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ABSTRACT

FALKOW, STANLEY (Walter Reed Army Institute
of Research, Washington, D.C.), J. A. WOHL-
HIETER, R. V. CITARELLA, AND L. S. BARON.
Transfer of episomic elements to Proteus. I.
Transfer of F-linked chromosomal determinants.
J. Bacteriol. 87:209-219. 1964.-F-linked lace genes
may be transferred from Escherichia coli to sev-
eral species of Proteus by conjugation. Usually
the transferred genetic elements are markedly
unstable in Proteus, but repeated plating permits
the selection of relatively stable Proteus lac+
strains. Proteus strains carrying F-linked lac+
markers are heterogenotes and limited donors for
lac+. In addition, both the fertility and lac+ prop-
erty may be eliminated from Proteus by treatment
with acridine orange. Escherichia and Proteus
possess very different overall deoxyribonucleic
acid (DNA) base compositions. In CsCl density
gradients of DNA extracted from Proteus lac+
strains, the acquisition of Escherichia genes by
Proteus may be correlated with the addition of a
physically recognizable high molecular weight,
native DNA fraction of Escherichia base composi-
tion. Proteus lac+ strains synthesize a f3-galac-
tosidase which is indistinguishable from E. coli
enzyme by several criteria. Despite this specific-
ity, the regulatory functions of Escherichia lac+
genes appear to be impaired in Proteus.

Temperate phages, colicinogenic factors, and
sex factors comprise a group of genetic elements,
termed episomes, which can alternate between a
state of stable attachment to the chromosome and
a state of autonomy (Jacob and Wollman, 1958).
It has been discovered that the sex factor, F, of
Escherichia coli K-12 can incorporate chromo-
somal fragments adjacent to its site of attachment
in Hfr bacteria. Upon reversion to the autono-
mous state, such F-linked chromosomal deter-
minants (episomic elements) may be transferred
with high efficiency, independently of the intact
chromosome, to suitable recipient bacteria (Jacob

and Adelberg, 1959; Adelberg and Burns, 1960).
This phenomenon has been termed F-duction or
sex-duction (Jacob, Schaeffer, and Wollman,
1960).
Unlike most gene-transfer mechanisms in bac-

teria which only occur between closely related
cell populations, it has been determined that
F-duction is relatively promiscuous. Initially,
Jacob and Adelberg (1959) found that F which
had incorporated the lactose genes (F-lac) could
be transmitted at a high frequency between
strains of Escherichia, Salmonella, and Shigella.
Studies from this laboratory (Falkow et al., 1961)
demonstrated that F-lac and other episomic ele-
ments could be transferred between Salmonella
and Serratia marcescens, despite the marked di-
vergence in the guanine plus cytosine (GC) con-
tent in the deoxyribonucleic acid (DNA) of these
organisms (50 and 58% GC, respectively). Fur-
ther studies have described the transfer of F-lac
across presently constituted family lines to Vibrio
comma (Baron and Falkow, 1961) and Pasteurella
pestis (Martin and Jacob, 1962). The transfer of
other episomic elements, R-factor (Watanabe,
1963), F.-lac (Falkow and Baron, 1962), and coli-
cinogenic factors (Smith and Stocker, 1962), have
also been described among many species of the
Enterobacteriaceae.
A possible explanation for the observation of

gene transfer between organisms with divergent
properties and DNA base compositions comes
from an examination of fractionated DNA de-
rived from bacterial strains harboring episomic
elements. In S. marcescens strains infected with
the F-lac element of E. coli, the DNA band profile
obtained by density-gradient centrifugation
shows a species of molecules not apparent in
DNA derived from the Serratia parental strain
(Marmur et al., 1961). The density of this "new"
DNA band was identical to that of the E. coli
parental strain, which suggested that it could be
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attributed to the F-lac element and that this ele-
ment was not integrated into the host genome but
rather replicated autonomously.
Members of the Proteus group exhibit DNA

base compositions which differ markedly from all
other members of the Enterobacteriaceae (Fal-
kow, Ryman, and Washington, 1962b). In the
present communication, we describe the transfer
to Proteus species of several F-linked chromo-
somal elements. Proteus strains harboring these
genetic elements display a marked heterogeneity
of their DNA even in unfractionated prepara-
tions.

MATERIALS AND METHODS

Bacterial strains. E. coli K-12 or Salmonella
typhosa strains carrying the genetic elements
F-lac (Jacob and Adelberg, 1959), F.-lac (Falkow
and Baron, 1962), and F'-13 (Hirota and Sneath,
1961) were employed as donor strains. The F-lac
and Fo-lac elements consist of a fertility factor
and the genes governing the utilization of lactose
(lac+) as the only known genetic determinants;
the F'-13 element carries, in addition to the fer-
tility factor, the genetic information for lac+, the
synthesis of alkaline phosphatase (P+), and the
synthesis of adenine (ad+).
A strain of Proteus mirabilis labeled PM-1

served as the recipient in most genetic crosses.
This strain is stably lac- and requires nicotinic
acid for growth on minimal medium. Strains of
P. rettgeri and P. vulgaris were employed as recip-
ient strains in some experiments.

Media. Meat extract-agar and minimal medium
were prepared as described in a previous com-
munication (Falkow, Rownd, and Baron, 1962a).
Mating procedure. Bacteria were individually

grown in Penassay Broth to a concentration of
approximately 5 X 108 cells per ml. The cultures
were mixed to give about 2 X 108 cells per ml of
the donor strain and 5 X 108 cells per ml of the
recipient strain. Mating mixtures were incubated
at 37 C for 3 hr, and then diluted and plated on
selective media. Selection was performed for lac-
tose utilization on minimal medium containing
0.3% lactose and 10 mg per liter of nicotinic acid.
The lack of essential growth factors in the mini-
mal medium served to contraselect the donor
strains. Incubation of mating plates was rou-
tinely done at 37 C for 5 to 7 days.

Preparation of DNA and density-gradient cen-
trifugation. DNA was extracted from bacterial
strains by the method of Marmur (1961).

The method of CsCl density-gradient centrifu-
gation was similar to that described by Meselson,
Stahl, and Vinograd (1957). Approximately 3 to
6 ,ug of DNA were added to a 57% (w/w) stock
solution of CsCl (American Potash & Chemical
Corp., Los Angeles, Calif.) buffered to pH 8.0
with 0.015 M tris(hydroxymethyl)aminomethane
(tris) buffer, and the density of the sample was
adjusted to 1.718 g/cm3 by use of the linear rela-
tionship between refractive index and density.
Approximately 0.75 ml of the final CsCl solution
was placed in a cell containing a plastic Kel-F
centerpiece (Minnesota Mining & Manufacturing
Co., St. Paul, Minn.) and centrifuged in a Spinco
model E analytical ultracentrifuge at 44,770 rev/
min at 25 C. After 20 hr of centrifugation, the
banded DNA was photographed by use of ultra-
violet-absorption optics. The photographs were
traced with a Joyce-Loebl Mark IIIB double-
beam recording microdensitometer, and the
buoyant densities of the DNA were calculated by
reference to a standard DNA of known density
included in each run. Since the buoyant density
of DNA is a function of composition, the GC com-
position of the banded DNA could be easily cal-
culated (Schildkraut, Marmur, and Doty, 1962).

Chromatographic fractionation of DNA. Meth-
ylated-albumin-kieselguhr (MAK) columns were
prepared according to Mandell and Hershey
(1960). Columns 7.5 cm high and 2.5 cm wide
were loaded with 0.9 to 1.5 mg of DNA. Linear
NaCl concentration gradients were employed and
5-ml fractions were collected. The optical density
of the fractions was determined at 260 m,u in a
Beckman DU spectrophotometer, and the NaCl
gradient was monitored by refractive index meas-
urements on selected fractions.

/3-Galactosidase determinations. f-Galactosidase
was assayed on toluenized cell suspensions accord-
ing to the procedures described by Pardee, Jacob,
and Monod (1959). Isopropyl-f-D-thiogalactoside
(IPTG) was employed as the inducer of enzyme
activity. In several instances, sonic extracts of
fully induced bacteria were prepared in a 10-kc
Raytheon sonic oscillator for use in enzyme assays
and as a source of enzyme for certain physical
measurements to be described below.

RESULTS

The donor F-lac+ and FO-lac+ strains trans-
ferred lac+ to Proteus mirabilis and P. vulgaris at
a frequency of 10-4 to 10-6 per donor cell, while
lac+ transmission by the F'-13 donor could be
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TRANSFER OF EPISOMIC ELEMENTS TO PROTEUS. I.

TABLE 1. Transfer of lac+ to Proteus species

Frequency of
Donor Recipient transfer per

donor cell

Escherichia coli P. mirabilis 4 X 10-6
K-12 F-lac+ P. vulgaris 1 X 10-6

P. rettgeri 1 3 X 10-7
P. rettgeri 2 <10-8

E. coli K-12 F'- P. mirabilis 2 X 10-7
13 P. vulgaris 1 X 10-8

Salmonella ty- P. mirabilis 2 X 10-4
phosa F.-lac+ P. vulgaris 3 X 10-4

P. rettgeri 1 3 X 10-s
P. rettgeri 2 <10-8

detected only at a frequenlcy of 10-7 to 10-8 per

donor cell (Table 1). The P. rettgeri strains em-

ployed accepted the lac+ genes less readily or not
at all. When the lac+ Proteus clones appearing on

mating plates were restreaked on the same

medium used for their selection, large numbers of
minute colonies (about 0.4 mm in diameter), and
only an occasional normal-sized colony, were ob-
served. If minute colonies were completely picked
up in saline and again replated, about 10%, were

capable of producing another single minute col-
ony. With each successive restreaking, however,
the proportion which yielded minute colonies was
reduced by about one-third. This phenomenon is
reminiscent of abortive transduction (Ozeki,
1956) and, by analogy, we assume that the minute
colonies are the result of the linear inheritance of
a nonreplicating persistant lac+ exogenote.
The normal-sized colonies could be maintained

on selective media indefinitely, although on com-

plete indicator medium (MacConkey agar) they
appeared as mixtures of lac- and sectored or

mosaic lac+ clones (Fig. 1). By repeated transfer
of lac+ sectors of the latter, it was possible to ob-
tain relatively stable lac+ Proteus strains from
each of the genetic crosses. These strains were

maintained on MacConkey agar, but, despite
daily single-colony reisolations, they have con-

tinued to segregate lac- progeny at a frequency
of about 3 X 10-3 (Table 2).

Transmission of lac+ by Proteus. Proteus lac+
strains from each of the genetic crosses were

tested for their ability to act as genetic donors for
lace to lac7 E. coli K-12 F cultures. All of the
Proteus strains were donors for this marker, al-
though the frequency of transfer varied consid-

erably (Table 3). Also, it should be noted that
many of the Proteus lae+ clones derived from the
F'-13 donor transferred the P+ genes and ad+

FIG. 1. Initial instability of Proteus lac+ strains.
Appearance of PM-1 F'-13 hybrid strain on Mac-
Conkey agar showing mixture of lac, mosaic lac+,
and uniformly lac+ colonies. Relatively stable lac+
derivatives may be obtained from the latter.

TABLE 2. Segregation of lac- clones from relatively
stable lac+ Proteus strains*

Length No. of Per
Strain of in- cooisNo. No. cncubation coloinies lac+ lac- lcn(days) eaie a

PM-1 F.-lac+ 1 480 477 3 0.6
3 480 465 15 3.0

PM-1 F-lac+ 1 725 723 2 0.3
3 746 739 7 1.0

PM-1 F'-13 1 643 641 2 0.3
3 715 706 9 1.3

* A single lac+ colony from each strain was sus-
pended in 1 ml of physiological saline, and approx-
imately 50 cells were inoculated into flasks con-
taining 50 ml of Penassay Broth. These cultures
were grown to a cell density of 5 X 108 per ml,
diluted, and plated on MacConkey agar to score
for lac- segregants. A 0.1-ml amount of culture
was used to inoculate 50 ml of fresh media each
day for 2 days, and the cultures were sampled
again.
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TABLE 3. Donor ability of Proteus lac+ strains*

Donor Recipient Selection Frequency of transfer per Remarks
donor cell

PM-i Fo-lac+ Escherichia coli K-12 lac+ 1 X 10-4-3 X 10-6
lac-F-

PM-1 F-lac+ E. coli K-12 lac+F+ lac+ 4 X 10-6-5 X 10-7
PM-1 F'-13 E. coli K-12 lac-PF- lac+ 2 X 10-7-1 X 10-8 13-85% of recipients

also recieve P+
PM-1 F'-13 Salmonella typhimurium lac+ 2 X 10-8-<10-9 0-60% of recipients

lac-ad-F- also receive ad+

* Ten clones of each of the specified lac+ Proteus strains were mated with recipient cultures as de-
scribed in Materials and Methods. Hybrid clones were scored for alkaline phosphatase activity (P+) by
replicating onto plates of low-phosphate minimal medium and spraying the resulting colonies with the
substrate p-nitrophenyl phosphate. The acquisition of ad+ was determined by replication on minimal
glucose medium.

TABLE 4. Effect of acridine orange on
Proteus lac+ strains*

Concn of No. of
Strain acridine colonies No. Per cent

Agm) examinedlc la

PM-1 F-lac+ 0 659 3 0.41
20 630 67 11.00
50 468 122 26.00

PM-i F'-13 0 1,185 8 0.70
20 1,145 128 11.00

* Overnight broth cultures of the specified
strains were diluted 2 X 10-5, and 0.1 ml (about 8
X 103 cells) was inoculated into tubes containing
1 ml of Penassay Broth (pH 7.6) with varying
concentrations of acridine orange. The tubes were
incubated for 16 hr at 37 C and plated on Mac-
Conkey agar.

genes in addition to the lac+ determinants. All of
the E. coli lac+ hybrids purified from matings with
the Proteus donors display the properties of
strains harboring F-linked genetic determinants.
They are heterogenotes, transfer F (or F0) and
lac+ simultaneously at a high frequency and con-
tinually segregate out many types with respect
to both fertility and lactose utilization. We con-
clude that the Proteus lac+ strains themselves
carry genetic elements which exhibit the charac-
teristics attributable to F-linked genes. Proteus
lac+ strains are also infective to other Proteus
species but not at any higher frequency than to
E. coli.
One might question that all Proteus lac+ cells

actually carry a linked sex factor, since only a
small minority of cells are donors (Table 3). More-

over, Proteus lac+ populations do not react in
antiserum (Orskov and Orskov, 1960) which ag-
glutinates E. coli, Salmonella, and Shigella F+
cells, nor are they attacked by a bacteriophage
(Loeb, 1960) whose adsorption is dependent upon
the presence of the sex factor. On the other hand,
lac+ transfer by Proteus can often be increased
50- to 100-fold by simply performing matings
directly on agar surfaces rather than in liquid
medium. In addition, donor ability and the lac+
property may be eliminated simultaneously in
about 25% of the cells grown from a small inocu-
lum (approximately 104 cells) overnight in 1 ml of
Penassay Broth (pH 7.6) containing 20 to 50 ,ug/
ml of acridine orange (Table 4), the conditions
specified by Hirota (1960) for the disinfection of
F from E. coli K-12. It seems likely, therefore,
that F is linked to the lac+ genes in Proteus but
that the phenotypic surface alterations (Sneath
and Lederberg, 1961) associated with F (and
presumably necessary for conjugation) are gener-
ally reduced or repressed in Proteuis.

Characterization of DNA from Proteus lac+
strains. The DNA extracted from each of the
Escherichia and Salmonella donor strains bands
in CsCl with a buoyant density of 1.710 i 0.001
g/em3 (equivalent to 50 to 51% GC) with an
essentially gaussian, unimodal molecular distri-
bution (Fig. 2A). DNA extracted from Proteus
species prior to episomal infection exhibits
buoyant denisities of 1.698 g/cm3 (39% GC) and
also shows a small base compositional hetero-
geneity and a unimodal molecular distribution
(Fig. 2B). DNA extracted from lac+ Proteus cells,
however, displays a marked molecular heteroge-
neity (Fig. 2C, D, E). These cells possess, in addi-
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TRANSFER OF EPISOMIC ELEMENTS TO PROTEUS. I.

with each of the representative la<+ Proteus cul-
tures over a period of 12 months with DNA de-
rived from clones which have been through as
many as 200 single-colony reisolations.

Various amounts of DNA from lac+ Proteus,
ranging from 2 to 6 ,ug, were centrifuged, and the
amount comprising the satellite band was esti-
mated from integration of microdensitometric
tracings. Within the limitations of this technique,
it was found that the satellite band represented
3 to 4% of the total DNA extracted from Proteus
F-lac+ and F.-lac+ preparations, while the sate]-
lite band present in Proteus F'-13 (carrying
F-lac+-P+-ad+ by genetic tests) extracts com-
prised 8 to 10% of the total DNA. The relative
proportion and density of satellite material is
quite stable and characteristic for each type of
lac+ strain.

Associated segregation of lac+ and satellite DNA.

A B

FIG. 2. Molecular heterogeneity of Proteus lac z
strains. Ultraviolet-absorption photographs taken m
after centrifugation to equilibrium in CsCl at 44,770 0
rev/min. The band to the far right in all photographs M
is the DNA of known density used as a reference.
A: Escherichia coli K-12 F-lac+ DNA. B: PM-I
DNA. C: PM-i F.-lac+ DNA. D: PM-i F-lac+
DNA. E: PM-1 F'-I3 DNA.

tion to the main 1.698 g/cm3 band, an extra or
satellite band of DNA with a buoyant density of
1.710 g/cm3. Hence, the buoyant density of the
satellite band is equivalent to that of the E. coli
and Salmonella donor strains from which the 1.750 1.710 1.750 1.6981.698
F-linked lac+ genes were derived. Figure 3 per- DENSITY DENSITY
mits a more quantitative representation of the
effects of episomal infection and shows microden- FIG. 3. Effects of episomal infection on PM-i
sitometric tracings of DNA extracted from the DNA. Microdensitometer tracings of ultraviolet-ab-PM-itomesr tracingsbefor aNd afterainctionw the sorption photographs taken after equilibrium wasPM-1 strain before and after infection with the rahda 470rvmn h ado uynF-1elmen.I iscler tat he NA f ei-reached at 44,770 rev/mmn. The band of buosyantF'-13 element. It is clear that the DNA of epi- density 1.750 g/cm3 (deuterated Escherichia colisoinally infected Proteus gives rise to two distinct K-12 DNA) is the density standard. A: DNA ex-
bands in the CsCl density gradient, whereas the tracted from PM-i strain after infection with F'-i3
uninfected parental Proteus strain does not. This element. B: DNA extracted from PM-i strain before
result has been repeated on numerous occasions infection.
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FIG. 4. MAK column chromatography of PM-I
F'-13 DNA. Approximately 1.5 mg of PM-i F'-13

DNA was diluted in 0.5 M NaCI (buffered to pH
6.8 with 0.05 M phosphate) to 20,pg/ml and loaded
on a MAK column. The DNA was eluted with a

NaCl gradient of 0.5 to 0.8 M NaCl and 5-ml frac-
tions were collected. R.I. refers to refractive index
measurements used to monitor the gradient (dotted
line).

As pointed out previously, despite the daily re-

streaking of Proteus lac+ colonies, they continu-
ally segregate out cells of the lac- phenotype and
may be considered heterogenotes. In Escherichia
and Salmonella strains infected the F-lac+, Fo-
lac+, and F'-13 elements, a relatively large pro-
portion of lac- segregants are found to be lac-
homogenotes or heterogenotes which have re-

sulted from interaction between the episomic ele-
ment and the resident chromosome. These
F-linked lac- markers may be detected by their
ability to complement suitable lac- mutants
(Jacob and Wollman, 1961) or by their reversion
to lac+ on indicator medium (Falkow and Baron,
1962). We applied these methods to the examina-
tion of over 100 lac- Proteus segregants, but none

were observed to revert to lac+ on MacConkey
agar or to complement any one of a series of E.
coli K-12 lac- mutants. Similarly, none of the lac-
Proteus cultures could confer fertility to the
special indicator strain 9 3 (Richter, 1961),
which is an especially sensitive detector of F
transmission. Thus, all of the lac- Proteus segre-

gants examined to date appeared to have com-

pletely lost their F-linked genetic elements. More-
over, these segregants accepted F-linked genes in
subsequent matings about as readily as did the
original Proteus recipient strain from which they
were descended.
DNA extracted from lac- segregants of F-lac+,

FO-lac+, and F'-13 Proteus exhibited only one
band, of buoyant density 1.698 g/cm3, in CsCl.
They were, therefore, indistinguishable from
Proteus prior to episomal infection. Upon reinfec-
tion with an F-linked lac+ marker, however, their
DNA again showed the molecular heterogeneity
described previously. Furthermore, if a lac- segre-
gant from Proteus F'-13 was then infected with a
different element (for example, F-lac+), the satel-
lite band was present in the proportion character-
istic of F-lac+ Proteus cells (4%) rather than that
of F'-13 Proteus cells (8%). If a "second genera-
tion" lac- segregant was then isolated, once again
it was found that the satellite band of DNA had
disappeared.
We feel these observations provide strong evi-

dence that the satellite band of DNA associated
with episomal infection represents the genetic
material of the F-linked lac+ genes.

Isolation of satellite DNA. It seemed advisable
to attempt to fractionate the DNA from Proteus
carrying F-linked genes to make a closer study of
the transferred DNA as well as to provide a more
sensitive method for the detection of minor DNA
molecular species which might have gone unde-
tected in absorption photographs. The observa-
tions of Sueoka and Cheng (1962) that MAK
columns can fractionate DNA according to molec-
ular weight, extent of hydrogen bonding, and base
composition encouraged us to used this technique.
Fig. 4 shows a typical elution profile in which 1.5
mg of PM-1 F'-13 DNA were fractionated from a
MAK column with a linear gradient of 0.5 to 0.8
M NaCl. Two distinct peaks can be recognized.
Samples of about 3 ug of DNA from various frac-
tions of the column were subjected to density-
gradient centrifugation to identify overall base
composition and degree of purity. The earliest
DNA fractions eluting from the column were of
the highest GC content and represented satellite
DNA (Fig. 5). Subsequent fractions contained
less of the satellite material.
Although an excellent enrichment of the epi-

some-associated DNA was afforded by MAK
fractionation, even the earliest fractions were con-
taminated to some degree with material from the
main (Proteus) DNA component. However, the
satellite DNA may be isolated in practically pure
form by refractionation or altering the gradient
of elution, or both. Satellite DNA has an average
molecular weight of about 10 X 106 as determined
from its sedimentation coefficient (S20,W; Doty,
McGill, and Rice, 1958) and a buoyant density
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FIG. 5. Fractionation of PM-1 F'-13 DNA. Portions of column fractions shown in Fig. 4 were centri-
fuged in CsCI at 44,770 rev/min for 2J hr. A: microdensitometric tracing of DNA from fraction 34. B: frac-
tion 38. C: fraction 42. The band of buoyant density 1.750 g/cm3 represents the density standard.

of 1.710 i 0.002 g/cm3. When the satellite DNA
was dissolved in a standard saline-citrate solution
(0.15 M NaCl plus 0.015 M Na citrate, pH 7.0),
heated to 100 C for 10 min, and quickly cooled in
ice water, the buoyant density was found to in-
crease by 0.015 g/cm3. Heated and fast-cooled
satellite DNA also showed an increase of 30 to
40% in relative absorbance at 260 m,. Satellite
DNA, therefore, exhibits the properties of a

highly polymerized, double-stranded DNA mole-
cule (Marmur, Schildkraut, and Doty, 1962).

Essentially identical results were obtained with
Proteus F-lac+ and Fo-lac+ DNA preparations.
Also, it should be noted that in no instance could
we identify a DNA species with a buoyant density
intermediate between those of the main and satel-
lite DNA. If any recombination or stable interac-
tion between the resident chromosome and
F-linked lac+ genes had taken place, an inter-
mediate or "hybrid" DNA band might be ex-

pected.

Fractionation of the DNA of the parental
Proteus strains and several lac- segregants re-

sulted in only a single elution peak. Examination
of the first DNA fraction eluting from these col-
umns failed to disclose any trace of a molecular
species of Escherichia base composition.

13-Galactosidase synthesis. The lac locus of E.
coli K-12, as described by Jacob and Monod
(1961), contains four genes: i, o, y, and z. The
genes z and y provide the genetic information for
the structure of ,3-galactosidase and galactoside
permease, respectively. Normally, the i gene

produces a repressor substance which, by its ac-

tion on the o gene, controls the functioning of the
z and y genes. The presence of lactose or the syn-

thetic sugar IPTG antagonizes the repressor

substance and induces enzyme synthesis. Enzyme
synthesis in the absence of inducer occurs in
strains unable to make repressor (i-) or in certain
o mutants (oc), which have become insensitive to
repressor.

C
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TABLE 5. 3-Galactosidase synthesis by lac+ Escherichia coli and Proteus strains*

Enzyme units
Strain Genotype -IPTG +IPTG

E. coli K-12 2586 (haploid) i+o+z+y+ <1 100
E. coli K-12 2586 F-lac+ i+o+z+y-/F-i+o+z+y+ <1 309
E. coli K-12 2586 F0-lac+ i+o+z+y-/Fo-i+Ocz+y+ 23 267
PM-1 ? <1 <1
PM-1 F-lac+ ?/F-i+o+z+y+ 16 22
PM-1 Fo-lac+ ?/Fo-i+ocz+y+ 36 41

* Strains were grown overnight in synthetic medium plus 0.3% glycerol, with and without 10-3 M
IPTG. The enzyme level of the haploid strain was taken as a standard for comparison.

TABLE 6. Comparative properties of 3-galactosidase
isolated from Escherichia coli F-lac+ and

Proteus F-lac+ cells

Immuno-
Source Kai K59 c SW20 logical

unit*

M min-'

E. coli.... 1.64 X 10-4 0.05 16.1 2,781
Proteus.... 1.71 X 10-4 0.05 15.4 2,810

* Immunological unit defined as units of enzyme
activity precipitated per mg of antibody N at
equivalence.

3-Galactosidase synthesis by Proteus harboring
the various episomic elements was examined to
determine whether enzyme synthesis was affected
by a diverse cellular environment and whether
Proteus could correctly interpret the information
contained in DNA of different base composition.
Table 5 permits a comparison of ,B-galactosidase
production by episomally infected Escherichia
and Proteus strains grown in synthetic medium
plus 0.3% glycerol, with and without the inducer
IPTG. A typical, inducible E. coli haploid strain
was also included as a standard. E. coli F-lac+
cells are inducible and produce roughly three
times as much enzyme as the haploid strain. This
increased synthesis has been interpreted by Jacob
and Monod (1961) as indicating the presence of
more than one episomic element per chromosome.
The Fo-lac+ element carries an oc mutation (Fal-
kow and Baron, 1962), and E. coli carrying this
factor exhibit some constitutive synthesis and a
level comparable with F-lac+ in the presence of
inducer.

Proteus strains were normally lac- and do not
produce any detectable f-galactosidase with or
without IPTG in the growth medium. Proteus

F-lac+ cells showed constitutive enzyme synthesis
and were relatively insensitive to inducer. More-
over, the amount of enzyme produced was only
about one-fourth of that produced by the E. coli
haploid strain. Proteus Fo-lac+ cells showed a
somewhat higher level of constitutive enzyme
synthesis but were also insensitive to IPTG.
These results do not appear to result from the
absence of the i or o genes nor from a permanent
modification of any of the F-linked lac+ genes,
since the F-lac+ and FO-lac+ elements trans-
mitted by Proteus behaved in the expected
manner in E. coli. Hence, it appears that the regu-
latory functions of Escherichia lac+ genes may be
impaired in Proteus. In contrast, as shown in
Table 6, the enzyme produced by Proteus F-lac+
cells is essentially identical to that of E. coli F-lac+
cultures in regard to sedimentation constant
(S20,W), relative affinity of the enzyme for the sub-
strate (KM), thermal stability at 59 C (K00), and
immunological specificity. Thus, the genetic in-
formation for determining the correct structure
of E. coli #-galactosidase resides in and is appar-
ently correctly interpreted by Proteus. A detailed
description of enzyme synthesis by episomally
iinfected Proteus strains will be reported elsewhere
(Wohlhieter et al., in preparation).

DISCUSSION
The results of this investigation show that

Escherichia genes with the segregation and
transfer properties of F-linked markers may be
transmitted to species of Proteus. Proteus strains
harboring F-linked lac+ genes are heterogenotes,
limited donors for lac+, and may be "cured" of
F and the linked chromosomal determinants with
acridine orange. Escherichia and Proteus have
very different overall DNA base compositions,
and the acquisition of F-linked genes by Proteus
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may be correlated with the addition of a physi-
cally recognizable, high molecular weight DNA
fraction with the base composition of Escher-
ichia. These results are consistent with the view
that the genetic material transferred from Esch-
et?chia to Proteus does not exchange with the
resident chromosome but persists in the unin-
tegrated state.
The translating mechanism and enzyme-form-

ing machinery of Proteus can correctly interpret
the transferred E. coli genes and produce 3-
galactosidase. By all available criteria, this
enzyme is found to be indistinguishable from
the enzyme formed by E. coli K-12. These results
imply that the code, by which base sequences in
DNA are translated into amino acid sequences in
the galactosidase protein, is identical in Proteus
and E. coli regardless of the difference in their
overall base compositions. Despite this speci-
ficity, the regulatory functions of Escherichia lac+
genes appear to be impaired in Proteus. There is
also an apparent impairment of the functioning
of the sex-factor in this species. Episomally
infected Proteus cells are poor donors, and usually
do not exhibit the changes in surface properties
normally associated with the presence of F. The
failure of F to perform efficiently in a species
other than E. coli K-12 has been observed pre-
viously (Makela, Lederberg, and Lederberg,
1962) and, furthermore, the presence of F need
not always be manifested by observable fertility
in a heterologous species (Luria and Burrous,
1957; Makela et al., 1962). Although we observe
these impairments in function, we think it signif-
icant that, after an initial instability, the various
episomic elements are as stable or more stable in
Proteus than in many strains of E. coli K-12 and
more stable than has been observed in most
species of Salmonella and Serratia (see Makela
et al., 1962). It is conceivable that, to achieve
this stability against a diverse genetic back-
ground, the various functions of both the E. coli
chromosomal genes and episome might be
subordinated or altered to the primary require-
ment of persistence and replication. The "nor-
mal" behavior of episomic elements transferred
from Proteus back to E. coli suggests that any
changes in the element are not permanent. On
the other hand, the frequency of transfer of the
episomic elements from Proteus back to E. coli
is so low that we cannot exclude the possibility
that those elements transferred by Proteus may

represent exceptional back-mutations from a
mutant episomal population.
The DNA fractions which may be recognized

after the acquisition of Escherichia genes by
Proteus increase with the number of genetic
linkage units transferred during conjugation, as
evidenced by the size of the satellite band present
in DNA from F-lac+ and F'-13 (F-lac+-p+-ad+)
infected cells. It would seem premature, however,
to do more than speculate on any relationship
between the DNA fraction and the relative
contribution of genetic information carried by
these molecules. The exact size of a chromosomal
segment which may be incorporated by F is not
known, nor is there any evidence that the in-
corporation would be restricted to only com-
pletely functional genetic segments. In addition,
it is not known whether Proteus, as seems to be
the case in E. coli (Jacob and Wollman, 1961),
carries more than one copy of an F-linked marker
per chromosome. It would be desirable, of course,
to obtain Proteus cells infected with F alone.
However, unlike F-linked genes which permit the
selection of a small number of infected cells, F
alone confers no selective advantage and all our
attempts, thus far, to obtain Proteus F+ strains
have been unsuccessful. On the other hand, we
have recently discovered that it is possible to
isolate Proteus lac+ clones which do not possess
even limited donor function. These clones have
no discernible satellite band in unfractionated
DNA extracts but, upon fractionation on MAK
columns, a small satellite band (about 0.3%7 of
the total DNA) of Escherichia base composition
can still be detected. Although it is not known if
any portion of the remaining DNA fraction
includes episomal genes, the implication is that
the bulk of the DNA we normally associate with
F-linked markers represents the fertility com-
ponent of the element.

Previous studies with episomally infected
Serratia (Marmur et al., 1961; Falkow et al.,
1961) and the results of this investigation demon-
strate that intergeneric transfer of genetic
material between organisms which differ in DNA
base composition represents a unique method of
biological fractionation. Jacob and Wollman
(1961) pointed out that it is likely that, given a
suitable type of Hfr strain, any genetic locus of
the bacterial chromosome can be incorporated
by the sex factor and be subsequently trans-
ferred by conjugation. Transfer of such elements
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to Proteus (or any other suitable species which
possesses a significantly different DNA composi-
tion from the donor cell) followed by DNA
extraction and fractionation might be used to
obtain relatively homogenous species of DNA
molecules rich in certain genes or regions of the
genome. Such fractions should prove of con-
siderable value for the study of the organiza-
tion and function of genetic material.

LITERATURE CITED

ADELBERG, E. A., AND S. N. BURNS. 1960. Genetic
variation in the sex factor of Escherichia coli.
J. Bacteriol. 79:321-330.

BARON, L. S., AND S. FALKOW. 1961. Genetic trans-
fer of episomes from Salmonella typhosa to
Vibrio cholerae. Records Genet. Soc. Am.
30:59.

DOTY, P., B. B. MCGILL, AND S. A. RICE. 1958. The
properties of sonic fragments of deoxyribose
nucleic acid. Proc. Natl. Acad. Sci. U.S. 44:
432-438.

FALKOW, S., AND L. S. BARON. 1962. Episomic ele-
ment in a strain of Salmonella typhosa. J.
Bacteriol. 81:581-589.

FALKOW, S., J. MARMUR, W. F. CAREY, W. M.
SPILMAN, AND L. S. BARON. 1961. Episomic
transfer between Salmonella typhosa and
Serratia marcescens. Genetics 46:703-706.

FALKOW, S., R. ROWND, AND L. S. BARON. 1962a.
Genetic homology between Escherichia coli
K-12 and Salmonella. J. Bacteriol. 84:1303-
1312.

FALKOW, S., I. R. RYMAN, AND 0. WASHINGTON.
1962b. Deoxyribonucleic acid base composi-
tion of Proteus and Providence organisms. J.
Bacteriol. 83:1318-1321.

HIROTA, Y. 1960. The effect of acridine dyes on

mating type factors in Escherichia coli. Proc.
Natl. Acad. Sci. U.S. 46:57-64.

HIROTA, Y., AND P. H. A. SNEATH. 1961. F' and F
mediated transduction in Escherichia coli
K-12. Japan. J. Genetics 36:308-318.

JACOB, F., AND E. A. ADELBERG. 1959. Transfert
de caracteres genetiques par incorporation au

facteur sexuel d'Escherichia coli. Compt.
Rend. 249:189-191.

JACOB, F., AND J. MONOD. 1961. Genetic regulatory
mechanisms in the synthesis of proteins. J.
Mol. Biol. 3:318-359.

JACOB, F., P. SCHAEFFER, AND E. L. WOLLMAN.
1960. Episomic elements in bacteria. Symp.
Soc. Gen. Microbiol. 10:67-91.

JACOB, F., AND E. L. WOLLMAN. 1958. Les episomes
6l6ments genetiques ajout6s. Compt. Rend.
247 :154-156.

JACOB, F., AND E. L. WOLLMAN. 1961. Fexuality
and the genetics of bacteria. Academic Press,
Inc., New York.

LOEB, T. 1960. The isolation of bacteriophage
specific for the F+ and Hfr mating types of E.
coli K-12. Science 131:932-933.

LURIA, S. E., AND J. W. BURROUS. 1957. Hybridiza-
tion between Escherichia coli and Shigella. J.
Bacteriol. 74:461-476.

MAKELA, P. H., J. LEDERBERG, AND E. M. LEDER-
BERG. 1962. Patterns of sexual recombination
in enteric bacteria. Genetics 47:1427-1439.

MANDELL, J. D., AND A. D. HERSHEY. 1960. A
fractionating column for analysis of nucleic
acids. Anal. Biochem. 1:66-77.

MARMUR, J. 1961. A procedure for the isolation of
deoxyribonucleic acid from micro-organisms.
J. Mol. Biol. 3:208-218.

MARMUR, J., R. ROWND, S. FALKOW, L. S. BARON,
C. SCHILDKRAUT, AND P. DOTY. 1961. The na-
ture of intergeneric episomal infection. Proc.
Natl. Acad. Sci. U.S. 47:972-979.

MARMUR, J., C. L. SCHILDKRAUT, AND P. DOTY.
1962. Biological and physical chemical aspects
of the reversible denaturation of deoxyribo-
nucleic acids, p. 9-43. In S. Kit [ed.], The
molecular basis of neophasia. University of
Texas Press, Austin.

MARTIN, D., AND F. JACOB. 1962. Transfert de
I 'episome sexuel d 'Escherichia coli a Pas-
teurella pestis. Compt. Rend. 254:3589-3590.

MESELSON, M., F. W. STAHL, AND J. VINOGRAD.
1957. Equilibrium sedimentation of macro-

molecules in density gradients. Proc. Nat].
Acad. Sci. U.S. 43:581-588.

ORSKOV, I., AND F. ORSKOV. 1960. An antigen
termed f+ occurring in F+ E. coli strains.
Acta Pathol. Microbiol. Scand. 48:37-46.

OZEKI, H. 1956. Abortive transduction in purine-
requiring mutants of Salmonella typhimu-
rium. Genetic studies with bacteria. Carnegie
Inst. Wash. Publ. 612, p. 97-106.

PARDEE, A. B., F. JACOB, AND J. MONOD. 1959.
The genetic control and cytophasmic expres-

sion of "inducibility" in the synthesis of ,-

galactosidase by E. coli. J. Mol. Biol. 1:165-
178.

RICHTER, A. 1961. Attachment of wild-type F fac-
tor to a specific chromosomal region in a vari-
ant strain of Escherichia coli K-12: the phe-
nomenon of episomic alteration. Genet. Res.
2:333-345.

SCHILDKRAUT, C. L., J. MARMUR, AND P. DOTY.
1962. Determination of the base composition
of deoxyribonucleic acid from its buoyant
density in CsCl. J. Mol. Biol. 4:430-443.

218 J. BACTERIOL.



VOL. 87, 1964 TRANSFER OF EPISOMIC ELEMENTS TO PROTEUS. I. 219

SMITH, S. M., AND B. A. D. STOCKER. 1962. Coli- SUEOKA, N., AND T. Y. CHENG. 1962. Fractiona-
cinogeny and recombination. Brit. Med. Bull. tion of nucleic acids with the methylated al-
18:46-51. bumin column. J. Mol. Biol. 4:161-172.

SNEATH, P. H. A., AND J. LEDERBERG. 1961. In- WATANABE, T. 1963. Infective heredity of multiple
hibition by periodate of mating in Escherichia drug resistance in bacteria. Bacteriol. Rev.
coli. Proc. Natl. Acad. Sci. U.S. 47:86-90. 27:87-115.


