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We predicted that, among mutants resistant to infection by single-stranded
deoxyribonucleic acid viruses, there would be some also resistant to "infection"
by single-stranded conjugal deoxyribonucleic acid. Approximately 5% of the
Escherichia coli K-12 females selected for resistance to phage ST-1 were defective
as recipients in conjugation. These spontaneous mutants fell into two classes.
Type A accepted both plasmid and chromosomal markers at greatly reduced
frequencies (<10-6 of normal for at least one strain), formed "rough" colonies,
and (unlike their parent) were nonflagellated. Type B strains accepted both
chromosomal and plasmid markers at reduced frequencies (10-2 to 10-1 of
normal), were temperature sensitive for growth, and showed increased suscepti-
bility towards antibiotics and deoxycholate. Both classes of mutants also were

resistant to certain female-specific viruses.

Genes may survive natural selection either by
being useful to cells (e.g., the genes for ,B-galac-
tosidase or ribonucleic acid polymerase) or by
being infectious. Plasmids (9, 29, 37) and vi-
ruses are examples of the latter type of genes.
Both code for structures that attach to cell
surfaces to facilitate their infections. The pro-
tein product of the virus forms a coat which
protects the viral nucleic acid in the extracellu-
lar environment. The protein product of the
plasmid forms a tunnel (pilus) by means of
which plasmid deoxyribonucleic acid (DNA)
probably (7) passes directly from cell to cell.

Resistance of bacteria to viral infection often
depends on whether viral attachment to cell
receptors is prevented (27). With viruses as
selective agents, numerous bacterial mutants
resistant to attachment by one of more viruses
have been isolated and shown to be altered in
some component of the cell envelope (27, 39).
One would expect that cell envelope alterations
likewise would lead to bacteria which become
resistant to pilus attachment, and so become
resistant to infection by plasmid DNA. It
seemed likely that pili and viruses would share
certain attachment sites and that, therefore, it
might be possible to use viruses to select for
bacteria resistant to infection by plasmids,
including R factors which are responsible for
most clinical cases of antibiotic resistance (14).
Since infecting conjugal DNA is single stranded
(25, 38), infection by conjugal DNA and single-
stranded viral DNA in particular might involve

cell structures in common. This was tested by
examining female colonies resistant to a single-
stranded DNA phage for their abilities to conju-
gate. Approximately 5% of the females tested
were found to be defective as recipients in
conjugation. These mutants, which fall into two
classes, are characterized.

MATERIALS AND METHODS
Bacteria and phage. Sources and properties of

bacterial strains are shown in Table 1. Phage sources
were as follows: ST-1, OX174, and oXtB, C. Dowell;
P1, T. Jones; x, J. Adler; T3, T7, W31, XI, and XII, K.
Ippen-Ihler; T3L, M. Malany; D108, K. Mise; and
Mu-1, M. Howe. OX174 DNA, ST-1 DNA, and
bacterial spheroplasts were prepared by minor modifi-
cations of the procedure of Guthrie and Sinsheimer
(19).

Bacterial media and growth. Unless otherwise
stated, bacteria were grown on YTG, which contained
(per liter); tryptone, 8 g; yeast extract (Difco), 2 g;
and glucose, 2 g. For plates, 15 g of agar (Difco) per
liter was used, except for motility testing (3) when 3
g/liter was used. YT is the same as YTG except that
glucose is omitted. When Ca2+ (3 mM) is added for
phage growth, YTG and YT are designated YTGC
and YTC, respectively. Minimal medium contained
(per liter); NH4Cl, 1 g; MgSO4, 250 mg; K2HPO4, 150
mg; NaCl, 1 g; carbon and energy source, 2 g; 1 M
tris(hydroxymethyl)aminomethane (Tris; pH 7.3), 75
ml; and a trace of thiamine.

Chemicals. Antibiotic disks were the highest con-
centrations available from Difco. Trimethoprim and
acridine orange were from Sigma Chemical Co. Ni-
trosoguanadine (NTG) was from Aldrich Chemical
Co. [14C ]leucine (26 mCi/mmol) was from Calatomic.
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TABLE 1. Bacterial strains used

Strain Properties Source

C600 F- thr leu lac SmR C. Dowell
C600-ST- R ST-i5 derivative of C600 By ST-1 selection
C600/F'Lac F'Lac derivative of C600 A330XC600
C600-Thy- thy derivative of C600 By trimethoprim (31) selection
A330 F'Lac Sm5 C. Dowell
A330-ST-1R ST-iR derivative of A330 By ST-1 selection
AT706 HfrH fuc Sms B. Bachmann
FR3A F- thr leu lac Sm' ST-iR type A mutant See text
FR19B F- thr leu lac SmR ST-iR type B mutant See text
FR19B/F'Lac F'Lac derivative of FR19B A33OXFR19B
FR19B-Thy- thy deriv. of FR19B By trimethoprim (31) selection
Hfr75 HfrH gal bio leu XCI857 K. Shimada
J53 I-type plasmid (KanaR)/met pro Sms E. Meynell
CSH26 F- ara lac pro Sms Cold Spring Harbor
CSH26/F'Lac F'Lac derivative of CSH26 A330XCSH26
JC12 Hfr PO12 mtl xyl lac gal metB purF Sms A. J. Clark
KL228 Hfr PO13 leu gal lac Sms K. B. Low

[I4C]thymidine (40 mCi/mmol) was from New Eng-
land Nuclear Corp.

Isolation of defective conjugants using ST-l.
ST-1-resistant colonies were obtained by spreading
108 cells of strain C600 (F Lac-) with 108 particles of
phage ST-1 on YTC plates. Colonies which grew were
patched directly onto lawns of 108 cells of an ST-1-
resistant derivative of an F'Lac donor, A330. These
lawns were on minimal plates that contained lactose
(to select for plasmid tranfer) and streptomycin (for
counter selection) and required amino acids. Plates
were incubated at 43 C for 2 days, after which strains
that conjugated normally showed patches of conflu-
ence growth, but some strains showed patches with
few or no colonies. The latter strains were purified
from YT plates upon which all strains had been
patched for preservation at 30 C, and were studied
further. No mutagenesis was used. An ST-1-resistant
derivative of A330 was used so that excess ST-1
carried in the patch would not lyse the donor.

Zygotic induction for direct selection of defective
conjugants. To select against females which mated
well, Hfr75 (43), which donates early the thermally
inducible prophage XCI857, was mixed with X-resist-
ant C600 recipient cells at concentrations of 10' and
107/ml, respectively. Cells were shaken gently in YTG
at 37 C for 3 h during which time most of the C600
cells were killed by zygotic induction. The mixed
culture was then diluted 1/100 and shaken vigorously
at 43 C for 1 h to induce the prophage, which killed
the males and also the rare females in which prophage
transfer had led to lysogeny rather than to zygotic
induction. The culture, containing C600 cells that did
not receive the prophage from Hfr75, then was gently
shaken at 37 C until it was visibly turbid, at which
time additional Hfr75 was added (108 cells/ml). The
procedure was repeated 10 times, after which the
culture was streaked and individual colonies were
tested for their mating ability.

Conjugation experiments. Males and females
were grown separately at 37 C in YTG shaking cul-
tures, which were allowed to stand without shaking
for 10 min prior to mixing. Unless stated otherwise,

cells were mixed to final concentrations of 5 x 107/ml
for males and 2 x 108/ml for females.

Other genetic techniques. Thymidine-requiring
mutants of FR19B and C600 were isolated by growth
in the presence of trimethoprim (31). Curing of F'Lac
was accomplished by growing dilute cultures (101 to
102 cells/ml) for 24 h in YTG containing 25 gg of
acridine orange per ml. Mutagenesis of bacteria and
phage was by NTG. For bacteria (strain A330), cells
were incubated for 20 min at 37 C in YTG containing
50 ,ug of NTG per ml. For phage (P1), cells and phage
were plated in a soft-agar lawn containing 30 mg of
NTG per ml, and after 12 h phage stocks were
prepared by scraping the lawns.
Measurement of protein and DNA synthesis.

Cultures were labeled with radioactive leucine or
thymidine. At appropriate times, 25-gliter samples
were removed and applied to Whatman 3MM filter
squares (ca. 1 cm2). Squares were passed successively
through three beakers containing cold 5% trichloro-
acetic acid and two beakers containing cold 95%
ethanol (5 to 10 min in each beaker). They were then
allowed to dry and were placed in vials containing
Aquasol (New England Nuclear Corp.). Radioactivity
was measured in a scintillation counter.

RESULTS
Isolation of females defective in conju-

gation. Colonies of the female strain C600
which were resistant to a single-stranded DNA
phage were patch-tested for their ability to
accept an F'Lac plasmid. The phage used was
ST-1 (6), a kX174-like phage which, unlike
OX174, naturally infects E. coli K-12 strains.
Twenty of the 390 ST-1-resistant Lac- colonies
were unable to be converted to Lac+ by F'Lac at
43 C (for details, see above). These 20 strains
were examined for a number of properties and
found to divide clearly into two classes, type A
and type B (Table 2).
Mating and growth properties of type A
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CONJUGATION-DEFECTIVE FEMALES

TABLE 2. Properties of type A and B mutants

Growth at Mor- Susceptibility Sensitivity to .ensi
Conjugation 43 C on phology on to antibiotics "female- Sensitivity Sensitivity to FlagellatedOrganism frequenCya YTG YTG and specific" tophage phage A l

plates patesG deoxycholate phage P1

Type A mutants 10-6-10-4 Yes Rough Normal Partially Sensitive Sensitive No
resistant"

Type B mutants 10-2_1o- 1 No Smooth Increased Partially- Resistant Partially Yes
resistant6 resistant

C600 parent Yes Smooth Normal Sensitive Sensitive Sensitive Yes

aRelative to C600. Formation of Thr+ Leu+ recombinants from Hfr donor AT706 and of Lac+ "recombinants" from F'-Lac
donor A330, at 37 C.

'See Table 3.

mutants. Twelve type A mutants were tested
quantitively for their abilities to accept plasmid
genes (F'Lac from A330) and chromosomal
genes (Thr+ Leu+ from Hfr AT706). For each
mutant, plasmid and chromosomal marker
transfer occurred at less than 10-4 the level for
the wild-type recipient C600. One type A strain,
designated FR3A, was used preferentially in
further study.
The nature of the very rare plasmid transfer

which did occur between strains FR3A and A330
was investigated to determine whether transfer
was due to: (i) mating at very low frequency
between genetically homogeneous populations
of FR3A and A330, (ii) A330 mutants which
were capable of overcoming the FR3A barrier, or
(iii) FR3A revertants. To distinguish among
these alternatives, 20 colonies which had ac-
cepted F'Lac, accumulated from several A330 x
FR3A crosses, were cured of their F'Lac plas-
mids and then tested for their ability to be
reinfected by F'Lac plasmids. Nineteen clearly
were C600-like revertants of FR3A in that they
mated at normal frequency, grew as smooth
colonies (Table 2), and were ST-1 sensitive. The
remaining strain also mated at a much higher
frequency than did FR3A, although somewhat
below the wild type frequency. The successful
A330 x FR3A matings thus involved FR3A
revertants.

Further attempts to detect either an altered
plasmid (analogous to a host range mutant of a
"conventional" virus) or an unaltered plasmid
which could overcome the FR3A block were
made, including the uses of mutagenized A330
donors, abnormally high cell densities and/or
the presence of ST-1 to select against rever-
tants among the FR3A population. In every
case, however, the successful maters within
an FR3A population, when cured of their
F'Lac plasmids, were found to mate at high
rather than low frequency and, thus, were
revertants. Mating of nonrevertant FR3A was
undetectable and occurs at least 10-6 below

wild-type frequency. Type A mutants grow
more slowly than wild type, which contributes
to the high apparent reversion rate. (In YTG,
FR3A grew at 80% of the C600 rate at 30 C and
50% of the C600 rate at 43 C.)
At least two different pili types, F and I, have

been distinguished immunologically and on the
basis of sensitivity to different pili-specific
phage (20, 30). A plasmid coding for I pili and
bearing kanamycin resistance was transferred
from strain J53 to FR3A at < 10-3 the frequency
with which it was transferred to C600, indicat-
ing that FR3A is markedly resistant to infec-
tion mediated by I-type as well as F-type pili.
Mating and growth properties of type B

mutants. Eight of the twenty ST-1-resistant
colonies that did not mate when patched onto
lawns of F'Lac bacteria at 43 C also were
incapable of growth on YTG plates at 43 C.
This initially suggested that their defect did not
concern mating at all, but simply growth. All
eight, however, proved also to be impaired in
conjugation at temperatures nonrestrictive for
growth. In crosses with both an F'Lac and an
Hfr donor at 30 C (growth unimpaired), plas-
mid marker transfer (Lac+ from A330) and
chromosomal marker transfer (Thr+ Leu+ from
AT706) were 1 to 9% of the level of each to C600.
These eight strains comprise mutant type B,
whose properties are summarized in Table 2. A
strain at the low end of the mating range,
FR19B, was used preferentially in further study.
The type B strains exhibited increased sus-

ceptibility to certain antibiotics and to deoxy-
cholate, and showed osmotic reversibility of
their temperature sensitivity, each property
suggestive of strains with altered envelopes (4,
8, 15, 22, 36, 41, 50). Disks containing either
erythromycin or novobiocin caused significant
clear zones on FR19B lawns, although they
caused no clear zones on C600 or FR3A lawns.
YTG plates containing 0.6% deoxycholate sup-
ported 106-fold fewer FR19B colonies although
C600 and FR3A colony formation was reduced
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only 100-fold. Type B strains did not grow at IFIT
43 C on YTG plates but did grow at 43 C on
YTG plates containing 200 mM NaCl. Their 10_
sensitivity to ultraviolet radiation was un-
changed from that of wild type.

Since DNA synthesis can be impaired by
certain envelope mutations (17, 22, 44) and may 60
be involved in conjugal DNA uptake (7, 12),
experiments were performed to see whether the -/
temperature sensitivity of type B mutants spe-
cifically is caused by a defect in DNA synthesis. 30_
The results, obtained with thymidine-requiring
derivatives of FR19B and C600, indicate thatc
this is not the case, since DNA synthesis at the'
restrictive temperature is not affected more | 5
quickly than either protein synthesis (Fig. 1) or 5
cell growth (Fig. 2).
The temperature sensitivity of the type B l o_

mutants was affected by several factors. Re-
moving glucose from YTG permitted growth of
FR19B at 43 C, although the addition to YTG of
either cyclic adenosine monophosphate (to re- 5- To 43
lieve catabolite repression) or of NaOH (to
maintain pH neutrality) did not permit growth

1000
_ I I

-2 -I ~0 2 3
FR19B 0600 Time (hours)

FIG. 2. Growth after shift to 43 C. Log-phase
500 X cultures of FR19B and C600 growing in YTG at either

30 or 37 C were shifted to 43 C at time zero. Symbols:
0, FR19B originally growing at 30 C; -0-, FR19B

E originally growing at 37 C;*, C600, originally growing
a X /1I6/ at 37 C. ---O---, FR19B which was not shifted to 43 C.

at 43 C. Also, the permissive growth tempera-
ture prior to the shift to 43 C markedly affected

E FS 1IXIgrowth cessation at 43 C (Fig 2). These proper-
ties were not explored further. Factors that

1c affect the temperature sensitivity of envelope

o mutations in unexplained ways have been re-
ported before (e.g., yeast extract, reference 41).

so> _ Phage resistance of type A and type B

mutants. Type A and type B mutants were
obtained by screening among ST-1-resistant

00|X 0 0 strains. Resistiance to ST-1 in each case is due to
0 15 30 45 o 5 30 45 the inability of the phage to adsorb (Fig. 3). In a

Time (minutes) separate experiment, spheroplasts of strains
FIG. 1. DNA and protein synthesis after a shift to FR3A, FR19B, and C600 each were shown to be

43 C. Log-phase cultures of FR19B-Thy- and C600- susceptible to infection by ST-1 and OX174
Thy- growing in YTG plus 50 Asg of thymidine per ml DNA.
at 37 C (2 x 108 cells/ml) were inoculated either with Each mutant type was found to be resistant
10 counts of ['4C]thymidine per ml or 107 counts Of also to other phage. As expected, type A and
[14C]leucine per ml at time zero. Each culture was type B mutants were resistant to the single-
then split into two, incubated at both 37 and 43 C, stranded DNA phage /iXtB (5), a variant of
and sampled at intervals. Growth of the cultures was capande of infecti coli

a vains.indistinguishable from those of Fig. 2. Symbols: o, X74 capable of infecting E. coli K-12 strains.
[I4C]leucine incorporated at 37 C; 0, [14C]leucine Type B (but not type A) mutants were resistant
incorporated at 43 C; 0, ['4C]thymidine incorporated to P1 and partially resistant to phage lambda.
at 37 C; *, [14C]thymidine incorporated at 43 C. Attempts to find a phage that could transduce
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FIG. 3. Adsorption of ST-I to FR3A, FR19B, and
C600. Log-phase bacteria were suspended at 10'
cells/ml and incubated for 10 min at 37 C in broth
containing (per liter); tryptone, 10 g; KCI, 5 g; CaCI2,
10-2 mol; and KCN, 10-2 mol. ST-I was incubated
separately for 10 min under the same conditions.
Bacteria and phage then were mixed. At various
times, samples were diluted 100-fold into broth lack-
ing cyanide, chloroformed, and plated for plaque-
forming units. (Phage which adsorb to or penetrate
cells are inactivated by the chloroform treatment.)
Symbols: 0, C600; 0, FR3A; and 0, FR19B.

type B strains were unsuccessful-no host range
mutants of Pi on type B strains could be found
among 1011 mutagenized (NTG) or unmutagen-
ized Pi infectious particles, and type B mutants
were resistant to generalized transducing phage
D108 (32) and Mu-1 (23).
Both type A and type B mutants showed

altered sensitivity to the related phage T3, T7,
and XII (13, 24), and to 4I and W31 (Table 3).
These phages all are "female specific" (1, 55),
as can be seen by comparing their plating
efficiencies on C600/F+ relative to C600 (Table
3). Resistance of a strain to female-specific
phage may or may not be related to the mecha-
nism that inhibits the phage from infecting
male strains. With T3 and T7, for example,
male resistance is due to F-factor products that
block intracellular phage development (35). On
the other hand, female T3-T7-resistant mutants
arise as a result of envelope alterations (11, 50).
To test whether the resistance of type A and
type B mutants results from an envelope altera-
tion or is more closely related to the mechanism

of male resistance, T3L, a T3 variant that is not
inhibited in males (Table 3), was used. Since
FR3A and FR19B (but not C600/F+) were re-
sistant to T3L as well as to T3 (Table 3), re-
sistance probably is due to altered adsorption.
Because of poor adsorption of many female-
specific phage to E. coli observed here and else-
where (33), we were unable to measure directly
their adsorption to E. coli K-12.
Multiple phage resistance also occurred

among those strains selected for ST-1-resistance
which were not impaired in conjugation. Of 10
such independently arising ST-1-resistant
strains of C600 picked at random, 4 were
Pi resistant and 3 were T3-T7 resistant.

Either of two female-specific phage could be
used in place of ST-1 to obtain mutants defec-
tive in conjugation. Fifty C600 colonies selected
for resistance to T3, 50 selected for resistance to
W31, 60 selected for resistance to XI, and 90
selected for resistance to OR1 were patch-mated
with A330 by the procedure that had been used
with ST-1 to isolate the type A and B mutants.
Two of the T3R and four of the W31R colonies
were defective maters, approximately the same
proportion that had been observed with ST-1.
These six strains all were ST-1 resistant. Among
the XI and XI1-resistant strains, >90% of which
were mucoid, no defective maters were found.
Type A mutants are nonflagellated. By

light microscopy, FR3A was observed to be
nonmotile, although its parent C600 is motile.
Nonmotility of type A strains was confirmed by
their inabilities to swarm on "sloppy agar"
plates (3) and by their resistance to phage
X, which requires motile flagella for infection
(42). By electron microscopy, strain FR3A
was observed to lack flagella, either attached
to the cells or present in the supematant.
FR19B was flagellated normally, and no other

TABLE 3. Strain sensitivity to "female-specific"
phagea

Sensitivity
Phage

C600/F+ FR3A FR19B

'01 10- 2 (S) 10-2 <10-4
4)11 1 (S) 1 (S) 3 x 10-2
W31 <10-4 <10-4 <10-4
T7 <10-4 <10-4 <10-4
T3 10-2(S) 2 x 10-2 <10-4
T3Lb 1 10-4 < lo- 4

aFor each phage, plating efficiencies relative to
C600 are shown. (S) indicates that plaques are smaller
than on C600. Plates and soft agar were YTGC.
"A T3 variant which is not female specific. See

text.
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structural differences between FR3A, FR19B
and C600 were apparent.
Mating properties of ST-i-resistant male

strains. Two hundred ST-1-resistant colonies
of an F'Lac donor (CSH26/F'Lac) were patch-
mated against C600 in order to test whether any

were impaired in their ability to donate the
F'Lac plasmid. None were. FR19B/F'Lac was

found to be unimpaired in its ability to donate
the F'Lac plasmid (same frequency of transfer
as from C600/F'Lac). No FR3A/F'Lac was

available for testing.
Mapping of the type B defect. The mating

frequency of FR19B was just sufficient to permit
the lesion to be localized on the genetic map by
conjugation. Preliminary crosses between
FR19B and a group of 16 Hfr strains with
different transfer origins, selecting for the abil-
ity of recombinants to grow on YTG at 43 C,
showed the temperature-sensitive defect of
FR19B to lie between the transfer origins of
JC12 (same origin as AB312) at approximately
50 min and of KL228 (same origin as AB313) at
approximately 74 min (28). A three-point cross

was then constructed involving xyl, mtl and the
temperature-sensitive defect. The results
(Table 4) show the order of the three markers to
be xyl, mtl, TS, which, in conjunction with the
above Hfr-origin results, localizes the tempera-
ture-sensitive defect between 70 and 74 min on

the standard genetic map (51). For all recombi-
nants tested, temperature sensitivity, ST-1-
resistance, and reduced mating segregated as

one marker. Because of the phage resistance of
type B mutants, transduction could not be used
to map the lesion more precisely.
Reduced mating is not due to lethal zygo-

sis. E. coli females may be killed by an excess of
males in a phenomenon known as lethal zygosis
(2, 47, 48). If a female mutant arose with
increased sensitivity to males, its reduced sur-

vival during conjugation might appear as an

impaired ability to conjugate. This was ruled
out for strains FR3A and FR19B by plating for
survivors (on Sm plates) after matings with
normal and excess levels of (Sms) males. There
was no significant decrease in survivors.

Zygotic induction used to directly select for
strains with reduced recipient ability. Zy-
gotic induction was used to select directly for
C600 derivatives that mated poorly. Strains
were selected for survival after repeated expo-

sure to Hfr strains which donated early in
conjugation the XCI6.7 prophage (see above).
The C600 derivatives so obtained showed re-

duced ability to accept plasmid and chromo-
somal markers in conjugation, but also were

sensitive to the male-specific phage MS2. Pre-

sumably, F+ or F' factors produced by the HfrH
strain infected C600, resulting in C600/F+ or
C600/F' strains which masked the presence of
any mutant C600 F strains with reduced
recipient ability. F'Gal strains containing the A
prophage on the plasmid (16) did not mate well
enough to be useful in the selection procedure.

DISCUSSION
Plasmids may be viewed as intracellular vi-

ruses which spread by direct cell-to-cell contact,
using pili as attachment organelles (7). We
thought that, since the DNA transferred in
conjugation is single-stranded, the attachment
and/or penetration steps in infection by single-
stranded viral DNA and by conjugal DNA
might utilize cell components in common. If
this were true, mutants defective as recipients
in conjugation, which are difficult to select for
directly, should appear among mutants selected
for resistance to single-stranded DNA phage.
This proved to be the case for 5% of the
ST-1-resistant strains tested.
Most properties of the mutants defective as

recipients in conjugation are typical of strains
resistant to conventional viruses due to enve-
lope alterations. Type A mutants have an
altered ("rough") colony morphology and are
unable to adsorb phage ST-1. Their lesion does
not involve foreign DNA generally, since they
accept transduced markers at normal fre-
quency. Type B mutants have increased sensi-
tivity to antibiotics and deoxycholate, show
osmotically reversible temperature sensitivity,
and also are unable to adsorb phage ST-1. The
type A and B lesions do not involve intracellular
single-stranded DNA metabolism generally,

TABLE 4. Three-factor conjugation cross of xiyl, mtl
and the type B defecta

xyl imtl Temperature No.
sensitivity obtained

Db R D 1
D R R 15
R D D 4
R D R 0

a From a cross between donor JC12 (Xyl-, Mtl-,
non-temperature sensitive) and recipient FR19B
(Xyl+, Mtl+, temperature-sensitive), several hundred
recombinants for the distal markers Thr+ Leu+ were
scored for xyl and mtl to find 20 strains in which a
crossover between xyl and mtl occurred. Those 20
strains were scored for the type B lesion by streaking
on YTG at 43 C. The results show that the tempera-
ture defect and mtl co-segregate 19 times, indicating
the order of the markers to be xyl, mtl, type B defect.

'Recombinant types. D and R refer to donor and
recipient phenotype, respectively.
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since both types of mutants are susceptible to
infection by naked ST-1 DNA and OX174 DNA.
Whether the defect in flagella formation of

type A mutants is represented by one of the 14
known fla cistrons (45, 46) or is a novel one is
not known. No fla mutants previously have
been reported to be defective in conjugation.
Pleiotropic mutants which share one or more
properties with type B mutants have been
described previously among envelope mutants
selected for either colicin tolerance (4, 40),
colicin resistance (22), osmotically correctable
temperature sensitivity (17, 41), or temperature-
sensitive DNA synthesis (8). None of these
mutants has been reported to be defective as
recipients in conjugation, and all differ from
type B mutants in one or more additional
physiological properties.

Strains severely defective as recipients in
conjugation have been reported previously
among lipopolysaccharide-altered strains se-
lected for several steps of ampicillin resistance
(34). These strains had either increased or
decreased susceptibility to certain female-
specific viruses but were not tested with single-
stranded phage. Type A or B mutants do not
have altered resistance to ampicillin. Other
workers have noted variations, both decreases
and increases, in recipient mating frequency
among cell wall mutants of E. coli (54) and
Salmonella (26, 52).
Type A and B mutants were resistant to

certain female-specific phage, and type B mu-
tants were resistant to P1. Since ST-1-resistant
mutants which mated normally also were found
commonly to be resistant to P1 and/or the
female-specific phage T3 and T7, it seems that
ST-1, certain female-specific phage, P1, and the
F- and I-type pili either have adsorption sites in
common or can be blocked from separate sites
by single mutations affecting the cell envelope.
We were able to isolate strains defective as
recipients in conjugation also by selecting with
either of two female-specific, double-stranded
DNA phage in place of ST-1. These mutants
arose at approximately the same frequency as
when ST-1 was used to select, were all ST-1-
resistant, and were similar, if not identical, to
the type A mutants.
Because we looked among strains preselected

for viral resistance, the search was biased in
favor of mutants with envelope alterations.
Alternatively, recipients with reduced mating
ability could be directly selected for by intense
exposure of recipients either to detrimental
donor genes, or to the physically harmful effect
(lethal zygosis) of mating. We used the X
prophage as the detrimental donor genes-cer-

tain dominant alleles on F factors, such as the
streptomycin-sensitive allele or the lac il (super-
repressor) allele under lactose-selective condi-
tions, also might be used. The strains which we
selected for in this way had reduced recipient
ability because they had received F+ or F'
factors. Skurrey and Reeves (49), using lethal
zygosis for selection, also selected for an F+ or F'
strain. By improving these methods, it should
be possible to obtain a varied group of defec-
tive recipients which would be useful in de-
fining the various recipient functions in con-
jugation.
Can type A mutants, unable to form flagella,

form sex pili? Might an envelope alteration
which prevents attachment of the distal end of a
sex pilus also prevent attachment of the proxi-
mal end? These questions were not answered
directly because of the inability to infect FR3A
with an F'Lac plasmid. An indirect answer was
obtained by screening 200 ST-1-resistant clones
of an F'Lac strain for their abilities to transfer
F'Lac in patch matings. These clones, which
should have included several type A mutants,
all were capable of transferring F'Lac, suggest-
ing that type A mutants are not abnormal as
donors. Type B mutants directly were shown to
be unimpaired as donors.
The spread of antibiotic resistance by plas-

mids (R factors) is a problem of major clinical
importance (14). For two decades, man's pri-
mary defense against antibiotic resistance has
been the development of new antibiotics. As
this approach becomes less effective, the inhibi-
tion of plasmid transfer could assume practical
significance. Demonstrating that exposure of
bacteria to certain viruses selects for bacteria
which are defective in their ability to obtain
plasmid genes is possibly a small step in this
direction.

ACKNOWLEDGMENTS
I am grateful to Clifton Dowell for helpful discussions, to

Stanley Holt for performing the electron microscopy, and to
Kathleen Kerr for expert technical assistance.

This study was supported by Public Health Service grant
ES00804 from the National Institute of Environmental
Health Sciences.

LITERATURE CITED

1. Achtman, M. 1973. Genetics of the F sex factor in
Enterobacteriaceae. Curr. Top. Microbiol. Immunol.
60:79-123.

2. Alfoldi, L., F. Jacob, and E. L. Wollman. 1957. Zygose
ltale dans les croisements entre souches colicinogbnes
et non colicinogenes. C. R. Acad. Sci. 244:2974-2976.

3. Armstrong, J. B., J. Adler, and M. M. Dahl. 1967.
Nonchemotactic mutants of Escherichia coli. J. Bac-
teriol. 93:390-398.

4. Bernstein, A., B. Rolfe, and K. Onodera. 1972. Pleiotropic

VOL. 119, 1974 189



190 REINER

properties and genetic organization of the tol A, B locus
of Escherichia K-12. J. Bacteriol. 112:74-83.

5. Bone, D. R., and C. E. Dowell. 1973. A mutant of
bacteriophage kX174 which infects E. coli K12 strains.
I. Isolation and partial characterization of 0XtB.
Virology 52:319-328.

6. Bowes, J. M., and C. E. Dowell. 1974. The purification
and properties of bacteriophage ST-1. J. Virol.
13:53-61.

7. Brinton, C. 1971. The properties of sex pili, the viral
nature of conjugal genetic transfer systems, and some
possible approaches to the control of bacterial drug
resistance. Crit. Rev. Microbiol. 1:105-160.

8. Ciesla, F., and M. Gagdasarian. 1972. Impaired DNA
synthesis and envelope defect in a mutant of Salmo-
nella typhimurium. Mol. Gen. Genet. 116:126-138.

9. Clowes, R. C. 1972. Molecular structure of bacterial
plasmids. Bacteriol. Rev. 36:361-406.

10. Crawford, E., and R. Gesteland. 1964. Adsorption of
bacteriophage R17. Virology 22:165-167.

11. Curtiss, R. 1965. Chromosomal aberrations associated
with mutations to bacteriophage resistance in Esche-
richia coli. J. Bacteriol. 89:28-40.

12. Curtiss, R. 1969. Bacterial conjugation. Annu. Rev.
Microbiol. 23:69-127.

13. Davis, R. W., and R. W. Hyman. 1971. A study in
evolution: the DNA base sequence homology between
coli phages T7 and T3. J. Mol. Biol. 62:287-301.

14. Dulaney, E. I., and A. I. Laskin (ed.). 1971. The problems
of drug-resistant pathogeneic bacteria. Ann. N.Y.
Acad. Sci. 82.

15. Egan, A. F. and R. R. B. Russell. 1973. Conditional
mutations affecting the cell envelope of Escherichia
coli K12. Genet. Res. (Camb). 21:139-152.

16. Freifelder, D., and M. Meselson. 1970. Topological rela-
tionship of prophage A to the bacterial chromosome in
lysogenic cells. Proc. Nat. Acad. Sci. U.S.A. 65:200-
205.

17. Glaser, M., W. H. Bayer, R. M. Bell, and P. R. Vagelos.
1973. Regulation of macro-molecular biosynthesis in a
mutant of Escherichia coli defective in membrane
phospholipid biosynthesis. Proc. Nat. Acad. Sci. U.S.A.
70:385-389.

18. Gross, J. D., and L. G. Caro. 1966. DNA transfer in
bacterial conjugation. J. Mol. Biol. 16:269-284.

19. Guthrie, G. D., and R. L. Sinsheimer. 1963. Observations
on the infection of bacterial protoplasts with the
deoxyribonucleic acid of bacteriophage kX174. Bio-
chim. Biophys. Acta 42:290-297.

20. Harden, V., and E. Meynell. 1972. Inhibition of gene
transfer by antiserum and identification of serotypes of
sex pili. J. Bacteriol. 109:1067-1074.

21. Hayes, W. 1968. The genetics of bacteria and their
viruses. 2nd. edition. Wiley and Sons, N.Y.

22. Holland, I. B., E. J. Threlfall, E. M. Holland, V. Darby,
and A. C. R. Samson. Mutants of Escherichia coli, with
altered surface properties which are refractory to coli-
cin E2, sensitive to ultraviolet light and which can also
show recombination deficiency, abortive growth of
bacteriophage A and filiment formation. J. Gen. Micro-
biol. 62:371-382.

23. Howe, M. H. 1973. Transduction by bacteriophage Mu-1.
Virology 55:103-117.

24. Hymen, R. W., I. Brunovskis, and W. C. Summers. 1973.
DNA base sequence homology between coliphages T7
and XII and between T3 and XII as determined by
heteroduplex mapping in the electron microscope. J.
Mol. Biol. 77:189-196.

25. Ihler, G., and W. Rupp. 1969. Strand-specific transfer of
donor DNA during conjugation in Escherichia coli.
Proc. Nat. Acad. Sci. U.S.A. 63:138-143.

26. Jarolmen, H., and G. Kemp. 1969. Association of in-
creased recipient ability for R factors and reduced

J. BACTERIOL.

virulence among varients of Salmnnolla choleroesuis
var. Kunzendorf. J. Bacteriol. 97:962-963.

27. Lindberg, A. A. 1973. Bacteriophage receptors. Annu.
Rev. Microbiol. 27:205-241.

28. Low, K. B. 1972. Escherichia coli K-12 F-prime factors,
old and new. Bacteriol. Rev. 36:587-607.

29. Meynell, G. G. 1973. Bacterial plasmids. The M.I.T.
Press, Cambridge, Mass.

30. Meynell, G. G., and A. M. Lawn. 1968. Filamentous
phages specific for the I sex factor. Nature (London)
217:1184-1186.

31. Miller, J. H. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, New York.

32. Mise, K. 1971. Isolation and characterization of a new
generalized transducing bacteriophage different from
P1 in Escherichia coli. J. Virol. 7:168-175.

33. Molnar, D. M., and W. D. Lawton. 1969. Pasteurella
bacteriophage sex specific in Escherichia coli. J. Virol.
4:896-900.

34. Monner, D. A., S. Jonsson, and H. G. Boman. 1971.
Ampicillin-resistant mutants of Escherichia coli K-12
with lipopolysaccharide alterations affecting mating
ability and susceptibility to sex-specific bacterio-
phages. J. Bacteriol. 106:420-432.

35. Morrison, T. G., and M. H. Malamy. 1971. T7 transla-
tional control mechanisms and their inhibition by F
factors. Nature N. Biol. 231:37-41.

36. Nagel De Zwaig, R., and S. E. Luria. 1967. Genetics and
physiology of colicin-tolerant mutants of Escherichia
coli. J. Bacteriol. 94:1112-1123.

37. Novick, R. P. 1969. Extrachromosomal inheritance in
bacteria. Bacteriol. Rev. 172-209.

38. Ohki, M., and J. Tomizawa. 1968. Asymmetric transfer
of DNA strands in bacterial conjugation. Cold Spring
Harbor Symp. Quant. Biol. 33:651-658.

39. Rapin, A. M. C., and H. M. Kalckar. 1971. The relation of
bacteriophage attachment to lipopolysaccharide struc-
ture. In G. Weinbaum et al. (ed.), Microbial toxins,
vol. 4. Academic Press Inc., N.Y.

40. Rolfe, B., J. Schell, A. Becker, J. Heip, K. Onodera, and
E. Schell-Frederick. 1973. A colicin-tolerant mutant of
Escherichia coli with reduced levels of cyclic AMP and
a strong bias toward A lysogeny. Mol. Gen. Genet.
120: 1-16.

41. Russell, R. R. B. 1972. Temperature sensitive osmotic
remedial mutants of Escherichia coli. J. Bacteriol.
112:661-666.

42. Schade, S. Z., J. Adler, and H. Ris. 1967. How bacterio-
phage x attacks motile bacteria. J. Virol. 1:599-609.

43. Shimada, K. R., A. Weisberg, and M. E. Gottesmann.
1972. Prophage lambda at unusual chromosomal loca-
tions. I. Location of the secondary attachment sites and
properties of the lysogens. J. Mol. Biol. 63:483-503.

44. Siccardi, A. G., B. M. Shapiro, Y. Hirota and F. Jacob.
1971. On the process of cellular division in Escherichia
coli. IV. Altered protein composition and turnover of
membranes of thermo-sensitive mutants defective in
chromosomal replication. J. Mol. Biol. 56:475-490.

45. Silverman, M. and M. Simon. 1973. Genetic analysis of
flagellar mutants in Escherichia coli. J. Bacteriol.
113:105-113.

46. Silverman, M. and M. Simon. 1974. Positioning flagellar
genes in Escherichia coli by deletion analysis. J.
Bacteriol. 117:73-79.

47. Skurray, R A., and P. Reeves. 1973. Characterization of
lethal zygosis associated with conjugation in Esche-
richia coli K-12. J. Bacteriol. 113:58-70.

48. Skurray, R. A., and P. Reeves. 1973. Physiology of
Escherichia coli K12 during conjugation. Altered recip-
ient cell functions associated with lethal zygosis. J.
Bacteriol. 114:11-17.

49. Skurray, R., and P. Reeves. 1974. F factor-mediated
immunity to lethal zygosis in Escherichia coli K-12. J.



CONJUGATION-DEFECTIVE FEMALES

Bacteriol. 117:100-106.
50. Tamaki, S., T. Sato, and M. Matsuhashi. 1971. Role of

lipopolysaccharides in antibiotic resistance and bacte-
riophage adsorption of Escherichia coli K-12. J. Bacte-
riol. 105:968-975.

51. Taylor, A. L., and C. D. Trotter. 1972. Linkage map of
Escherichia coli strain K-12. Bacteriol. Rev. 36:504-
524.

52. Watanabe, T., T. Avai, and T. Hattori. 1970. Effects of
cell wall polysaccharide on the mating ability of

Salmonella typhimurium. Nature (London) 225:70-71.
53. Watanabe, T., and M. Okada. 1964. New type of sex-fac-

tor-specific bacteriophage of Escherichia coli. J. Bacte-
riol. 87:727-736.

54. Wiedemann, B., and G. Schmidt. 1971. Structure and
recipient ability in E. coli mutants. Ann. N.Y. Acad.
Sci. 182:123-125.

55. Williams, L., and G. G. Meynell. 1971. Female-specific
phages and F-minus strains of E. coli K12. Mol. Gen.
Genetics. 113:222-227.

VOL. 119, 1974 191


