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A method for effective elimination of drug resistance (R) and sex (F) factors in
Escherichia coli K-12 strains by treatment with sodium dodecyl sulfate (SDS) is pre-
sented. Growth of E. coli harboring R or F factors in Penassay Broth containing SDS
led to the loss of all or part of these genetic elements. Appearance of drug-suscepti-
ble or F~ cells among survivors was observed after the culture reached the station-
ary phase. Drug-susceptible cells which had lost all of their resistance markers by SDS
treatment could be efficiently infected with R or F factors. Among isolated segregants
which came from resistant cells, tetracycline-susceptible cells were the major segre-
gant class. Drug-susceptible cells gave no revertants to drug resistance. By treatment
of F* cellswith SDS, unusual F* cells which retained mating ability but showed re-
sistance to M12 phage were also isolated, together with mutants of another type
which lost mating ability but retained sensitivity to M12 phage. Since SDS is more
toxic to Rt cells than R~ cells, the isolation of drug-susceptible or F~ cells under
these conditions may be partly attributable to selective growth of drug-suscepti-
ble or F~ cells in SDS-Penassay Broth.

The sex (F) factor in the autonomous state in
Escherichia coli can be eliminated by treatment
with cobalt or nickel ions (6) or with acridine
dyes (7). F factors linked with a small fragment
of bacterial chromosome, designated as F’, can
also be eliminated by acridine dyes (1, 8) and by
mutagenic agents (22). In contrast, F factors
integrated into the chromosome are not eliminated
by such agents (7). Loss of F factors and colicin-
ogenic factors from thymineless strains of E.
coli under conditions of thymine-limited growth
has also been reported (2). Furthermore colicin-
ogenic factor Col V has been eliminated by use of
acridine dyes (11).

R factors of E. coli and Shigella flexneri are
eliminated spontaneously on standing, and the
frequency of loss is increased by treatment with
acridine dyes (16, 19, 20), or with 4-nitroquino-
line-1-oxide and its analogues (unpublished data).
Mild penicillin treatment of R factors in Sal-
monella paratyphi also results in loss of R factors
(12).

We found that an anionic surface-activating
agent, sodium dodecyl sulfate (SDS), eliminates
R and F factors in Escherichia with very high

efficiency. The present paper deals with the
action of SDS on E. coli K-12 derivatives carry-
ing R and F factors (leading to their loss), the
genetic identification and characterization of
drug-susceptible and F— strains obtained by the
SDS treatment, and the possible mechanism of
the action of SDS.

MATERIALS AND METHODS

Bacterial strains and bacteriophages. The bacterial
strains used in this work (Table 1) were E. coli K-12
derivatives. The principal strains were supplied by Y.
Hirota, Osaka University.

The male-specific bacteriophage used was ribo-
nucleic acid (RNA) phage M12 (9), supplied by
Hirota. This phage lyses male strains of E. coli K-12
specifically. Phage Plkc was used for transduction.

Genetic markers. Nutritional requirements (—
indicates dependence; -+, independence) are desig-
nated by the following symbols: z4r, threonine; leu,
leucine; pro, proline; pur, purine; met, methionine;
thi, thiamine.

Fermentation markers (— indicates nonfermenta-
tion; +, fermentation) are shown by the following
symbols: ara, arabinose; lac, lactose; gal, galactose;
mal, maltose; xyl, xylose; mtl/, mannitol.

The symbols str, chm, tet, and sul denote the genetic
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TaBLE 1. Strains of Escherichia coli K-12¢

F and R? Strain Genotype
F~R*190.1 JE170 | lac-11D3 mal-5 strr
F~R*1001 JE177 | mal-5
F_R+loo.1 JE2100
F~Rt1904 KE72¢ | pur~
F R0 KE75¢ | lac-85
FR- w6 met™
F*R- JE64 thr-leu=lac™thi~
F*R- KES3¢ | met=strr
F*s (F-gal)R~ | W4520 | met—chromosomal gal*
F+13 (F-lac)R~ | W3747 | mer-chromosomal /ac*
F R~ w3110
FR™ W3630 | mal-5
F R~ W4573 | ara-2 lac-85 gal-2 mal-1

mtl~xyl-2 strr
FR- W4637 | lac-85 pur~
FR- KE70/ | pur~
FR- KE74¢ | lac-85 pur*t

« Only relevant markers are shown.

b Markers of Rygo.1 factor are i—m*str chm tet sul
3, 17).

< Derived from KE70 by infection of the Rigg.1
factor with JE170 as the donor.

4 Derived from KE74 by infection of the Rigg.1
factor using JE170 as the donor.

¢ Derived from W6 by spontaneous mutation
to resistance to streptomycin.

/ Derived from W4637Flac-85 pur~ by mating
with JE1031 (Hfr H)mer B,~.

¢ Derived from W4637 by transduction with
Plkc with W3110 as donor strain.

loci associated with drug resistance, and indicate
resistance to: dihydrostreptomycin sulfate (Takeda
Chemical Ind., Osaka, Japan), 20 rg/ml; chlor-
amphenicol (Sankyo Co., Tokyo, Japan), 25 rg/ml;
tetracycline hydrochloride [Lederle (Japan), Ltd.],
25 wg/ml; and sulfanilamide (Davis Co., Inc., New-
ark, N.J.), 200 ug/ml; + or — denotes presence or
absence of R factors. Rigo.1 (i*m* str chm tet sul) is a
mutant of Ry (3, 17); i is a genetic trait of the R
factor concerning the inhibition of F mating; + or —
indicates the inhibition or noninhibition of F mating,
respectively; m is a genetic trait of R factors concern-
ing the conjugal fertility associated with the R factor;
+ or — indicates the presence or absence of the
conjugal fertility.

Materials and media. SDS (Tokyo Kasei Industries,
Tokyo, Japan), was analyzed by emission spectros-
copy. In addition to sodium, which was the major
metallic component, copper, calcium, and mag-
nesium were present as impurities, all in amounts less
than 2.35 ppm.

Penassay Broth (Difco) was used for the SDS
treatment and conjugation experiments.

L broth (15) was used for transduction experiments
with Plkc and for phage M12 assay.

Davis glucose medium, a synthetic medium, was
used for characterization of auxotrophic mutants.
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A complete Eosin methylene blue (EMB) or syn-
thetic Eosin methylene blue (EM)-sugar agar (13)
with addition of one of the four drugs was used for
scoring of drug-resistant colonies.

The synthetic EM-sugar agar was also used for
scoring of sugar fermentation, and for selection of
prototrophic recombinant colonies.

The pH of media was 7.6 unless otherwise stated.

SDS treatment. An overnight culture of R* cells
in Penassay Broth, containing 25 ug of CM per ml,
was diluted to 10 cells/ml in broth containing 109,
(w/v) SDS and was shaken at 37 C. Cells were plated
on EMB-glucose after appropriate dilutions in saline.
All the colonies on the plate were tested for their drug-
resistance characters by replica-plating on EMB-
glucose containing chloramphenicol (25 ;g/ml),
tetracycline (25 pg/ml), or streptomycin (20 ug/ml),
and on EM-glucose containing sulfanilamide (200
ug/ml).

SDS treatment of F* or F’ cells was carried out in
a similar manner. The effect of the treatment on sur-
viving colonies was determined by recombination
techniques, and by tests for sensitivity to the male-
specific phage M12, as described below.

Overnight cultures of the recipient strain, W4573,
were streaked on EM-sugar medium, and they were
spotted with one loopful of the culture being tested.
After incubation at 37 C for 2 days, recombinant arose
where the culture was spotted (14) if the test culture
was a donor.

Test for sensitivity to male-specific phage. Phage
MI12 lysates in L-broth were streaked on EMB-
glucose and were cross-streaked with the cultures
(ca. 108 to 5 X 108 cells/ml) being tested. After
incubation at 37 C overnight, the phage lysed the F+
culture but not the F~ culture.

Infection with R and F factors. The drug resistance
(R) factors were introduced into R~ (recipient)
strains from appropriate R* (donor) strains by mixing
equal volumes of exponential cultures (ca. 108 cells/ml)
and incubating the mixed culture at 37 C overnight.

The F or F' factor was introduced into F- (recip-
ient) strains from appropriate F+ or F (donor)
strains by a similar procedure, except that equal
volumes of exponential cultures of F~ (ca. 2 X 107
cells/ml) and F*+ (ca. 4 X 108 cells/ml) strains were
mixed.

RESULTS

Elimination of drug-resistance (R) factors by
treatment with SDS. Strain JE2100, harboring
the Rty (i—mtstr chm tet sul) factor, was
treated with SDS at various concentrations by
inoculating from 10° to 10° Rt cells per ml.
Survivors were analyzed at intervals for the
presence or absence of drug resistance. Repre-
sentative results are shown in Table 2. Loss of
drug resistance of cells was observed at high
frequency (up to 1009;). Drug-susceptibility
patterns characteristic of the susceptible cells
thus obtained were stable after many generations.
As the incubation time increased to 72 hr,
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TABLE 2. Elimination of drug-resistance (R) factors of Escherichia coli K-12 JE2100 R+1y0., by treatment
with various concentrations of sodium dodecyl sulfate (SDS)

Inoculum size Ti f incubation Viable count Nst)}{oo(!]colgnjes Frequency of
Expt no. (cells/ml) SDS concn (%) | =€ © (hr) l(‘;l:elies/x(;.ﬂ) susce tﬂ:il?ty;;:g. of| drug-susceptible
: colonies tested colonies (%)
1 1.0 X 103 0 9 5.5 X 108 1/136 0.7
18 4.1 X 10° 0/335 0
40 7.4 X 108 0/203 0
72 — 0/258 0
2 9 1.4 X 108 27/152 17.8
18 8.5 X 108 8/76 10.5
40 7.7 X 108 29/54 53.7
72 1.4 X 10% 14/14 100
4 9 2.2 X 105 11/67 16.4
18 9.3 X 108 51/150 34.0
40 6.6 X 10¢ 390/403 96.8
72 2.6 X 108 23/25 92.0
6 9 1.7 X 104 9/141 6.4
18 5.9 X 108 11/94 11.7
40 2.5 X 108 207/237 87.3
72 102 — —
8 9 2 X 102 — —
18 1.1 X 10° 132/205 64.3
40 3.1 X 108 293/295 99.3
72 1.8 X 103 18/18 100
2 3.1 X 103 0 24 4.8 X 108 0/90 0
10 24 3.0 X 108 1/278 0.4
48 4.4 X 108 512/662 77.3
72 1.1 X 107 104/109 95.4
3 3.9 X 108 0 24 8.4 X 108 0/167 0
10 24 1.8 X 107 116/525 22.1
1.7 X 10¢ 0 24 1.0 X 10° 1/201 0.5
10 24 1.5 X 107 19/361 5.3
1.2 X 108 0 24 1.6 X 10° 0/325 0
10 24 2.8 X 107 54/527 10.2

the optical density (OD) and total viable count
of the culture decreased, and the frequencies of
drug-susceptible cells among the survivors in-
creased. Formation of auxotrophic mutants was
rarely observed.

The effect of inoculum size on the frequency of
production of susceptible cells was insignificant.
SDS at lower concentrations than 109, was also
effective in producing susceptible cells. In most
of the experiments reported below, broth con-
taining 109, SDS was used.

Loss of drug resistance of R* cells caused by
SDS treatment was also observed with JE177
Rto0.1.

Kinetics of the elimination. W3110, as the
F~R~ reference strain, and JE2100, as the R*
strain, were treated with 109, SDS in Penassay
Broth at 37 C with shaking, and the survivors
were analyzed at intervals. Representative results
are shown in Fig. 1. Generation times for these
strains in the exponential phase, when treated

with SDS, were only slightly longer than without
SDS. After the viable count reached a maximum,
cells began to lyse rather slowly, and the net cell
number of drug-susceptible cells increased.

Similar results were obtained with another R+
strain, JE177.

Fluctuation experiment for the action of SDS
on JEI77 R* strain. JE177 was used as the Rt
strain in a fluctuation experiment. Penassay
Broth containing about 10® Rt cells/ml was
diluted 10! with Penassay Broth, and the
diluted culture was divided into 10 parts. A
tube of the original culture (ca. 10 cells/ml) and
10 tubes containing the diluted cultures (ca.
10? cells/ml) were incubated at 37 C with shak-
ing, and survivors were analyzed at intervals
(Table 3). By inoculating 102 cells/ml, it was
found that drug-susceptible cells were formed in
every tube, though their frequency varied (0.7 to
74.3%).

Environmental effects on the elimination of R



VoL. 95, 1968

(log)
ﬂ

count

Viable
D

ELIMINATION OF RESISTANCE AND SEX FACTORS

1081

(o] 12 24

Duration

48 0 12 24 48

of incubation (hr)

FiG. 1. Kinetics of the SDS treatment of Escherichia coli W3110 (a) and JE2100 Rtoor (b). (@) W3110 cells
(2.7 X 13 cells/ml) in Penassay Broth (10 ml) with or without 10%, SDS were incubated at 37 C with shaking.
Symbols: @, viable count without SDS; O, viable count with SDS. (b) JE2100 R* cells (1.1 X 103 cells/ml) in
Penassay Broth (10 ml) with or without 109, SDS were incubated at 37 C with shaking. Symbols as in (a); O with
dashed line represents viable count of drug-susceptible cells formed in the culture with SDS.

factors by the SDS treatment. The effect of
initial pH of the culture on the efficiency of
elimination of R factors by SDS was determined
by inoculating 10° JE2100 R* cells/ml into
Penassay Broth at different pH values (Table 4).
Higher frequencies of elimination were obtained
at pH 7.0 and 7.6 than at pH 6.5 and 8.0.

The effect of medium on the efficiency of
elimination of R factors by SDS was also ex-
amined with JE2100. Penassay Broth was re-
placed with a synthetic medium, Davis glucose
medium, and a phosphate buffer medium without
any carbon and nitrogen sources. These media
were inoculated with ca. 10° to 10° cells/ml.
In Davis glucose medium, drug-susceptible cells
were formed in numbers not significantly differ-
ent from those obtained in Penassay Broth
(Table 5). However, no susceptible cells were
formed in the phosphate buffer medium. Cells
died more rapidly in both Davis medium and
phosphate buffer medium than in Penassay
Broth.

Similar results were obtained with strain JE177.

Effect of variation of JE2100 strain on the
elimination frequency of R factors. It was realized
at the beginning of the present investigation that

higher frequencies of elimination of R factors by
the SDS treatment were obtained when R* cells
isolated from aged cultures of the R* strain
JE2100 were used. Therefore, the possible
effects of variation of the strain on the ease of
elimination of R factors were investigated.
JE2100 Rt cells, obtained by infection of Rjgo.;
factors from JE170, as donor, to W3110, as
recipient, were inoculated into Penassay Broth
containing chloramphenicol (25 ug/ml); and
broth was incubated at 37 C overnight and then
kept at room temperature. At intervals, a single
R* colony was isolated, and the resistance
markers of cells of the colony were confirmed
by the replica-plating method. The cells from this
colony were then used for the experiment.

It was found that, as the culture became older,
the frequency of production of susceptible cells
by SDS increased (Table 6). It was further
observed that, when Rt cells isolated from cul-
tures more than 4 months old were used, spon-
taneous elimination of R factors took place at
high frequencies.

Segregation patterns of R factors as the result
of SDS treatment. Resistance and susceptibility
to the four drugs of cells obtained by the SDS
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TABLE 3. Fluctuation experiment for action
of SDS on the JEI77 R* strain

Inoculum size SDS ;Il;gf):_f drllr.lrg%gll.ll:g:gtiolfle Tube

(cells/ml) concn (%) tion® (hr) cells of;);med no.
(]
5.4 X 108 0 48 0

10 48 93.7

5.4 X 102 0 72 0 0

10 72 74.3 1

72 51.6 2

48 1.9 3

72 14.8 4

72 37.5 5

72 21.5 6

24 0.7 7

72 19.2 8

72 14.8 9

72 61.4 10

s The time of incubation at which the highest
frequency of drug-susceptible colony production
was observed.

TaBLE 4. Effects of pH on the elimination of R
factors of JE2100 by the SDS treatment®

No. of colonies
SDS . howing d Frequency of
concn | it | ViERe it | Sspepilil” (0SS ble
colonies tested formed (%)
0 | 7.6 4.3 X106 0/86 0
10 6.5 5.3 X107 2/288 0.7
7.01.5 %107 42/132 31.8
7.6 2.9 X 107 81/207 39.1
8.0 5.2 X 10¢ 24/212 11.3

e The inoculum was 3.1 X 103 cells/ml. Incuba-
tion was for 48 hr.

treatment were examined (Table 7). It was found
that in JE2100 most drug-susceptible cells were
segregants which had lost drug resistance only to
tetracycline or to all four drugs; str® chm® sul®
cells were also found among the survivors. In
JE177, the majority of sensitive cells were those
which had lost drug resistance to all the drugs.
Segregants of types other than ter® or str® chm®
sul® (i.e., chm®, chmstets, chmstet®sul®, sul®, and
sulschm®tet®) were also obtained with JE177.
These patterns of drug resistance and susceptibil-
ity of susceptible cells were retained by the cells
after many generations. The concentration of
SDS, the inoculum size, and the duration of
incubation had little effect on the segregation
patterns of susceptible cells. It was noted that
ter® cells had lost the transfer locus (m™).

Segregation patterns of susceptible cells ob-
tained in the variation experiment mentioned
before gave similar results.
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Reversion and infection with Rin.1 factors of
drug-susceptible cells obtained by SDS treatment.
If drug-susceptible cells obtained by the SDS
treatment retained a locus with the susceptibility
allele, they would give R* revertants. Also, if
drug-susceptible cells which lost all resistance
markers retained a R-segment, they would not
receive R factors. Reversion and infection experi-
ments were thus carried out to test these pre-
dictions.

Reversion experiments with drug-susceptible
cells obtained by SDS treatment were carried
out with rer and chm as selected markers, and
with W3110 and W3630 as R~ reference strains.
Segregants that were fet® or fetchms, or cells
susceptible to all the four drugs, were tested for
reversion to resistance by inoculating 10® cells
onto plates with tetracycline or chloramphenicol.
No Rt revertant was obtained from these
susceptible cells.

Infection experiments were carried out with
the JE170 Rty strain as the donor, and
cells susceptible to all the four drugs obtained by
SDS treatment as the recipient. These susceptible
cells were found to be infected by Ri.: factors,
although the frequencies (14 to 57%,) of infection
were a little lower than those (48 to 589;) ob-
tained with the W3630 R~ strain as recipient.

Level of drug resistance and susceptibility
expressed by drug-susceptible cells obtained by
SDS treatment. The level of drug resistance and
susceptibility of Rt and drug-susceptible cells
isolated from the culture after the SDS treatment
were compared with those of JE2100 or JE177 as
R* strains and W3110 as the R~ strain. The
levels of drug resistance were almost the same
before and after the SDS treatment.

Reconstruction experiment between Rt and
R strains. To investigate the presence or absence
of selective toxicity of SDS between Rt and R™
cells, reconstruction experiments on the elimina-
tion of R factors from Rt cells to produce drug-
susceptible cells by SDS were first carried out
between KE72 (pur—lactR*1n.1) and KE74
(purtlac—ss), and between KET75 (purtlacs:-
Rtio.1) and KE70 (pur—lact). Overnight cul-
tures (ca. 108 cells/ml) of R* and R~ strains were
appropriately diluted in Penassay Broth with or
without 109, SDS to give cell concentrations of
ca. 10 cells/ml. The broth was supplemented
with adenine (20 ug/ml) and thiamine (2 pg/ml).
Equal volumes of R* and R~ cultures were
mixed and incubated at 37 C with shaking, and
survivors were analyzed at intervals, with lac
as the distinguishing marker. Frequencies of
production of drug-susceptible cells from R*
cells and also of R infection from Rt to suscep-
tible cells during the SDS treatment were ex-
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amined. Representative results with KE72 Rt
and KE74 R~ are shown in Fig. 2a. It was found
that the maximal number of Rt cells was lower
than that of susceptible cells in SDS medium,
and that after the SDS medium reached the
stationary phase the viable count of Rt cells
decreased far more rapidly than that of R~ cells.
This did not occur in the medium without SDS.
It was also observed that, in the medium without
SDS, the infection of R factors from lactR* to
lac-R~ took place. The frequencies of lac”Rt in
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the whole lac— after 5, 12, 24, and 48 hr of
incubation were found to be 0, 94, 98, and 1009,
respectively. The infection of R factors was not
observed during the SDS treatment. Similar
results were obtained with KE75 Rt and KE70
R~

Another reconstruction experiment was car-
ried out with KE75 as R* strain and KE70 as
R~ strain, as follows. Rt (1.3 X 10° cells/ml)
cells were inoculated in Penassay Broth supple-
mented with adenine (20 ug/ml) and thiamine

TABLE 5. Effect of medium on the elimination of R factors by the SDS treatment

I;Ilf‘ of c(ﬂonies Frequency of
; i Time of i Viabl e lits, | drug- ibl
Medium | Tapcium e | sps conen (7) | Timeofinetb | Viable count | Susceptfiliy | drue suseptie
tested o)
Penassay Broth 1.6 X 10° 0 24 9.3 X 108 0/92 0
1.1 X 10° 10 48 4.1 X 107 53/100 53.0
Davis glucose 1.4 X 109 0 48 4.2 X 108 0/204 0
1.1 X 10° 10 48 1.5 X 104 — —
72 2.2 X 102 9/39 23.1
Phosphate buffer | 1.2 X 10° 0 48 2.0 X 108 0/404 0
4.9 X 108 10 24 3.4 X 104 0/222 0
48 2.6 X 103 0/521 0

TABLE 6. Effect of variation of JE2100 on the ease of elimination of R factors by the SDS treatment

No SDS 10% SDS
- Time of . .
Age of culture| Inoculum size | b No. of colonies| Frequency of No. of colonies| Frequency of
(months) (cells/ml) tlinc“(h ) Viabl ¢ showing drug drug-sus- Viabl showing drug drug-sus-
T el |ssesptibiio/ | ceptible | Vo lseepubii/ | cepitle
colonies tested| formed (%) tested formed (%)

Freshly 1.0 X 103 24 7.9 X 108 0/146 0 5.0 X 107 4/124 3.2
infected 48 3.0 X 108 0/56 0 1.8 X 107 11/125 8.8
72 1.2 X 108 0/24 0 1.6 X 10¢ 99/315 31.4

2 2.2 X 108 0 2.2 X 10® 0/100 0 — — —
24 4.2 X 108 0/75 0 1.5 X 107 1/100 1.0

48 2.0 X 108 0/19 0 2.2 X 107 50/187 26.7

72 1.4 X 108 — — 49 X 10¢ 67/79 84.8

3 4.1 X 108 0 4.1 X 10® 0/418 0 — — —
24 9.4 X 108 0/185 0 1.1 X 107 6/207 2.9

48 3.3 X 108 0/64 0 29 X 107 96,/100 96.0

4 2.1 X 108 0 2.1 X 108 1/197 0.5 — — —
24 6.9 X 108 1/114 0.9 1.7 X 108 188/271 69.4

48 7.6 X 108 86/324 26.4 1.2 X 107 | 238/238 100

72 3.6 X 108 44/55 88 — — —

5 2.2 X 108 0 2.2 X 108 1/174 0.6 — — —
24 5.6 X 108 6/112 5.4 9.3 X 107 8/174 4.6

48 4.6 X 108 172/181 95 3.9 X 108 59/74 79.7

72 2.5 X 108 244/247 99 34 X 104 21/50 42.0
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TaBLE 7. Segregation patterns of drug-susceptible colonies obtained by the SDS treatment

Total Segregagig ?atterns, No. of
. . .
B0t | syrin | Tooctlum sise SDS conen| TGO | MO B[ suseepibicto | TSR | Pt
. cells/m: o tion (hr) | coloni susceptible formed (%)
survivors (%) str | chm | ter | sul colonies tested
8 JE2100 | 1.0 X 103 2 40 53.7 s|s|s|s 29/29 100
4 40 97 s | s|s|s 50/50 100
6 40 87.4 s | s | r|s 1/50 2.0
s | s | s |s 49/50 98.0
8 40 87.4 s | s | s | s 50/50 100
9s | JE2100 | 3.9 X 103 10 24 2.1 r|r|s|r 63/66 95.5
s | s | s s 3/66 4.5
1.7 X 10¢ 10 24 .3 r|{r|s|r 16/16 100
1.0 X 10° 10 24 .6 r|{r|s|r 91/92 98.9
s | s s | s 1/92 1.1
10 JE177 | 24 X 103 10 48 3.5 r|r|s|r 4/18 22.2
r|r|r|s 1/18 5.6
r| s S r 5/18 27.8
r|s|r]|s 1/18 5.6
s | s | s S 7/17 41.2
11 JE177 29 X 10® 10 48 58.2 r|r|s |r 2/19 10.5
r|ri|r 2/19 10.5
s | s s | s 15/19 78.9
12 JE177 3.8 X 103 10 48 5.2 r|s|r 2/24 8.3
s| s | r|s ‘ 3/24 12.5
s|s|s s 19/24 79.2

« Referred to previously as experiment no. 3 (Table 2).

(2 wg/ml), with or without 109 SDS, and the
broths were incubated at 37 C with shaking.
R~ (2.0 x 103 cells/ml) cells were also inoculated
in Penassay Broth with adenine and thiamine
and with or without 109, SDS, and the broths
were incubated at 37 C with shaking. After 10
hr, the Rt broth without SDS was mixed with
the R~ broth without SDS in the ratio of 1:1073,
and the mixed broth was incubated at 37 C
with shaking. The Rt broth with SDS was also
mixed with the R~ broth with SDS in the same
ratio, and the mixed broth was incubated at
37 C with shaking. Survivors were analyzed at
intervals. As shown in Fig. 2b, R~ cells, after
being added to the Rt culture containing 109,
SDS, began to grow exponentially, whereas R+
cells began to die. This did not occur when R~
cells were added to the R* culture without SDS.
Infection of R factors during the mixed cultiva-
tion was not checked.

Repeat of SDS treatment of Rt strain. Rt and
drug-susceptible cells isolated during the SDS
treatment of JE2100 were repeatedly treated with
SDS, and survivors were analyzed. R* cells
resistant to all four drugs and two kinds of

susceptible cells (those susceptible only to
tetracycline and those susceptible to all four
drugs), isolated after 24 hr of SDS treatment,
were treated again with 109, SDS-Penassay
Broth at 37 C with shaking; the inoculum was
ca. 10% cells/ml. R* cells were again isolated after
24 hr ot treatment, and were treated again with
109, SDS.

It was found after each repeat of the SDS treat-
ment that the frequencies of production of
susceptible cells decreased, and that R* cells
began to grow after a shorter lag and reached
maximal growth a short time after susceptible
cells did. These results were found to be repro-
ducible.

Elimination of sex (F) factors by treatment
with SDS. Strains W6 and KES53, harboring F
factors, strain W3747, harboring Fi3 (F-lac),
and strain W4520, harboring Fs (F-gal) factors,
were incubated with 109, SDS in Penassay
Broth at 37 C. Survivors were analyzed at inter-
vals for the presence or absence of fertility by
examining, first, the mating ability toward
certain F— strains chosen as recipients, and,
second, sensitivity to the male-specific RNA
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phage M12. As is shown in Table 8, SDS treat- phage, which could be characterized as F* or
-ment of F+ and F’ cells gave colonies of four F’ cells unchanged during the SDS treatment.
types with regard to their fertility. The first The second group was composed of colonies
group was composed of colonies retaining mating  having lost mating ability (m~) and showing
ability (m*) and showing sensitivity to M12 resistance to M12 phage, which could be char-
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FIG. 2. Reconstruction experiments between Escherichia coli KE72 (lac* pur‘R:;)o.x) and KE74 (lac~pur*)
(a) and KE75 (lac- pur"‘R::)o-l) and KE70 (lac*pur~) (b). (a) Overnight cultures (ca. 10® cells/ml) of R* and
R strains were diluted 1075 in Penassay Broth supplemented with adenine (20 ug/ml) and thiamine (2 pg/mi)
and with or without 109, SDS. Equal volumes of Rt (8.6 X 10 cells/ml) and R~ (1.2 X 103 cells/mi) cultures
were mixed and incubated at 37 C with shaking. Plating with appropriate dilutions at certain intervals was on
EMB-lactose-agar. Fifty to one hundred lac* colonies were arbitrarily chosen to be streaked on EMB-lactose
agar, which served as a master plate. Colonies grown on the master plate were replica-plated onto EM-glucose
supplemented with adenine (20 ug/ml), thiamine (2 pg/ml), and certain amounts of streptomycin, chloramphenicol,
tetracycline, and sulfanilamide, for examining the frequency of lac*R~ cells. This was the elimination frequency
of lac*R* to lactR~. Fifty to one hundred lac~ colonies grown on the original EMB-lactose-agar plate were arbi-
trarily chosen and were streaked on EMB-lactose-agar which served as a master plate. The colonies grown on the
master plate were replica-plated onto EM-glucose supplemented with certain amounts of adenine, thiamine, and
the four drugs, for examining the frequency of R infection from lac*R* to lac—R~ during the SDS treatment. Sym-
bols: @, viable count of lac* R+ without SDS; A, viable count of lac-R~ without SDS; O, viable count of lac*R*
plus lactR~ with SDS; /\, viable count of lac—R~ with SDS; [, viable count of lact R~ formed by SDS. (b) Over-
night cultures (ca. 108 cells/ml) of R* and R~ strains were diluted to 1.3 X 10® cells/ml and 2.0 X 103 cells/ml,
respectively, in Penassay Broth supplemented with adenine (20 ug/ml) and thiamine (2 pg/ml) and with or without
10%, SDS, and incubated at 37 C with shaking. After 10 hr, the R~ culture (1.0 X 10® cells/ml) was diluted 10!
with Penassay Broth supplemented with adenine, thiamine, and with or without SDS, and 0.1 ml of the diluted
culture was added to 10 ml of Rt culture (1.2 X 10° cells/ml). The R* plus R~ culture was again incubated at
37 C with shaking, and survivors were analyzed by the procedure of (a). Symbols: @, viable count of lac~R* with-
out SDS; O, viable count of lac"R* plus lactR~ with SDS; A, viable count of lac*R~ added to the R* culture
-without SDS; A, viable count of lac* R~ added to the R* culture with SDS.
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TABLE 8. Elimination of sex (F) factors of Escherichia coli K-12W6 F*, W3747 F+3 (F-lac), and W4520
F+y(F-gal) by treatment with SDS

. Time of| No. of No. of Fre uency
Bt | suin (ot e | DS inctb| Vislecoo | il | bt | e | th | it || GlE
(br) (F*) F-) © € (%)
1 w6 1.7 X 103 O 48 2.3 X 10° 50 50 0 0 0 0
10 | 48 | 1.2 X 107 50 0 50 0 0 100
2 W3747 | 1.7 X 103 O 48 1.8 X 10® 50 50 0 0 0 0
10 48 3.3 X 107 50 6 41 3 0 82
3 | W4520 | 2.0 X 103] O | 48 |14 X 10° | 100 100 0 0 0 0
10 | 48 | 7.7 107 | 100 48 47 4 1 47
4 | KES3 |58 X103 O | 48 |20 X 10° 50 50 0 0 0 0
10 | 48 | 8.2 % 107 50 1 49 0 0 98

acterized as F— cells. The third group was com-
posed of colonies retaining mating ability (mt)
and showing resistance to M12 phage, and, the
fourth, of colonies losing mating ability (m™)
and showing sensitive to M12 phage. The colonies
belonging to the third and fourth groups were
characterized as being F+ and F’ mutants.

The genetic trait of F~ isolates obtained, with
respect to the absence of mating ability and
resistance to M12 phage, was repeatedly exam-
ined and was found to be stable for many genera-
tions. It was found that the longer the incubation
time with SDS, the higher the frequencies of F~
production were; this observation was also made
for the experiments on R factors.

Kinetics of the elimination of F factors. It was
proved by a kinetic study that the elimination of
F factors by SDS can be most effectively at-
tained in the stationary phase, as is the case for
the elimination of R factors. The W3747 F*-lac
strain was treated with or without 109, SDS
(Fig. 3). As the Ft-lac culture grew and reached
stationary phase, F— cells then increased as a
function of time of treatment with SDS in sta-
tionary phase.

Infection experiments of F or F' factors to F~
cells obtained by the SDS treatment. To prove the
loss of F or F’ factors from F+ or F’ cells by
SDS, cells derived from F* or F’ cells and char-
acterized as F~ were mixed at appropriate
concentrations with W6 F* cells or W4520
F-gal cells as donors of F or F’ factors, and
frequencies of infection by F or F’ factors into
these F— cells were compared to those with KE61
and W4354 as F— reference strains. It was found
that F~ cells obtained by the SDS treatment
could receive F or F’ factors at as high frequencies
(90%) as could KE61 or W4354 (889%,).

DiscussioNn
SDS is a reagent routinely used in the labora-

tory for the killing and lysis of cells. It was"

shown (Fig. 1), however, that in Penassay Broth
E. coli K-12 W3110 as R7F~ reference strain
can grow exponentially even with 109, SDS,
and the generation time of the cells in the broth
with 109, SDS was found to be almost the
same as that in the broth without SDS. However,
the maximal cell titers in SDS were found to be
lower than those without SDS. After the culture
reached the stationary phase, cells began to lyse
rather slowly. This was found to be the case with
the Rt and F* or F’ strains and W4520 F+g
(F-gal) (Table 8, Fig. 3). Drug-susceptible and
F~ cells were found to be present among sur-
vivors after the culture reached the stationary
phase. It generally appeared that the population
of drug-susceptible cells and F~ cells among
survivors increased according to the duration of
incubation time. Repeating the SDS treatment,
however, resulted in a lowering of the elimination
frequency of R factors.

Results of reversion experiments with drug-
susceptible cells, and of infection experiments
with R factors or F or F-gal factors, suggested
that cells obtained by the SDS treatment have
lost R or F factors. A part or all of these genetic
elements might be deleted by the action of SDS.

It has been reported (16, 19, 20) that the
frequency of elimination of R factors by acridine
dyes varies between Escherichia and Shigella, and
is very much lower (up to several per cent) in
Escherichia than in Shigella (up to 100%).
This suggests that R factors in Escherichia are
more resistant to the elimination action of
acridine dyes than R factors in Shigella. The
action of SDS on the R factor proved to be
effective enough to eliminate R factors present
in Escherichia at frequencies of up to 1009%.
F factors were also eliminated by SDS with high
efficiency and at an earlier time during the SDS
treatment than R factors.

That R factors in R cells isolated from aged
cultures can be eliminated by SDS at much higher
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F1G. 3. Kinetics of the SDS treatment of Escherichia
coli W3747 Fty (F-lac). W3747 cells (1.7 X 10°
cells/ml) in Penassay Broth (10 ml) with or without
10% SDS were incubated at 37 C with shaking.
Symbols: @, viable count without SDS; O, viable
count with SDS; O with dashed line, viable count of
F- cells formed during the SDS treatment.

frequencies than R factors in R* cells isolated
from fresh cultures, would be in accord with a
similar earlier observation (18).

Action of acridine dyes on E. coli Rt cells has
been reported to lead to the complete loss of R
factors (16, 19, 20). Action of SDS was now
found to lead, besides producing drug-suscep-
tible cells which lost all resistance markers,
to the segregation of resistance markers (Table
7) in E. coli. The majority of segregants were
those which showed sensitivity only to tetracy-
cline; however, segregants of other types were
also formed. When R factors were spontane-
ously eliminated from R+ cells isolated from
aged cultures, the major segregant cell type was
ters. The segregation patterns obtained by the
SDS treatment were found to be quite different
from those observed with Shigella (19), in which
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the strichmster® segregants prevailed, and those
observed with Salmonella (21), in which stre-
chm®sul® segregants were formed. In the mean-
time, ter® cells obtained by the SDS treatment
were found to have lost the transfer locus as well.
This would support the earlier suggestion (4, 5,
15, 18) that TC and #-m regions are closely
linked.

With respect to possible mechanisms of action
of SDS toward the R and F factors, leading to
their elimination, there is still no conclusive
explanation. However, as shown in the recon-
struction experiments (Fig. 2), in SDS-Penassay
Broth the maximal growth of Rt cells was lower
than that of R~ cells. After the culture reached
the stationary phase, the death rate of Rt cells
was found to be greater than that of R cells.
The difference in death rates of Rt and R~ cells
was greater especially during the early stationary
phase. It was also proved that when R~ cells,
preincubated in SDS-Penassay Broth for 10 hr,
were added to the Rt culture incubated in SDS-
Penassay Broth for the same period, R cells
began to grow exponentially, whereas Rt cells
in the culture began to die. A similar result was
obtained with SDS treatment of W3747 Fty;
(F-lac) (Fig. 3). Namely, F~ mutants which ap-
peared in the survivors at the early stationary
phase grew exponentially, whereas F+ cells began
to die gradually. These data would lead to the
conclusion that the action of SDS toward Rt or
F+ cells, yielding drug-susceptible or F~ cells, is a
selection between Rt or F+ and R~ or F-;
i.e., SDS is more toxic for Rt or Ft than R~ or
F~. The experiment in which repetition of the
SDS treatment of R cells resulted in a more rapid
growth of drug-susceptible cells than Rt cells
after treatment with SDS provides further sup-
port for the selection mechanism. This evidence
might suggest that a locus of Rt cells associated
with sensitivity to SDS was eliminated, together
with drug-resistance markers, by SDS, and that
drug-susceptible cells thus formed became
resistant to SDS.

The question of how and when the first drug-
susceptible or F~ cell was formed during the SDS
treatment has not been completely answered yet.
There may of course be two ways, i.e., spon-
taneous elimination or elimination induced by
SDS. As shown in Tables 2 and 3, elimination of
R factors occurred consistently when 102 to
10° Rt cells/ml were inoculated. These results
could be accounted for by either or both of the
two methods of elimination mentioned above, as
the spontaneous elimination frequency of R
factors was suggested to be rather high (10~5;
H. Hashimoto, personal communications). Mean-
while, experiments concerning the effect of SDS
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on R* cells in a simple phosphate buffer without
any carbon and nitrogen source failed to give any
positive evidence for the elimination of R*
induced by SDS; no drug-susceptible cell was
formed. However, the failure to find susceptible
cells among survivors in the phosphate buffer
might be due to a successive death of susceptible
cells, if once formed, in such a severe no-growth
condition.

It has been revealed (10) that the bacterial
chromosome and F factors as replicons are as-
sociated directly with a segment of bacterial
membrane. An anionic detergent such as SDS
may destroy the cell wall first and then the cell
membrane, completely or partially, which would
further result in the lysis of bacteria. R or F
factors associated more closely with the cell
membrane as smaller replicons than the chromo-
some would then be damaged more easily by
SDS. The damage would be fatal, to the extent
that they might be partially or wholly lost. Some
sort of repair may then follow, and cells with R
or F factors partially or completely eliminated
might survive in the culture. That the rer® cells
were the major segregant obtained from the SDS
treatment would suggest that the R factor may
be associated with the cell membrane at a point
around the rer-m(t) region. If a part of the
chromosome was deleted by the action of SDS,
it might be fatal.

It has been reported (23) that SDS treatment
of Rt cells led to temporary loss of ability of R
transfer to R~ cells, and that the transfer ability
was recovered when Rt cells were transferred
into a fresh culture without SDS. This might be
due to loss or lysis by SDS of pili responsible for
the R transfer. This information, coupled with
our observations, might lead to speculation that
R and F factors are located very close to the
pili responsible for their conjugation, that SDS
first causes lysis of the pili as the weakest struc-
ture on the cell wall, and that it leads to damage
of R and F factors and to their partial or com-
plete loss. Further experiments must be conducted
before any conclusive explanation of the mech-
anism of action of SDS can be given.
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