1 in 10° cells, although
this figure must be regarded as only approxi-
mate. It is conceivable that less partially transi-
tioned cells might occur in higher proportion in
the cell population; if these cells had only
slightly higher levels of resistance than nontran-
sitioned cells, they may not have been detected
by the replica plating procedure.

To show conclusively that these spontane-
ously occurring “partially transitioned” cells
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Fic. 5. Density profiles of DNA prepared from
spontaneous partially transitioned cells. Spontane-
ously occurring clones of $S-38/NR1 having an in-
creased level of resistance to SM were isolated by
replica plating as described in the text. The cells were
cultured in drug-free Penassay broth. DNA was pre-
pared from stationary-phase cells and examined in a
CsCl density gradient. (A) Density profile of original
nontransitioned cell population; (B) density profile of
a culture prepared from a clone resistant to 25 ug of
SM per ml that was isolated from the original
nontransitioned population by replica plating; (C)
density profile of a culture prepared from a more
highly resistant progeny clone isolated from the cul-
ture whose DNA density profile is shown in B.
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can actually outgrow nontransitioned cells in a
cell population, a reconstruction experiment
was carried out. In several experiments, a mi-
nority of the ¢S-38 (gal~) spontaneously transi-
tioned cells described above were mixed with
¢S-3 (gal*) nontransitioned cells and the mix-
ture of cells was diluted to various extents into
medium containing 100 ug of CM per ml. The
spontaneously transitioned cells rapidly out-
grew the nontransitioned cells (Table 7). These
results clearly indicate that the minor fraction
of preexisting partially transitioned cells in the
cell population outgrow the nontransitioned
cells to cause the change in the NRI DNA
density profiles as well as the increase in the
fraction of more highly resistant cells under the
conditions of our experiments.

Drug resistance genes must reside on the R
factor in order to obtain the transition. Since
the transition of the R factor NR1 appears to be
due to the selective outgrowth of a minority of
partially transitioned cells under the conditions
of our experiments, it seemed likely that the
drug resistance genes must reside on the R
factor if the transition is to occur during growth
in medium containing appropriate drugs. To
examine this possibility, a mutant of ¢S-38 was
isolated that was CM resistant due to a chromo-
somal mutation. Chromosomal CM resistance
in P. mirabilis is due to the synthesis of a
chloramphenicol acetyltransferase that appears
to be quite closely related to the R factor
chloramphenicol acetyltransferase (20). A CM-
sensitive derivative of NR1 (R100-99) was trans-
ferred to ¢S-38 CMr. ¢S-38 CM*/R100-99 was

TABLE 7. More rapid growth of spontaneously
transitioned cells than nontransitioned cells in
Penassay broth containing 100 ug of CM per ml°

Percent spontaneously
transitioned (gal-) cells
Experiment | Increase in .
no. no. of cells Initial 3: ter grov{)th :;:
mixture nassay bro
of cells containing CM
(100 ug/ml)
1 10¢ 0.33 86
2 10¢ 0.33 100

2 A spontaneously transitioned clone of ¢S-38/NRI
(gal~) which had a higher level of resistance to SM
and which was isolated by replica plating as described
in the text was mixed with a nontransitioned popula-
tion of ¢S-3/NRI (gal*) and diluted into Penassay
broth containing 100 ug of CM per ml. After growth
into stationary phase, appropriate dilutions of the
mixture of cells were plated onto MacConkey plates
containing 1% galactose to determine the percentage
of gal* and gal- cells in the population.
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incubated for prolonged periods in Penassay
broth containing various concentrations of CM
(up to 800 ug/ml). Examination of the DNA
prepared from these different cultures showed
only a single R factor DNA band of density
1.712 g/ml. Thus the transition did not occur.
¢S-38 CM*/R100-99 was found to undergo the
transition after a 10® dilution and subsequent
growth into stationary phase in medium con-
taining 50 ug of SM per ml. In another experi-
ment, a CM-resistant revertant of R100-99 was
isolated in E. coli and transferred to ¢S-38
CM’. Analysis of the DNA prepared from this
R+ P. mirabilis strain after incubation in me-
dium containing appropriate concentrations of
CM showed that the R factor DNA was in the
transitioned state. These experiments clearly
show that a drug resistance gene must reside on
the R factor in order to obtain the transition
during growth in medium containing the drug in
question.

DISCUSSION

Our characterization of R factor NRI DNA
from nontransitioned and transitioned cultures
of P. mirabilis by sedimentation in sucrose
gradients and electron microscopy has verified a
number of aspects of the transition model (17;
Perlman and Rownd, submitted for publica-
tion). In the transitioned state the major frac-
tion of NRI DNA is linear in structure, hetero-
geneous in size, and of molecular weight similar
to P. mirabilis chromosomal DNA that has been
isolated under the same conditions (100 x 10¢to
150 x 10¢). Since the linear chromosomal DNA
most likely results from the fragmentation of
the bacterial chromosome during DNA isola-
tion, these findings suggest that the large, linear
1.718-g/ml NRI DNA molecules are probably
breakage products of larger circular R factor
molecules. The observed large size of 1.718-g/ml
NR1 DNA is not unexpected since the changes
in the density of NRI DNA during the transi-
tion indicate that 10 to 20 copies of r-determi-
nants may be incorporated into individual R
factors. The resulting poly-r-determinant R fac-
tors would have molecular weights in the range
200 to 400 million and would be subject to shear
breakage during isolation and handling, just as
is the P. mirabilis chromosomal DNA. The
intermediate-density NRI DNA from transi-
tioned cultures should be of lower molecular
weight since these molecules would contain
fewer copies of r-determinants. Using electron
microscopy, it has been possible to identify
large circular NRI DNA molecules (which
therefore cannot be breakage products) that fit
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the size distribution expected for molecules
consisting of an RTF-TC + n r-determinants,
where n is an integer having values as high as
six. Circular molecules consisting of an integral
number of copies of r-determinants have also
been observed in the 1.718-g/ml region of the
NRI1 density profile. One basic modification of
our original model is that NRI dissociation into
the RTF-TC and r-determinants in P-mirabilis
is very infrequent in the nontransitioned state.
Almost 100% of nontransitioned NRI DNA
exists as a composite structure of the RTF-TC
and r-determinants, just as in E. coli.

The results of this study have also verified a
number of predictions of the transition model.
In agreement with our previous findings that
transitioned cells have much higher specific
activities of chloramphenicol acetyltransferase
(14, 18), our present experiments have shown
that transitioned cells have much higher levels
of resistance to CM and SM than do nontransi-
tioned cells. As a result, transitioned cells grow
more rapidly in medium containing these drugs.
Since growth in medium containing either CM
or SM results in increased resistance to both
drugs, it would appear that both the CM and
SM drug resistance genes are simultaneously
amplified. This suggests that both the CM and
SM resistance genes reside on the same physical
structure, that is, on the same r-determinants.
In contrast, the level of resistance of transi-
tioned cells to TC is not increased. Growth
in medium containing TC also does not result
in an increase in the density of NRI DNA. Both
of these findings have led to the suggestion
that the T'C resistance genes reside on the RTF
component of NR1. According to our model,
none of the genes which reside on the RTF
component are amplified in the transitioned
state. Heteroduplex studies (19) and denatura-
tion mapping studies (manuscript in prepara-
tion) on TC deletion mutants of the R factor
NRI1 have unambiguously shown that the TC
resistance genes reside on the RTF component
of the R factor. Biochemical studies on the
level of TC resistance of transitioned cells have
also led to this conclusion (6).

Our observations that individual transitioned
cells can form clones on plates containing 25 ug
of SM per ml have made it possible to identify
and to isolate a minor fraction of more highly
resistant cells in a nontransitioned population.
The NR1 DNA of these cells is in a partially
transitioned state even during growth in drug-
free medium. These transitioned NRI DNA
species were not observed in our physical char-
acterization of nontransitioned NRI DNA,
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probably because these cells represent only a
very small fraction of the nontransitioned cell
population. As mentioned previously, essen-
tially all of the NR1 DNA from nontrapsitioned
cells is in the form of the composite structure of
the RTF-TC and r-determinants. A systematic
analysis of the fraction of these more highly
resistant cells and the density profile of NR1
DNA suggests that these cells outgrow the
nontransitioned cells in the population during
growth in medium containing 100 ug of CM per
ml. This results in the observed changes in the
NRI1 DNA density profile. This interpretation is
also clearly supported by the reconstruction
experiment in which these partially transi-
tioned cells were mixed with nontransitioned
cells and the proportion of each cell type was
monitored during growth in medium containing
appropriate drugs. Thus, under the conditions
of our experiments, it appears that NR1 DNA
density profiles consisting of both 1.712- and
1.718-g/ml DNA bands reflect a heterogeneous
population of cells consisting of a mixture of
highly transitioned (1.718 g/ml) and nontransi-
tioned (1.712 g/ml) cells. After prolonged
growth in medium containing appropriate
drugs, the highly transitioned cells would have
outgrown the nontransitioned cells and only an
NR1 DNA band of density 1.718 g/ml would be
observed in the R factor DNA density profile.

Our analysis of the DNA prepared from
several of the clones in a nontransitioned cul-
ture that are more highly resistant to SM has
shown that most of the NRI DNA has a density
intermediate between 1.712 and 1.718 g/ml and
that the proportion of the NR1 DNA is consider-
ably less than the DNA from a highly transi-
tioned culture. This suggests that the R factors
in these cells harbor only a few copies of r-deter-
minants. It would appear that further amplifi-
cation in the number of copies of r-determinants
must occur to account for the higher density
and proportion of NR1 DNA after longer periods
of growth in medium containing appropriate
drugs. Thus the minor fraction of more highly
resistant cells in a nontransitioned population
would seem to be in a partially transitioned
state.

Since the partially transitioned cells in a
nontransitioned population represent only a
small fraction of the cells, it is important to
exclude the possibility that this minor fraction
of the cells resulted from previous exposure to
drugs. It was for this reason that TC was used in
the selective plates when the R factor NR1 was
transferred from E. coli to P. mirabilis by
bacterial mating (see Materials and Methods).
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As discussed previously, TC does not cause the
transition in P. mirabilis. The instability of
partially transitioned cells when subcultured on
drug-free plates also shows that the number of
copies of r-determinants in this minor fraction
of the cells can be amplified without exposure to
antibiotics. Both more highly resistant and less
resistant progeny clones could be isolated from
partially transitioned clones, and these changes
in the level of drug resistance were also reflected
in the NR1 DNA density profiles of the cells
that were cultured in drug-free medium (Fig. 5).

The decrease in the proportion of the
1.718-g/ml NR1 DNA band and the appearance
of NRI DNA of lower density that accompanies
the growth of transitioned cells in drug-free
medium can be explained by the dissociation of
copies of r-determinants from poly-r-determi-
nant R factors and the gradual dilution of these
autonomous r-determinants from the cell popu-
lation. This would also explain the appearance
of cells having the lower levels of drug resistance
characteristic of nontransitioned cells. It is
unlikely that these changes arise from differ-
ences in growth rates among cells within the
population. Both the nontransitioned and tran-
sitioned cells have essentially the same growth
rate in drug-free medium (Table 4). Thus, the
dilution of copies of r-determinants during
growth in drug-free medium would seem to be
due primarily to a lower frequency of replication
in the autonomous state. In our original model
(14, 15, 18) we postulated that autonomous
r-determinants replicated under a stringent rep-
lication control that permitted only one round
of replication during the bacterial division cy-
cle. When attached to an RTF, however, r-
determinants could replicate under the control
of the RTF replication system which allowed
multiple rounds of replication each generation.
This would explain why there would be selec-
tion for R factors harboring multiple copies of
r-determinants during growth in medium con-
taining appropriate drugs rather than just hav-
ing r-determinants themselves existing in an
autonomous state. The replication of r-determi-
nants is probably more complex than originally
considered and much remains to be learned
about their replication. In any event, to explain
the dilution of r-determinants from the cell
population during the back-transition it is suffi-
cient to postulate that, during balanced growth
in drug-free medium, r-determinants undergo
fewer rounds of replication in the autonomous
state than when attached to an RTF to form an
R factor.

Although the transition results from the se-
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lective outgrowth of partially transitioned cells
in the population under the conditions of the
experiments described here, the transition ap-
pears to occur by a different mechanism at
much higher concentrations of CM (17; Perl-
man and Rownd, manuscript in preparation).
Under these conditions a much larger fraction of
the cells undergoes the transition after a 20- to
30-h lag period.

It is curious that R~ cells are observed during
the back-transition at a frequency that is con-
siderably higher than that observed in the case
of nontransitioned P. mirabilis cells when cul-
tured in drug-free Penassay broth. The partially
transitioned cells isolated from a nontransi-
tioned population are also unstable and give rise
to R- progeny. The origin of the R~ cells is
presently not understood in either of these
situations. It is interesting to note, however,
that spontaneous R- cells are observed in a
nontransitioned population at about the same
frequency as the partially transitioned cells
observed in our experiments. Perhaps the R-
cells in nontransitioned P. mirabilis cultures
arise from the small fraction of partially transi-
tioned cells in the population.
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