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ABSTRACT

WATANABE, TsUTOMV (Keio University, Tokyo,
Japan), HIRoSHI NiSHIDA., CHIZUKO OGATA,
TosHInIIKO An.xi, ANI) SACHIKO S.vo. Episomne-
mediated transfer of drug resistance in Entero-
bacteriaceae. Il. Twotypes of nattirallyoccurring
It factors. J. Bacteriol. 88:716-726. 1964.-Natu-
rally occurring It factors are classified into two
types, fi+ and fi-, depending on their fi characters.
The terml fi is an abbreviation of fertility inhibi-
tion and fi+ anid fi- mean, respectively, the pres-
ence and absence of stippression of the functions
of the sex factor F of Escherichia coli K-12. It was
found that fi- R factors reduce the efficiency of
plating of phages X and T1 in K-12; fi+ R factors
(lid not have this inhibitory actioni. One of the
Ji- R factors reduced the efficiency of plating of
phage T7 as well. Phages X and T1 tunderwent host-
induced modifications in the host carr.Ying some
Ji R factors. At least two types of fi- 1B factors
were recognized by the types of their restriction
and host-induced modification of these phages.
CaCl. exhibited antagonistic actions against the
restrictions o plhages X and T, by fi R factors.
Transduction of the ability to ferment galactose
with HFT lvIsates of X was reduced by Ji- It fac-
tors. Ultraviolet inductioin of X was not affected
by anyIR factors. Fuirthermlore, adsorption of
phages X and T, was not altered by the presence
of any It factors. From these results, we conielude(i
that the suppression of progeny formation of
these phages by.fi- R factors is due to some step(s)
after adsoirptioi (If the phages to the bacteria.
Superinfection iminunity and mutitial exxclusioni
were founild between tw(o different .fhi R factors
btit not between fi+ and i- R factors. The two
differenit fi+ I? factors were frequently genetically
recotnilined, but fi+ and fi R factors were iiot
genetically ieconmbined, as iindicated by findings
of independent transfer of these It factors bv
conjugation anld by transduction from the (donors
having these two R factors. It was asstumed from
these finidings that fi+ and Ji- R factors are coIn-

siderably different episomes havinig differenit
resistahnce-tranisfer factors.

Since the discovery of multiple-drug resistance
R factors (or elisomic drug-resistance factors),
which confer upon host bacteria resistance to
sulfonamide (Su), streptomycin (Sm), chlor-
amlphenicol (Cm), and tetracycline (Tc), many
types of R factors carrying various combinations
of these drug-resistance marker s have been
found in Jap)an (see Watanabe, 1963a). R factors
have also been isolated in England by Datta
(1962) and in West Germany by Lebek (1963a,
b). The mnultiple-drug-resistant Shigella strains,
which were isolated in Israel by Mlarberg, Alt-
miann, and Etshkol-B3ruck (1958), were recently
relported1 to have R factor.s (Nakaya, personal
coinlunication). Accordingly, the geograp)hical
distribution of R factors is now not restricted to
Japan but is alpp)arently a world-wide Problem.
The R factor isolated by Lebek (1963a) was
found to give to host cells kanamyvcin and neo-
mycin resistance in addition to resistance to the
above four drugs (Watanabe, Ogata, and Sato,
1964). Thus, R factors can le classified by their
drug-resistance markers. On the other hand, it
was found by Watanabe and Ftukasawa (1962b)
and Watanabe, Fukasawa, and Takano (1962)
that sonme of the R factors supl)pres the functions
of the sex factor F of Escherichia coli K-I2
wlhereas otheirs do( not. The R factors which
sul)l)ress the functions of F w-ere forimierl- calle(l
tyl)e 1 (Watanabe et al., 1962) and recently were
designated as fi+ (W1atanabe, 1963b). The termn Ji
is an abbreviation of fertilitv inhibition. The
secon(l type, formely- called type 2, is now called
Ji-. All of the naturally occurring fi- R factors
which we, have sttudied have been found to lack
the Cmii-resistance marker. The fi characterIof It
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factors was ascribed to the RTF (resistance
transfer factor), which occupies a certain position
on the structure of R factors and which controls
the episomality of R factors (Watanabe, 1963a).

Sugino and Hirota (1962) reported that both
ft+ and f- R factors cause mating in F- strains
of E. coli K-12, although Watanabe and Fu-
kasawa (1962b) succeeded in mating of F-
strains only with fi- R factors. Arber (personal
communication) recently found with two of our
R factors that an fi- R factor reduced the effi-
ciency of plating (EOP) of phage X in K-12, al-
though an fi+ R factor did not possess this in-
hibitory action. We have studied Arber's findings
using more R factors of independent origins, and
we have not only confirmed his results but also
have found that phages T1 and T7 are also in-
hibited in their progeny formation by fi- R fac-
tors but not by fi+ R factors. Yoshikawa and
Akiba (1962), in studies independent of Arber's
and of ours, found the reduction of EOP of phages
X and P1 by ft- R factors. Furthermore, they
showed that phage X undergoes host-induced
modifications in the hosts carrying fi- R factors.
We have studied host-induced modifications of
phages X, T1, and T7 by various fi- R factors
and have obtained some interesting results.
Watanabe and Fukasawa (1962b) found that R
factors in recipients suppress the transfer of the
other R factors to about 1%7/ of that found with
recipients not having R factor. Since they em-
ployed only fi+ R factors in their experiments,
we have repeated similar experiments using both
ft+ and fi- R factors. Our results are striking in
that suppression of transfer was not found be-
tween fi+ and fi- R factors, whereas it occurred
between two different fi+ R factors as well as
between two differentfi- R factors. It was shown
by Watanabe and Lyang (1962) that bacteria
carrying two fi+ R factors with different drug-
resistance markers are genetically very unstable
under such conditions. One of the two R factors
is segregated, or genetic recombination of the
two types of R factors occurs. AMitsuhashi et al.
(1962) also reported on similar findings with
naturally occurring R factors. We have rein-
vestigated this lpoint, employing more R factors
of both fi+ and fi- types and of independent
origins. We have found that "mutual exclusion"
does not take place between fi+ and fi- R factors,
whereas it occurs between two different fi+ R

factors. Furthermore, genetic recombination did
not occur between fi+ and fi- R factors. These
results will be reported in detail in this paper,
and the differences between fi+ and fi- R factors
will be discussed.

MATERIALS AND METHODS
Mledia. Liquid cultures were prepared in

Penassay Broth (Difco) or in Lennox (1955)
broth. Plating media were nutrient agar (Difco),
bromothymol blue-lactose or -galactose nutrient
agar (containing 2% lactose or galactose), and
Lennox (1955) agar. Agar media were used either
with or without enrichment with various con-
centrations of CaCl2. (In some experiments,
MgCl2 or a mixture of CaCl2 and MgCl2 was
added.) Semisolid media of nutrient agar or
Lennox agar containing 0.7 %O agar were em-
ployed for phage titrations. Comparable results
were obtained with the two media.

Drugs. Drugs used were those described in a
previous paper (Watanabe and Fukasawa,
1961a).

Bacterial strains. Strains CSH-2 (methionine-
requiring), W3102 (galactose-negative and X-),
and W677/Pro-T6rSMr (threonine-, leucine-,
proline-, and vitamin B1-requiring; mannitol-,
xylose-, maltose-, galactose-, and lactose-nega-
tive; and resistant to phage T6 and to high con-
centrations of Sm), all of which are F- sub-
strains of E. coli K-12, were used.
Phage strains. Phage X wild type (Xwt), a clear

mutant of X (Xc 1), a virulent mutant of X (Xv i; see
Jacob, 1960), the phages of T series, and phage
Plkc were employed. The mutants of X and the
phages of T series were kindly supplied by
Junichi Tomizawa.
R factors. The R factors employed are listed

in Table 1. These R factors had been carried by
Shigella strains isolated from dysentery patients
of independent epidemics.

General phage techniques. General p)hage tech-
niques followed were those described by Adams
(1950). For determining the EOP of phages,
aerated cultures in the exponential phase were
used throughout the present study.

Jlethod of transduction of ability to ferment
galoctose. HFT lysates of X were prepared by the
procedure of Morse, Lederberg, and Lederberg
(1956), and transduction of ability to ferment
galactose (gal+) was also carried out by their
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procedure, with W3102 as a recipient. Gal+
transductants were scored on bromothymol blue-
galactose nutrient agar.
Method of transduction of R factors. The method

of transduction of R factors with phage Plkc in
E. coli K-12 was described previously (Watanabe
and Fukasawa, 1962a).

MIethod of elimination ofR factors with acridines.
The method of elimination of R factors with
acridine orange and acriflavine was the same as
that reported in a previous paper (Watanabe
and Fukasawa, 1961b).

Conditions of ultraviolet induction of phage X in
CSH-2. CSH-2 strains with and without R factors
were irradiated in Penassay Broth or in Lennox
broth with a National germicidal lamp for vari-

TABLE 1. R factors employed in the present study

Strain no. of Drug-resistance fib
R factor markersa

N-1 ........ Su, Sm, Tc
N-3 ......... Su, Sm, Tc
N-6 Su, Sm, Tc +
N-9 ......... Su, Sm, Tc +
R-15 ......... Su, Sm
222 . Su, Sm, Cm, Tc +
K ........ Su, Sm, Cm, Tc +
222-R3 . Su, Sm, Cm +
222-Tcc Tc +
K-R3d ........ Su, Sm, Cm +
K-Tcd ........ Tc +

a SUI Sm, Cm, and Tc are the abbreviations of
sulfonamide, streptomycin, chloramphenicol, and
tetracycline, respectively.

bPresence (+) and absence (-) of suppression
of the functions of F of Escherichia coli K-12.

c Spontaneous segregants from 222.
d Spontaneous segregants from K.

ous periods of time at room temperature, and.

were then aerated in a water bath (37 C) until
the reduction in turbidity reached a minimum.
Precautions were taken to avoid photoreactiva-
tion. When dose-response curves were to be
determined, samples were taken at various time
points from the ultraviolet-irradiated samples.
and assayed for free phage.

RESULTS

Efficiencies of plating of phage X and its mutantg
on W3102 carrying various R factors. Phage Xwt
used was obtained by ultraviolet induction of
CSH-2. Phages XCl and Xvi were propagated on

W3102. The EOP of these phages on W3102
carrying various R factors was determined on

nutrient agar and Lennox agar. No visible plaques
were formed by these phages on the indicators
carrying R factor N-1 (Table 2). The EOP on

W3102 (N-3) and W3102 (R-15) was also con-

siderably reduced. However, when the agar

media containing 0.0025 M CaCl2 were used for
plating, visible plaques of Xcl and Xvi were formed
on W3102 (N-1), although they were smaller
than the plaques developed on the other indicater
strains (Table 3). On the agar media containing
0.0025 M CaCl2, XWt still did not form visible
plaques on W3102 (N-1) but, when the concen-

tration of CaCl2 was increased to 0.025 M, very

turbid, small plaques of Xwt were formed on this
indicator strain, although the EOP was reduced
to about 10-1. Various concentrations of MgCl2
(0.0025 0.025 M) were added to the plating

media instead of CaCI2, but there was no de-
tectable effect on the EOP and plaque morphol-
ogy of the above phages. When a mixture of
CaCl2 and 1gCl2 was added to the plating media,
the effect of CaCl2 was reversed by MgCl2.

TABLE 2. Efficiency of plating of phage X and its mutants on
Escherichia coli W3102* with R factors

Efficiency of platingt of
Indicator Xwt Xcvi

W3102..................... 10° 10° 10°
W3102 (N-1) ............... <3.0 X 10-8 <3.0 X 10-8 <3.0 X 10-8
W3102 (N-3)............... 5.0 X 10-3 1.5 X 10-2 3.9 X 10-2
W3102 (N-6) .. 10° 10°1 0°
W3102 (N-9) .............. . . o 10 10°
W3102 (R-15) .............. <3.2 X 10-3 <2.8 X 10-2 <5.5 X 10-2
W3102 (222) ............... 10° 10° 10°

* W3102 is a galactose-negative X-F- substrain of E. coli K-12.
t Efficiencies of plating were determined on semisolid nutrient agar.
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TABLE 3. Effect of CaCl2 on the efficiency of plating of phage X and
its mutants on Escherichia coli W3102* with R factor N-1

Concn of CaCl2 Efficiency of platingt of
Indicator added to plating

medium xwt xcl xvi

M

W3102................. 0 10 100
W3102................. 0.0025 100 100 100
W3102................. 0.025 100 100 100
W3102 (N-1) ........... 0 <5.1 X 10-0 <4.4 X 10-7 <3.2 X 10-10
W3102 (N-1) ........... 0.0025 <5.1 X 10-9 8.3 X 10-3 9.1 X 10-3
W3102 (N-1) ........... 0.025 1.5 X 10-1 1.2 X 10-1 7.1 X 10-2

* W3102 is a galactose-negative X-F- substrain of E. coli K-12.
t Efficiencies of plating were determined on semisolid Lennox agar. The plaques which developed on

CaCl2-free medium were smaller than those on media containing 0.0025 and 0.025 M CaCl2 -

Comparable results in the EOP were obtained
with nutrient agar and Lennox agar in the above
experiments as well as in the following experi-
ments.

Transduction of gal+ by HFT lysates of X into
W3102 with and uithout various R factors. The
frequency of gal+ transduction was reduced by
the presence of fi- R factors, but not by the
presence of fi+ R factors, in the recipient (Table
4). It is interesting to note that R factor N-1
did not reduce the transduction of gal+ so severely
as the EOP of X phages.

Ultraviolet inducibility of phage X in CSH-2
strains with and without various R factors. Phage
X of CSH-2 with and without various R factors
was ultraviolet-induced, and dose-response curves

were obtained. No significant difference could be
found in the ultraviolet inducibility of phage X in
these strains. Spontaneous liberation of X was

also unaffected by any R factors.
Attempt to lysogenize with phages Xcl and X',

W3102 carrying fi- R factors. The reduced EOP
of phage X on the indicators with fi- R factors
was suspected to be due to increased lysogeniza-
tion by the presence of fi- R factors. Since the
EOP of phages Xel and Xvi, which lack the
capacity of lysogenization partially or com-

pletely, are also reduced by fi- R factors, we

attempted to lysogenize W3102 carrying fi- R
factors by use of these mutants of X. All of the
clones which survived XcI and X vi were still sensi-
tive to X; thus, the above possibility was excluded.

Efficiency of plating of phage T1 on CSII-2
carrying varicus R factors. l'hage T, was propa-
gated on W3102. The EOP of phage T, on CSH-2
carrying various R factors is shown in Table 5.
It can be seen that J- R factors and not fi+ R

TABLE 4. Frequency of transduction of gal+ by HFT
lysates of phage X* into Escherichia coli W3102t

with and without Rfactors

Recipient Frequency of gal+transduction

W3102 100
W3102 (N-1) 3.0 X 10-3
W3102 (N-3) ........ 5.4 X 10-2
W3102 (N-6) 100
W3102 (N-9) 100
W3102 (R-15) ....... 3.1 X 10-2
W3102 (222) 100

* HFT lysates of phage X were obtained by the
procedure of Morse et al. (1956); the procedure of
transduction of gal+ (galactose fermentability)
was also that described by these authors.

t W3102 is a galactose-negative X-F- substrain
of E. coli K-12.

factors again reduced the EOP of phage T1. In
addition, it was noted that the plaques of T,
which developed on the indicators other than
CSH-2 (N-1) were as large and as clear as those
on the indicator without an R factor. The plaques
which developed on CSH-2 (N-1) were small and
turbid (Fig. 1). When 0.0025 M CaCl2 was added
to the plating media, the EOP of T1 on CSH-2
(N-1) was specifically increased five to ten times;
the size of the plaques of T1 on this indicator
strain was also slightly increased. Similar results
were obtained when W3102 was used instead of
CSH-2.

Efficiency of plating of phage T7 on CSH-2 car-
rying various R factors. Phage T7 used was propa-
gated on W3102. The EOP of phage T7 on CSH-2
carrying various R factors was studied. Only R
factor N-1 slightly reduced the EOP of phage T7 .
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TABLE 5. Efficiencies of plating of phage T'1 on
Escherichia coli CSH-2* with R factors

Strain Efficiency of platingtj

CSH-2................ 100
CSH-2 (N-1) .......... 8.7 X 10-3:
CSH-2 (N-3) .......... 1.3 X 10-4
CSH-2 (N-6) log
CSH-2 (N-9) .......... 100
CSH-2 (R-15) ......... 7.1 X 10-4
CSH-2 (222) 100

* CSH-2 is a methionine-requiring F- substrain
of E. coli K-12.

t Phage T, used was propagated on W3102, a
galactose-negative X-F- substrain of E. coli K-12.
Efficiencies of plating were determined on semi-
solid nutrient agar.

I The plaques which developed on CSH-2 (N-1)
were much smaller than those on the other strains,
as shown in Fig. 1.

The plaques of T7 which developed on CSH-2
(N-1) were slightly smaller than those on the
other indicators. Similar results were obtained
when W3102 was used instead of CSH-2.

Efficiency of plating of the phages of T series
other than T1 and T7 on CSH-2 carrying various
R factors. The EOP and plaque size of phages
T2, T3, T4, T5, and T6 were not affected by
any R factors employed.

Adsorption of phages Xwvt, T1, and T7 to 11W3102
carrying various R factors. A 9-ml amount, con-
taining about 5 X 108 cells per ml, of bacteria
grown in Penassay Broth at 37 C with aeration
was mixed with 1 ml of each l)hage having a
titer of 5 X 107 per ml and aerated at 37 C for
10 min. A 0.1-ml sample was diluted with 10 ml
of ice-cold Penassay Broth and then centrifuged
at 5,000 rev/min for 5 min in the cold. The
supernatant liquid was treated with chloroform
and assayed for free phage. There was no signifi-
cant difference in the adsorption rates of these
phages to W3102 carrying various R factors.

Host-induced modifications of phages Xcl, T,
and T7 in the strains carrying various R factors.
Phage Xci was employed in this experiment,
W3102 (N-1) in agar media containing 0.0025 M
CaCl2. The plaques of phages Xcl, T , and T7
which developed on W3102 carrying various R
factors in Lennox agar containing 0.0025 M
CaCl2 were scraped off and suspended in Penassay
Broth and homogenized. The homogenates were
centrifuged at 5,000 rev/min for 10 min, and the

sulernatant liquids were treated with chloroform
and then lplated for phage titrations on various
indicator strains. Growth of phage T1 on the
strains carrying Ji- R factors, N-3 or R-15, re-
sulted in increased EOP on these same two strains
to the EOP on the indicators without R factors
and with /i+ R factors (Table 6). Similar results
were obtained with phage XCi (Table 7). It was
further noted that none of these phages, includ-
ing T7 , was modified by growth in W3102 (N-1).

FIG. 1. Plaques of phage T1 on Escherichia coli
K-12 with and without R factors. (a) Plaquies on
indicators without an R factor or with R factors
other than N-i. (b) Plaques on indicators with an
f- R factor N-i.
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TABLE 6. Efficiency of plating on Escherichia coli CSH-2* with R factors
of phage T, grown on CSH-2 with R factors

Efficiency of platingt on

Ti grown on
CSH-2 CSH-2 (N-I)t CSH-2 (N-3) CSH-2 CSH-2 CSH-2 (R-15) CSH-2

N6) (N-9) (222)

CSH-2 (N-1).100 2.3 X 10-2 3.1 X 10-4 100 100 1.2 X 10-3 10°
CSH-2 (N-3). 109 2.0 X 10-2 100 100 100 10° 100
CSH-2 (R-15).100 5.0 X 10-2 100 100 100 100 100
CSH-2 (N-3) andthenonCSH-2. 100 4.0 X 10-2 1.5 X 10-3 100 100 1.5 X 10-3 100
CSH-2 (R-15) and then on
CSH-2.100 3.1 X 10-2 1.2 X 10-s 100 100 1.3 X 10-3 100

* CSH-2 is a methionine-requiring F- substrain of E. coli K-12.
t Efficiencies of plating were determined on semisolid nutrient agar.
t The plaques on CSH-2 (N-1) were much smaller than those on the other indicators with any of the

stocks of phage T, employed in this experiment (Fig. 1).

TABLE 7. Efficiency of plating on Escherichia coli W3102* with R factors
of phage Xe1 grown on W3102 with R factors

Efficiency of plating: on

XClgrown ont

W3102 W3102 (N-1) W3102 (N-3) W3102 W3102 W3102 (R-15) W3102(N-i)W3O2 (N 3) (N-6) (N-9) 22

W3102 (N-1).100 <3.5 X 10-6 8.6 X 10-2 100 100 <3.5 X 10-6 100
W3102 (N-3).100 <3.3 X 10-9 100 100 100 100 100
W3102 (R-15).100 <2.6 X 10-9 100 100 100 100 100
W3102(N-3)andthenW3102 100 <5.0 X 10-10 1.7 X 10-2 100 100 2.6 X 10-2 100
W3102 (R-15) and then W3102 100 <4.1 X 10-9 2.5 X 10-2 100 100 3.0 X 10-2 100

* W3102 is a galactose-negative X-F- substrain of E. coli K-12.
t The phage was grown in semisolid Lennox agar containing 0.0025 M CaCl2; the developed plaques

were scraped off, suspended in Penassay Broth, homogenized, centrifuged, treated with chloroform,
and used for titrations.

t The efficiencies of plating were determined on semisolid Lennox agar without CaCl2 enrichment.

Tables 6 and 7 also indicate that further propaga-
tion of the modified phages in W3102 without an
R factor reduced their EOP on the indicators
with Jf- R factors. These results suggest that the
observed phenomena are host-induced modifica-
tions of the phages (Bertani, 1953; Luria, 1953).

Effect of fi- transductant R factors obtained
from an fi+ R factor upon the multiplication of
phages X and T1. Although a majority of drug-
resistant transductants obtained with phage
P-22 in Salmonella typhimurium LT-2 carry-
ing a four-drug-resistance fi+ R factor are unable
to transfer their drug resistance by conjugation
(Watanabe and Fukasawa, 1962a), a few trans-
ductant R factors resistant to Su, Sm, and Cm
have recently been found to be transmissible by
conjugation (Watanabe, 1963b). Some of them
were found to be fi- upon their conjugational

transfer to male bacteria of E. coli K-12. The
effects of these fi- transductant R factors on the
EOP of phages X (X-t, Xc,l and Xvi) and T1 on
W3102 were investigated. It was found that
these fi- transductant R factors, like the original
fi+ R factors but unlike the naturally occurring
fi- R factors, do not exert any inhibitory effect
against the progeny formation of phages X and
T1

Frequencies of conjugational transfer of R factors
to recipients already having R factors. CSIH-2 and
W677/Pro-T6rSmr were a donor and a recipient,
respectively. The procedure for determining the
frequency of conjugational transfer of R factors
was the same as that described previously
(Watanabe and Fukasawa, 1961a). A 0.5-ml
amount of a Penassay Broth culture of a donor,
containing about 5 X 108 cells per ml, was mixed
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TABLE 8. Frequency of conjugational
factors from Escherichia coli CSH-

W677/Pro-T6rSmrt with and
R factors

R factor in donor
strain CSH-2

Strain no. fi

N-1
N-1
N-1
N-1
N-3
N-3
N-3
N-3
R-15
R-15
222 +
222 +
222 +
222 +
222 +
222 +
K +
K +
K +
K +
K +
K +

R factor in
recipient strain

WE77/Pro-T6rSmr

Strain no. fi

R-15
222-R3 +
222-Tc +

R-15
222-R3 +
222-Tc +

222-Tc +

N-1
N-3
R-15
222-R3 +
222-Tc +

N-1
N-3
R-15
222-R3 +
222-Tc +

* CSH-2 is a methionine-requirin~
of E. coli K-12.

t W677/ProTT6rSMr is a threoni
proline-, and vitamin B -requirin
xylose-, maltose, galactose-, and lac
and phage T6- and streptomycin-resi
strain of E. coli K-12.

t The frequencies of transfer of I

determined with the procedure def
text and expressed as the values p
donor cell.

with 4.5 ml of a Penassay Broth
recipient (about 5 X 10' cells per m

Erlenmeyer flask and incubated in
(37 C) without aeration. A 0.1-m
taken after 1 hr of incubation, and
0.9 ml of phage T6 (titer: about 5 >
The phage-treated mixed culture
cubated at 37 C for 10 min and plal
thymol blue-lactose-nutrient aga
1,000 Ag/ml of Sm and a proper co]
a drug to which the donor is resists
recipient cells which received the d

transfer of R were selected on this medium as lactose-negative
*2* to E. coli colonies (Table 8). It can be seen that the fre-
without quency of transfer of fi+ R factors was reduced

by a factor of about 102 when the recipients
already possessed fi+ R factors. These data

Frequency of confirm previous reports (Watanabe and Fuka-
transfer of
R factonr sawa, 1962b; Mitsuhashi et al., 1962). Further-

more, the frequency of transfer of Jih R factors
was also reduced when the recipients already

1.4 X 103 carriedjf- R factors, but this reduction was rather
1.2 X 10-4 slight. In contrast, the transfer of fi+ R factors to
2.0 X 10-3 recipients with fi- R factors and the transfer of
1.8 X 10-3 fi R factors to recipients with fi+ R factors
1.5 X 10-4 occurred with frequencies about equal to those of
1.3 X 10-3 transfer of the corresponding R factors to the
1.2 X 10-4 recipients without R factors. The above men-
3.3 X 10-4 tioned fi- transductant R factors derived from
1.2 X 10-4 an fi+ R factor behaved in exactly the same way
3.5 X 10-2 in their superinfection immunity pattern as did
3.7 X 10-2 the original fi+ R factor.
2.8 X 10-2 Genetic stability of the strains with two differ-
3.8 X 10-2 ent R factors. W677/Pro-T6rSmr strains with
3.8 X 10-4 two different R factors, which were obtained
2.4 X 10-2 in the above superinfection experiment, were
3.7 X 10-2 subcultured in drug-free Penassay Broth, and
3.2 X 102 were studied for the genetic stability of their R
3.2 X 10-2 factors by plating proper dilutions on drug-free
2.7 X 10-4 nutrient agar and replicaplating the resultant
5.3 X 10-4 colonies onto drug-containing nutrient agar (see

Watanabe and Lyang, 1962). The strains with
g F- substrain both an fi+ R factor and an i- R factor were

found to be genetically quite stable, whereas the
g; mannitol-, strains with two types of fi+ R factors were very
tose-negative; unstable, segregating either one of the R factors.
istant F- sub- The two different types of fi+ R factors were

sometimes stably retained by the host bacteria
R factors were but, in this case, the two types of R factors are
scribed in the assumed to have been genetically recombined,
er introduced producing a recombinant R factor as was reported

by Watanabe and Lyang (1962) and as will be
mentioned below.

culture of a Transfer by conjugation and by transduction of
1) in a 200-ml R factors from donors possessing two different R
.a water bath factors. Strains CSH-2 with two different R fac-
1 sample was tors were used as donors of R factors in conjuga-
was added to tion and transduction with phage Plkc, and the
< lOiO per ml). frequency of transfer of each R factor was studied.
was then in- The results of conjugational transfer are shown
ted on bromo- in Table 9, and those of transduction, in Table 10.
ir containing As can be seen in Table 9, the donors doubly
ncentration of infected with fi+ and fiJ R factors seemed to
tnt. Thus, the transfer the two R factors with frequencies
lonor R factor slightly higher than those expected on the basis
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of their independent transfer. However, the
results of transduction of fl+ and fi- R factors,
which were present in the same strains, indicate
that they were transduced separately (Table 10),
suggesting that the fi+ and fi- R factors existed
in a cell as independent units. The results in
Table 10 also indicate that the two different
ji+ R factors were transduced together as a unit
by phage Plkc. This finding, together with the
previous finding of simultaneous transfer of two
fi+ R factors by conjugation (Watanabe and
Lyang, 1962), suggests that the two different
fi+ R factors in the genetically stable strain were

genetically recombined.
Elimination of various R factors with acridine

dyes. CSH-2 strains carrying various R factors
were treated with acridine orange or acriflavine,
and the frequency of elimination of R factors
was determined. With all of the R factors studied,
frequencies were equally as low as with R factor
222 previously reported by Watanabe and Fuka-
sawa (1961b).

DISCUSSION

The results reported here indicate that fi+ and
fi- R factors differ considerably from each other,
not only in their fi characters but also in some

other important functions. First, fiiR factors
reduced the EOP of phages X and T1, whereas
ft+ R factors did not produce this reduction. One
of the Jh- R factors, N-1, reduced the EOP of
phage T7 as well. The reductions in the EOP
of these phages by fi- R factors must be due to
some step(s) following the adsorption of the
phages to the bacteria, because there was no

significant difference in the adsorption rates of
these phages to the bacteria carrying various R
factors. Transduction of gal+ with HFT lysates
of phage X was also reduced byfi- R factors in the
recipients. The fact that N-1 did not reduce gal+
transduction as severely as the formation of
plaques of X may suggest that the failure of X
to form plaques on the strain with N-1 is not
due to the failure of nucleic acid injection of the
phage. Nor is it probably due to increased lyso-
genization with X by the presence of N-1, be-
cause the EOP of phages XcI and Xv', which lack
the ability to lysogenize, were also reduced. The
finding that ultraviolet inducibility of X was not
affected by filR factors is difficult to interpret,
because ultraviolet treatment might inactivate
the "repressor" for X, if any, which might be
produced by fi- R factors. We are now studying

TABLE 9. Frequency of conjugational transfer of R
factors from Escherichia coli CSH-22* having one

or two R factors to W677/Pro-T6rSmrt

R factor in donor Frequency of transfer of R factort

fi+ R fi-R fi+ R factor fi- R factor fi andfi-
factor factor R factors

N-1 1.0X 10-3
N-3 - 3.0 X 10-4
R-15 3.0 X 10-3

222-R3 - 3.0 X 10-2
K-R3 1.0 X 10-2
K-Tc 1.0 X 10-2 -
222-R3 N-1 1.2 X 10-2 1.7 X 10-3 1.4 X 10-3
K-R3 N-1 1.0 X 10-2 6.0 X 10-3 4.0 X 10-3
222-R3 N-3 6.0 X 10-2 1.0 X 10-3 4.0 X 10-4
K-R3 N-3 1.0 X 10-2 1.2 X 10-44.0 X 10-5
K-Tc R-15 1.0 X 10-2 4.0 X 10-3 1.7 X 10-4

* CSH-2 is a methionine-requiring F- substrain
of E. coli K-12.

t W677/Pro-T6rSmr is a threonine-, leucine-,
proline-, and vitamin B1-requiring; mannitol-,
xylose-, maltose-, galactose-, and lactose-nega-
tive; and phage T6- and streptomycin-resistant
F- substrain of E. coli K-12.

t The frequencies of transfer of R factors were
determined with the procedure described in the
text and expressed as the values per introduced
donor cell.

TABLE 10. Frequency of transduction of R factors of
Escherichia coli CSH-2* carrying two different

R factors to sensitive CSH-2

R factor in donor
strain having a Frequency of transduction of R
drug-resistance factort selected by

marker

Cm Tc Cm Tc Cm + Tc

K-R3 222-Tc 5.0 X 10-6 1.5 X 10-5 3.3 X 10-6
222-R3 K-Tc 1.8 X 10-5 1.5 X 10-5 1.2 X 10-5,
222-R3 N-3 5.0 X 10-5 1.5 X 10-6 <5.3 X 10-8
K-R3 N-1 7.5 X 10-6 3.1 X 10-7 <3.1 X 10-8

* CSH-2 is a methionine-requiring F- substrain
of E. coli K-12.

t The frequencies of transduction of R factors
were expressed as the values per infective phage
particle.

the nucleic acid injection of phages X and T1
into the bacteria carrying various R factors. The
mechanism of the improving effect of CaCl2 on
the EOP of these phages on the strains with Ji- R
factors is also now under investigation.
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Some of thejfi- R factoirs wNere found to cause
host-induced modifications of phages X and T,
but R factor N-1 did not cause miodificationis of
phages X, T, , and 17, The small plaques of these
phages on the indicator strains with N-i are
assumed to be due to the absence of the host-
infl(tced modifications of the phages. lhages Tl
and X modified bv N-3 were found to be adapted
also to the bacteria with R-15 and vice versa.
It, is obvious fiom these results that there are at
least two typles of /i- R factors, based on their
lest riction and modification of the l)hages. Th'l'e
fi transductant R factois obtained fromi ani i+
R factor, unlike the naturally occurring, /i- R
factors, wrere found not to affect the LOP of the
plhages, suggesting that thte genetic deterami-
nant(s) of fi- character is l)ossil)lv not directly
related to the restrictions of the l)hages bv fi- R
factors.

Second, fi+ and,fi- R factors exhibite(d (lifferent
pattterns in their supeerinfection immnunity, as
rexvealed in the reduction of tlhe frequency of
conjugational transfer of R factors to the recipi-
ents withl different R factors. In otherl words,
ther e w-as no superinfection immiliunity between
fl+ and fi- R factors, although it was observeed
betweeni homologous types of R factors withl
regarld to fi. On the otherlhand, "mutual exclu-
sion" was foundl between tw-o (lifferent fi+ R
factoirs but not betsveen fi+ and fi- R factors.
The possibilitY of muititual exclusion between two
different ft- R factor,s couldl not be investigated,
because,*i R factors w-ith suitable drug-resist-
ance mar'ker's wN-er'e Inot available. The superin-
fect ion imimunity and the miiutual exclusion
observ-ed betwreen two homiiologous types of R
factors withi regard to fi are possibly due to a
comimiiioIn mechanism, as wxill be discussed below.

'T'hird, it was shown that fi+ and /i- R factors
are not, genetically recombined, although two
different ,±+ R factors can be easily recombined.
This fact wras evidenced by the findinig that fi+
ancI /i- R factors are transferred indlel)endentlv
of each other both by conjugation andI by trans-
duction withl)hage P1lkc. Altlhouglh an fi- R
factor was tranisduce(l in(lel)en(lentlv of ain fi+
R factor whicih was present in the samiie cell,
the frequency of conjugationial tranisfer of the
fi R factor together with the coexisting /i+ R
factor wNas higher than the tlheoretical xvalue
calculated on the basis of their independent
transfer. A simiiilar situation w-as encountered by
Ozeki, Stocker, and( Smith (1962) in colicinogenic

factors. These riesults do not necessarily indicate
that the two factors, which are transferred to-
gether, are physically associated with each other,
but, rather that one of the two factors merely
helps the transfer of another factor.

Jacob, 1Brenner, and Cuzin (1963) recently
presentedl a hy-pothesis that autonomous F may
rel)licate oIn rather few sl)ecific sites, possibly one
site for one chromosome, on the internal side of
the cell surface. They assum-ed a similar mnech-
anism for R factors. If this were the case, and if
we plostulate that the sites of attachlmlent of
autonomous R factors are different for fi+ and
fi- R factors, our findlings reported in this paper
are easily exlplained. In other words, this hypothe-
sis can account for our findings in terms of
coml)etition between homologous types of R,
factors in occup)ying the few spiecific sites for
replication. There may be otber exlplanations,
,such as the inhibition of relplication of an R factor
by the "rel)ressor" produced by another R factor
or the metabolic coml)etition between the two R
factors.

If is of considerable interest that fi+ and fi-
R factors are different fiomii eaclh other not only
in their fi characters hut also in some other func-
tions. The fact that /i- transductant R factors
derived from an Ji+ R factor behaved differently
fromii the naturally occurring fh- R factors and
like the original*fit R factor, in their restriiction
of lphages X and 'T' and in their sulperinfection
imm-uunity, may suggest that the naturally occur-
ring fi- R factors have possibly not dlevelol)ed
in single mutations from fi+ R factors. When we
discuss the differences between fi+ and jfi- R
factors, it is imlortant to b)ear in mind the fact
that all of the naturally occurring fi- R factoirs
so far studied have been found to lack the Cm-
resistance marker. It imight be possible that the
fi (letermiiinant is closely linked with the Cm-
resistance miarker, and that(deletion of the Cm-
resistance imiarker results in the loss of the 4
deteiriminant. However, the results rel)orted in the
lpresent p)al)er seem too com-l)licated to be ac-
counted for by this siml)le hypothesis of deletion.
They might suggest that the R'T'F of fi+ and
fi- R factois are different, from each other. The
RTF of fi+ and,Ji- It factors might have been
diffeient already befoIre they incorp)orated the
(Irug-resistance genes, oi thefi- R fact,ors might
have developed as a resuilt of interaction of fi+
R factors witlh somiie other episom-ies. In fact, it is
niow known that stable associations take place
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between R factors and some other episomes, such
as phages P1 (Kondo and Mitsuhashi, 1963),
P-22 (Watanabe, 1963b; Dubnau, personal com-
munication), and F (Harada et al., 1962).
The immunity of heterologous phages, which

is conferred by the presence of a prophage, has
been called prophage interference (Bertani,
1953) or dysgonia (Lwoff, 1959). It was found
that phage T, is not only restricted but also
modified in Pi-lysogenic hosts (Lederberg, 1957;
Christensen, 1961). A similar fact was reported
between phage X and prophage P1, and was
studied for its molecular nature (Arber and
Dussoix, 1962). The results reported in the
present paper suggest that they are possibly
analogous to prophage interference or dysgonia
in their mechanisms. Jacob, Schaeffer, and Woll-
man (1960) presented a hypothesis that phages
and nonphage episomes may mutate to each
other, for which no experimental evidence has
yet been obtained. Our results may suggest a
genetic similarity between fi- RTF and some
lphages.
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