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Integration ofthe factors F, and F into the chromosome of a substrain of Escheri-
chia coli K-12 has been studied. The F, factor is a fertility factor derived from Col V,
lacking the ability to govern the production of colicin V. The derivatives of an Hfrv
(Hfr isolated from a V colicinogenic parent) strain, PK2 (initially isolated from C600
V+), were shown to retain a unique bidirectional sex factor affinity locus between
recA and pheA. This site shows no affinity for the E. coli K-12 F factor as shown by
inability to isolate Hfr strains with origins in this region from a parental strain con-

taining a cytoplasmic F factor. However this area exhibits two regions of homology
to the V colicinogenic factor. One gives rise to Hfr, strains identical to the original
Hfr, strain, PK2, with an origin and polarity of transfer designated pheA-CC inject-
ing markers in the order pheA-his-trp-pro. The second gives rise to strains apparently
originating at the same site but with reverse polarity designated recA-C, transferring
markers in the order recA-thyA-str-xyl. For strains possessing the Fv factor only
the second homology is apparent. A model for the evolution of these strains is
presented.

The isolation of Hfr, strains from a V+ parent
(Col V-K94) has been demonstrated previously
(10). All the Hfrv strains isolated from C600
(Col V), x402 (Col V), or W1485 (Col V) showed
the same origin and polarity of transfer; these
strains were referred to as xyl-C (injecting
markers in the clockwise order xyl-pro-his-str)
with the exception of one, PK2. This strain was

shown to have a counterclockwise (CC) direction
of injection and an origin between thyA and
aroC. It was also shown that the unique integra-
tion or Col V homology site of this strain re-
mained a property of its chromosome, rather
than the episome, when the Col V factor reverted
to the cytoplasmic state (PK201), and was sub-
sequently removed (PK21 1). The derivation of
strain PK202 was also described previously
(10). In this strain, derived from PK2, the genes
for colicin V production are integrated into the
bacterial chromosome and the sexuality properties
are lost.
The present paper presents a more precise

mapping of the origin of PK2 (between recA
and pheA, designated pheA-CC) and the isola-
tion of a new set of Hfr, strains derived from
PK211 or PK202, with their origins at the same

locus but injecting the chromosome with in-
verted polarity, designated recA-C. A possible
model for the chromosome of PK2 and a discus-

sion of the unique homologies of the chromo-
somes of these strains with various episomes
will be presented.

MATERIALS AND METHODS
The bacterial strains and their derivatives used in

this study are described in Tables 1 and 2 and in an

earlier report (10). The culture conditions and meth-
ods such as N-methyl-N'-nitro-N-nitrosoguanidine
(NTG) mutagenesis, the isolation of Hfr strains and
the curing of cytoplasmic factors from bacterial
strains have been described previously (10, 11). Inver-
sion Hfr strains were isolated from PK2 by picking
clones showing either high thy recombination or low
his recombination. The genotype symbols are those
customarily accepted (4, 13).

RESULTS
Isolation and mapping of origins and directions

of Hfr strains. The spectrum of origins of Hfr
or Hfr, strains isolated was used as an indication
of genetic homology between chromosome and
episome. Initially, the formation of Hfr strains
from PK202 (10) was studied. This strain was
isolated after the addition of an F-lac factor to
PK2, presumably as a result of a fertility factor
immunity conffict (11). The F-lac factor was

subsequently lost and PK202 produces colicin
V, does not ferment lactose, is resistant to phage
MS2 and is unable to recombine or transfer the
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Strain

AT2092
AB2495
AB2463
PK2465

C600b
C600 F+
C600 Fv+
C600 (Col V)
PK2
PK201
PK202
PK205
PK206
PK211
PK211 F+
PK211 (Col V)
PK211 Fv+
PKml28

PK207
C600 (Col V-PK2061)

TABLE 1. List of strains

Composition or derivation

phe A-pur Fl-his-arg H-strr-Tlr-T6r-lac--mat-xyt-mtt--Vr.
thr--leu--thi--trp--pro--his-arg--thy-lac--gat--ara-xyt--mtt--strr-T6rV
thr -leu--thi--pro--his--arg -lac--gat-ara -xylt -mtt-strr-T6r-Elr-Vr
Same as AB2463, but with thy-. Derived from AB2463 by trimethoprim
mutagenesis (5).

thr--leu--thi-lac--Vr-Elr-Az-StrI

(10)
(11)
Hfr, (10)
V+ Hfr- segregant of PK2 (10)
(10)
PK202 F+ (10)
PK202 FV+
Acridine orange curing of PK201 (10)

Strain with a mutant Col V factor characterized by a larger than normal
colicin V inhibition zone

PK202 (Col V-PKmI28)
This paper

a Received from K. B. Low.
I Following strains are all derived from C600.

Col V factor (10). As listed in Table 1, PK205
arises from the addition of an F factor to PK202;
PK206 from the addition of an F, factor (a
fertility factor initially derived from the Col V
factor); and PK207 from the addition of a mu-
tated V colicinogenic factor, V-PKml28 (dis-
tinguishable because of its larger colicin V
inhibition zone). PK211 was obtained from
acridine orange curing of PK201 (10) to obtain
an F- strain having the chromosome of PK2
without any cytoplasmic particle.
The Hfr strains isolated are shown in Fig. 1.

Table 2 lists their origins, directions of injection
and parental derivation. Strains with origin
identical to one indicated have been omitted
from Fig. 1. In addition, strains apparently
identical to ones listed in Table 2 have often
not been cited. The use of two additional markers
pheA (in the recipient AT2092, received from
K. B. Low) and recA in PK2465 (Table 1) per-
mitted a more precise mapping of the origin of
PK2 and other Hfr strains, originally only
localized between thyA and aroC. Table 3 gives
the data for the mapping of the origins with
respect to the recA and pheA genes. Clark (3)
has shown that an Hfr strain with a low recom-
bination deficiency index (defined as the ratio
of the number of recombinants formed from a
Rec+ recipient to the number formed with a
Rec- recipient for a given marker from a given

donor) injects Rec+ into a recA strain as an
early marker while strains with a high recom-
bination deficiency index do not. Mapping of
the origins and directions of the Hfr strains
with respect to thy and aroC gave the information
that strains, such as PK37, inject thy as an early
marker and must, therefore, inject Rec+ early.
Thus, a recombination deficiency as high as
66.7 (from PK37) should be considered low.
As will be discussed at greater length later, the

data indicate no effect of the PK2 chromosome
on the integration of the F factor. The sites of
integration of the F factor in the Hfr strains
formed from PK205 seem completely unaffected
by the presence of the partial Col V factor, as
can be seen by comparing Fig. 1 with the pattern
of F factor integration obtained earlier (10).
Concerted efforts to obtain an F factor inte-
grated in the region between pheA and recA
were not successful although Hfr strains with
nearby insertion points were isolated from both
PK205 and C600 F+ (Table 2 and Fig. 1). In
addition, preliminary results indicate that PK26,
the only F+ strain previously reported (10) as
integrating at the same site as most Hfr, strains
(between mal and xyl), has been mismapped and
actually integrates between thy and str. There-
fore, although the F factor and the Col V factor
have much in common (11), they appear to
differ strongly in their integration specificities.
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TABLE 2. List of Hfr strains

Strain Parent Origin Direction

PK2 C600 (Col V) pheAa CCb
PK16 C600 (Col V) recA CC
PK38 C600 F+ aroC CC
PK36 C600 F+ recA CC
PK37 C600 F+ thyA CC
PK2061 PK206 = PK202 FV+ recA C
PK2062 PK206 xyl C
PK2063 PK206 recA C
PK2064 PK206 xyl C
PK2065 PK206 xyl C
PK2066 PK206 recA C
PK2051 PK205 = PK202 F+ his CC
PK2052 PK205 pro CC
PK2053 PK205 recA CC
PK2054 PK205 arg CC
PK2055 PK205 his CC
PK2056 PK205 arg CC
PK2057 PK205 his CC
PK2058 PK205 ara C
PK2059 PK205 pro CC
PK20510 PK205 pheA C
PK2071 PK207 = PK202 xyl C

(Col V-128)
PK2072 PK207 recA C
PK2073 PK207 pheA CC
PK2081 PK2 recA C
PK2111 PK211 FV+ xyl C
PK2112 PK211 FV+ recA C
PK2113 PK211 (Col V) recA C
PK2114 PK211 (Col V) pheA CC
PK2011 PK201 pheA CC
PK2012 PK201 pheA CC

a Proximal marker injected of those tested.
b C, clockwise; CC, counterclockwise as shown

in this paper, Fig. 1 and (10, 12).

Quite different results were obtained upon the
infection of PK202 with other episomes. From
PK206 (PK202 Fv+), two types of Hfr strains
were isolated (Fig. 1). The PK2062 type has the
typical location found from V+ or Fv+ strains;
however, the other, found with approximately
equal frequency, has an origin in the same region
as PK2, but transfers the chromosome with the
opposite polarity (illustrated by PK2061). How-
ever, from PK207 (PK202 with the V colicino-
genic factor from PKm128), three possible inte-
gration sites were demonstrated: the xyl-C site
(as PK2071), the recA-C site (PK2072), and the
pheA-CC site (PK2073) of PK2.
Hfr strains were also isolated from PK201

and from PK211 with various episomes. It has
been shown previously (10) that the specificity
for an integration site leading to aroC-CC (now
pheA-CC) Hfr strains and high his recombination
from a donor with a cytoplasmic Col V factor

PK2056
PK12054 ,

PK12052

PK 2062

> PK 2051

thyA rec A phe A

-- _2-j
aroC pur F

11 11 -

PK37 PK36 PK16 PK2 PK20510 PK38
PK12053

PK 2061
PK2081

FIG. 1. Linkage map showing the point of origin of
chromosome transfer for Hfr and Hfr, strains isolated
from E. coli K-12.

Symbols: A, parental F+ strain; < parental Col V
strain; A, parental F+ strain.

TABLE 3. Mapping of the origins of Hfr strains
with respect to recA and pheA

No. of recombinantsa
Recombination

Donor deficiency
Rec+ Rec- indexbP/heA recip. recip.

PK2 47.5 127 0.008 1.59 X 104
PK2011 344 82 0.005 1.64 X 104
PK2012 156 47 0.008 5.9 X 103
PK2053 72.9 130 13.0 10
PK38 0.072 42 0.018 2.3 X 103
PK36 82.9 50 2.34 21.4
PK37 82 1.23 66.7
PK2061 0.24 196 16.2 12.1
PK2063 0.12 154 30.5 5.05
PK2064 121 0.0051 2.4 X 104
PK2066 0.105 201 13.5 14.9
PK2112 0.071 192 20.2 9.5
PK2081 0.153 333 5.0 66.5

a A number of 100 is approximately equivalent
to 1 X 107 recombinants/ml or .4 recombinants/
initial donor cell. The Rec+ recipient was AB2495.
The Rec- recipient was PK2465. The marker used
was his, thy, or arg whichever was closest to the
origin for each donor strain.

b Recombination deficiency index = Rec+/Rec-
recombinants for a given marker (3).
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resided with the chromosome rather than with

the episome of PK201. From the isolation of Hfr

strains, it can be seen that PK211 or PK201 has

two major regions of homology with the Col V

factor, one giving recA-C type Hfr strains and

the other giving pheA-CC type Hfr strains.

However, in the case of PK211 F,+ only the

site leading to recA-C integration is apparent in

this area, along with the usual xyl-C F, or Col V

specific site. In addition, it should be noted that

inversion Hfr strains (i.e., PK2081) can be

isolated from PK2 itself at a fairly high frequency

(0.5%), whenever selection for this type of Hfr

is made.

Location of the ability to produce colicin V

in PK205. Earlier (10) it was shown that the

genes for colicin V production in PK205 have a

chromosomal location between thy and aroC.

With the use of the recipient AT2092, close

linkage to the pheA gene was shown (Table 4).
This was expected as the origin of PK2 was

shown to be within 1 1/2 min of pheA.

Fertility of F+, V+, and FV strains. It has been

shown (10) that the recombination rate for var-

ious markers from donors containing episomes
and the type of Hfr most often isolated usually

exhibit a similar bias. This gives a preliminary

check on the affinity of an episome for a particular
chromosomal site easier to obtain, compared
to data obtained from the isolation of Hfr strains.

Table 5 shows recombination data of donor

strains derived from C600 or PK2, conta'ing
different fertility factors. All the strains derived

from PK2 show an increase in the number of

his and thy recombinants, compared to C600

(Col V); the most striking effects are on the his

recombinants from PK207 and, to a lesser
extent, the number of thy recombinants from
PK206. It should also be noted that the Col V
factor from PK2 or PK2061 shows chromosomal
affinity identical to the ordinary Col V factor,
once separated from the chromosome of a
PK2-derived strain. The conclusions on genetic
homologies drawn from the recombination data
of strains containing the different episomes are
seen to agree with those reached from the study
of episome integration sites

DISCUSSION
The data presented indicate the existence of

some very specific genetic homologies between
chromosome and episome in the clones derived
from PK2.

TABLE 4. Transfer of colicinogeny to recombinants
selected for listed markers"

No. of recombinants

Recombinant for Colicinogenic
Total tested

NO.b

pheA 90 86 96
purF 90 47 52
his 90 12 13
arg 90 0 0

a Donor PK205, recipient AT2092.
bNone of the V colicinogenic strains tested (4

his recombinants, 10 phe recombinants and 10
pur recombinants) were able to transfer the Col V
factor at high frequency.

TABLE 5. Recombination of strains derived from C600J containing various episomes

arg pro his thy

Donor Episome Percent- Percent-
No.a age of No. age of No. Percentage No. Percentage

erg erg of arg of arg

C600 F+115 100 92 80 136 118 30.7 27
C600 V+ 101 100 45 45 12.3 12 4.9 4.9
C600 F 184 100 66 36 14.1 7.7 3.7 2
C600 (Col V-PK2) 110 100 68.6 62 12 11 3.8 3.5
PK201 (Col V-PK2) 114 100 75 66 75 66 71 62
PK211 (Col V) 110 100 33.9 31 37.9 35 36.9 34
PK211 F+93 100 95 102 128 137 37 40
PK211 F 329 100 134 41 14.2 4.3 79 24
PK205 F+230 100 213 93 337 146 130 57
PK206 F 296 100 150 51 190 64 650 219
PK207 (Col V-PKm128) 201 100 148 74 4960 2470 377 187
C600 (Col V-PK2061) 271 100 85 31 21.3 7.9 16.6 6.4

aA number of 100 would be equivalent to a recombination rate of approximately 10-4 per initial
donor cell.

272 KAHN



CHROMOSOME-EPISOME GENETIC HOMOLOGIES

Two strains derived in distinct ways from PK2
were used in this study. PK202, having only the
V-producing genes and none or little of the
fertility determinants of the V colicinogenic
factor, was isolated presumably as the result
of a fertility factor-immunity conflict (11). When
an F factor is added to this cell (PK205) and
the episome-chromosome interaction is studied
either through Hfr isolation (Table 2 and Figure
1) or recombination for different markers (Table
5), no unique genetic homology between chro-
mosome and episome can be demonstrated.
The spectrum of the origins of Hfr strains isolated
is very similar to that found earlier for several
E. coli K-12 F+ donors (10).
However, when either Col V-PKml28 or the

F, factor is used as the episome in PK207 and
PK206, respectively, an entirely different pattern
results. Three types of Hfr strains are isolated
from PK207: xyl-C as PK2071, recA-C as
PK2072, and pheA-CC as PK2073. The recom-
bination data of Table 5 show that the strongest
region of genetic homology or the most frequent
chromosome-episome interaction occurs in the
last of the three. However, in PK206, this site of
Hfr origin is lacking; only the xyl-C origin (as
in PK2062) or the recA-C origin (as in PK2061)
is evident.

Similar results were obtained with the other
basic strain used, PK211. This strain was ob-
tained from acridine orange curing of the Col V
factor from PK201, a V+ Hfr- revertant of PK2.
Thus, it has the chromosome of PK2, without
any of the properties governed by Col V. Again,
no specific episome-chromosome interaction is
observed with PK211 F+ for either Hfr formation
or recombination. PK211 (Col V) shows the
three chromosomal regions of genetic homology
with Col V typical of PK207 with one difference.
The very strong homology leading to the pheA-CC
Hfr strain is now reduced and is of the same
order as the other two. This is to be expected as
PK207 has the deoxyribonucleic acid base
sequence to produce colicin V on both episome
and chromosome, and PK211 (Col V) has it
only on the episome. The episomes of PK211
F,+ and PK206 completely lack this region of
homology.
A model incorporating these results is presented

in Fig. 2. It is to be emphasized that this model
is to demonstrate only a possible evolutionary
scheme for the observed site homologies.
The first step postulates a tandem duplication

of Col V in the chromosome of PK2 between
recA and pheA. This was never isolated, but
such duplications have been observed elsewhere
in the E. coli chromosome (8, 9). In addition,

concatenated or multiple forms of a colicinogenic
factor (Col El) have also been observed (7).
In steps 2-2a, an inversion of the Fv portion of
one of the duplicated genomes is postulated to
yield step 3, a schematic representation of the
chromosome of PK2. As shown in step 2, it is
assumed that this inversion inactivated parts of
both the fertility determinant segment (def)
and the colicin V production determinant (abc),
respectively f and c. There is no known a priori
reason for this step to occur, but it is a convenient
way to arrive at step 3.
From step 3 on, the experimental evidence and

theoretical reasoning are on somewhat firmer
ground. The chromosome of PK2 must contain
a fully functional integrated V colicinogenic
factor (abcdef), plus two additional regions of
homology to Col V (ab and ed) and one region
of homology to the F, factor (ed). The segment
ed is inverted with respect to its normal rela-
tionship to ab.
From this postulated structure of PK2, the

discussion of the effect of nucleotide sequence
redundancies presented by Thomas (14) can
be utilized. Pairing of the intact Col V factor
with the ab segment (step 4) leads to the creation
of episomes as in strain PK201 (step 4a). Sub-
sequent removal of Col V (step 4b) gives strain
PK211 which still retains the normal and the
inverted regions of homology, but no longer is
fertile or produces colicin V. This has been called
homodirectional pairing by Berg and Curtiss
(1). Pairing of the intact Col V factor with the
inverted segment (steps 5-5a) leads to a com-
pletely inverted Col V factor (step Sb) in the
chromosome (14). This has been called hetero-
directional pairing (1).
A partial inversion (step 6-6a) similar to

that shown in step 2-2a (again without any
supportive evidence) results in the formation of
PK202 (step 6b) which produces colicin V
(implying complete activity of abc), has a very
strong forward homology to Col V (as shown in
Table 5 by the recombination of PK207) and an
inverted homology to Fv (shown in Table 5 by
the recombining ability of PK206).

It should also be pointed out that the ability
to produce colicin V is never found to enter as

an early marker in any of the Hfr strains derived
from PK2, including the inversion strains. There-
fore, to maintain proper Fv and colicin V func-
tion, an inversion of the entire Col V factor
seems to be necessary. Thomas (14) points out
that inversions within a gene will probably be
nonfunctional. For an inversion to be functional,
it must contain a full operon along with the site
for initiation of transcription. The partial in-
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FIG. 2. Symbols: abcdef is a schematic representation of Col V, abc representing the genetic determinant of
colicin Vproduction and def the genetic determinant ofCol V-associated fertility (F,); the length of these segments
does not represent any known distance and three letters are usedfor each solely to indicate directionality; r repre-
sents the recA locus at 51.5 min and p represents the pheA locus at 50 min (13). Steps: 1. Postulatedfirst step,
consisting of tandem duplication of Col V in the E. coli chromosome between recA and pheA. 2-2a. Postulated
inversion of the F. portion ofone of the duplicated genomes to yield 3. 3. Postulated structure of the chromosome
of PK2 which contains one functional Col Vfactor and two inactive parts of the second Col V factor, one of which
is inverted. 4-4a. Pairing with the repeated noninverted segment (14) leading to episome formation in 4a (PK201).
4b. Loss of the episome leaving a chromosome with a normal and inverted region of homology to Col V and an
inverted homology to F, (PK211). 5-5a. Pairing with the repeated inverted segment (14) to give a completely in-
verted Col V in the chromosome (PK2081). 6-6a. A step similar to 2, resulting in the formation of PK202 (6b)
whichproduces colicin V (implying complete activity ofabc), has a very strong forward homology to Col V and an
inverted homology to F, and, also, Col V.

versions postulated in steps 2 and 6 of Fig. 2
both lead to loss of some function.
As stated previously (10), the state of the

Col V factor in the Hfr, strains is not com-

pletely understood. The transfer of the Col V
factor associated with distal markers in these
experiments seems lower than the reports of
others (6). It is possible that the Hfrv strains
represent an intermediate state of association
between episome and chromosome. For sim-
plicity, the model of Campbell (2) for insertion
of episomes into the chromosome has been
assumed. There are clearly further experiments
to be done with this system. For example, the
homology relationships imply a deletion of
material occurring in the transition from Col V
to Fv. Experiments to determine the size of these
factors are now in progress. The model presented
implies that the chromosomal order of recA-Col
V-F,,-pheA in PK2 should be recA-Fv-Col V-pheA
in PK2061 or PK2081. This can be tested using P1
transduction, since the distances involved should

be within the range of distances studied by
marker cotransduction (13).
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