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Eight new F' plasmids derived from Hfr strains in which F is integrated at the
chromosomal element a(3f3:3 have been isolated and subjected to restriction enzyme,
hybridization, and electron microscope heteroduplex analysis. Plasmids carrying
extensive amounts of bacterial deoxyribonucleic acid were produced even though
they were obtained by selection for transfer of lac, which is closely linked to F in
the parental Hfr strains. Seven plasmids were type II Flac+ proC+ purE+
plasmids, and one was a type I Flac+ proC+ plasmid. Five of the Flac+ proC+
purE+ plasmids contain approximately 284 kilobases of bacterial deoxyribonucleic
acid, which is identical for all five within the resolution of the restriction enzyme
analysis. These results indicate that type II F' plasmids are the predominant tra+
F' type from this region of the Escherichia coli K-12 chromosome and that the
recombination events leading to formation of these plasmids exhibit site specific-
ity.

F' plasmids carrying various bacterial genes
have been known for nearly two decades (for
reviews, see references 32 and 43). Scaife placed
F' plasmids into two categories: type I plasmids,
which carry bacterial genes from only one side
of the integrated F sequences in an Hfr, and type
II plasmids, which carry genetic markers from
both sides of the integrated F. F' plasmids con-
taining varied lengths of bacterial DNA can be
formed from a single Hfr strain (28), and in some
cases, genetically indistinguishable F' plasmids
arise independently from the same Hfr strain
(4). Both type I and type II F' plasmids have
been analyzed by electron microscope hetero-
duplex methods (see, for example, references 26
and 44), and these studies have identified sites
on F that can serve as recombinational "hot
spots" that are active in F integration and in
type I F' excision (14). In most cases these are
the transposable elements IS2, IS3, or y6. The
nature of recombination sites on the bacterial
chromosome that may act during type I or type
II F' excision is still poorly defined.
One type of F' plasmid that has been obtained

repeatedly from two different types of Hfr
strains is the Flac+ proC+ purE+ (4, 7, 23, 28).
The repeated formation of this F' type could
result from sites on the bacterial DNA that are
hot spots for F' excision. In this study, we de-
scribe the localization of excision sites leading to
formation of a new set of Flac+ proC+ purE+
plasmids from several Hfr strains whose points
of origin are identical to those of Hfr strains
P804 and OR11, the progenitors of other Flac+
proC+ purE+ plasmids (4, 28). Unlike the plas-

mids obtained by Berg and Curtiss (4), the plas-
mids described here were obtained by selection
for transfer of the lac operon, which is closely
linked to the integrated F in these Hfr strains.
With this selection, there should not have been
a predisposition toward large F' plasmids. Seven
of the eight plasmids physically characterized in
this study are shown to be type II, which con-
trasts with interpretations from previous data
from a variety of chromosomal regions (32). We
have localized the excisional recombination sites
on the bacterial DNA to a limited set of frag-
ments arising from digestion with EcoRI, and
we conclude that there is site specificity in the
excision process.

In addition, the data provide new information
on the role of the bacterial IS3 element a:3,8:3 as
an integration site for F, and the presence of a
modified form of the F plasmid having an addi-
tional IS3 element is documented.

MATERIALS AND METHODS
Strains. Strains used for isolation, testing, and

maintenance of F' plasmids are described in Table 1.
The Hfr strains used were those derived by Curtiss
from the K-12-112 subline or the W1485 subline of
Escherichia coli K-12 (4, 13), or were constructed by
Broda from the W1655 derivative of W6F+ (6). The
approximate points of origin and transfer orientations
were verified by cross-streak matings with AB 1157 or
X478 recipient strains.

Isolation of F' strains. Secondary F' strains used
for physical analysis were obtained by mating Hfr
strains with the recA56 recipient RH63 and selecting
for Lac' Str' transconjugants. Mating protocols em-
ployed transfer from patches of Hfr clones to recipi-
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TABLE 1. Bacterial strains and plasmids

Genotype

Prototroph
Prototroph
Prototroph
metBI rel-I V

4, 13
4, 13
4, 13
6

thi-1 argE3 his-4proA2 leu-6 thr-1 lacYl
galK2 ara-14 mtl-I xyl-5 rpsL31 tsx-33
sup-37

thr-1 leu-6 thi-l argE3 his-4proA2 lacYl
galK2 mtl-I xyl-5 ara-14 tsx-33 \-supE44
rpsL31 recA13

ara leu Ti1 lacZproC tsx purE trp lys rpsL
mtl xyl metE thi

lac purE thi tsx rpsL
lac purE thi tsx rpsL recA
thi-1, rel-i, A(proB-lac)xu,, supE44 recA56
RD17 Strr

E)1111(pRH 1); pRHI = F lac+ proC+
purE+

ED1111(pRH7); pRH7 = F lac+ proC'
purE+

ED IIII(pRH 17); pRH 17 = F lac+ proC+
purE+

ED1111(pRH38); pRH38 = F lac+ proC+
purE+

Prototrophs; primary F lac+ proC+ purE+

Prototroph; primary F lac+ proC+
Alac-175(i-) rpsL/F42-1 lacI78(i')
thi-I rel-i A(proB-1ac)xujj supE44 recA56/
ORF203

AB2463(pRH111); pRH111 = traA FproA+

thi/F+
metBi rel-I \'/FA(33-43)

21

25

13

7
8
19
Spontaneous mutant of RD17

Hfr OR6 x RH63 (selection: Lac' [Str']");
conjugational transfer to ED111I

Hfr ORII x RH63 (selection: Lac' [Str']);
conjugational transfer to ED1111

Hfr OR72 x RH63 (selection: Lac' [Str']);
conjugational transfer to ED1III

Hfr B5 x RH63 (selection: Lac' [Str']);
conjugational transfer to ED1111

Fluctuation enrichment from ORI1

Fluctuation enrichment from OR 1
26
19

Hfr OR6 x AB2463 (selection: pro' [Str'])

44
2

" Discriminating character used for donor contraselection.

ents by replica plate techniques (i.e., with no interrup-
tion). Primary F' strains were obtained by fluctuation
enrichment procedures (6), with enrichment continued
oIn sample cultures showing elevated lac transmission
to ED1111. The presence of Tra+ Flac+ proC+ purE+
plasmids was confirmed by the formation of lac+ and
purE+ transconjugants in matings with the recA recip-
ient ED1III, by transfer of proc+ to x478, and by
examination of plasmid DNA. F' isolates were stored
at -20°C in 40% glycerol and 50% L-broth immediately
after marker analysis.

Media. Minimal medium (12) was supplemented to
20 yg/ml with amino acids, to 0.2% with the appropri-
ate sugar, to 20 Ag/ml with deoxyadenosine, and to 1

ig/ml with thiamine. L-broth or L-agar (31) was used
for matings and for purification or growth for routine
genetic testing. Tryptone broth contained 10 g of
tryptone per liter, 5 g of NaCl per liter, 1 tig of thiamine
per ml, and 0.2% glucose (pH 7.4). MacConkey agar
(I)ifco) was employed in screening for Lac colonies.

Eosin methylene blue agar (Difco) supplemented with
glucose to 0.2 c was used for tests of sensitivity to the
male-specific bacteriophage f2 by the cross-streak
method. For preparation of the Flac+ proC+ purE'
plasmid DNA, strains with the ED111 genetic back-
ground were cultured in minimal media containing
lactose and thiamine, thus selecting simultaneously
for retention of the lac+ and the purE+ characters.

Isolation of DNA. Plasmid DNA was prepared by
the methods of Bazaral and Helinski (3) and Sharp et
al. (44). Fifty milliliters of spheroplast-forming solu-
tion (1 mg of lysozyme per ml, 0.1 mg of RNase per

ml, and 0.1 g of sucrose per ml) in TES (0.05 M Tris,
0.05 M NaCl, 0.005 M EDTA, pH 8.5) was used to
resuspend washed bacterial pellets containing approx-

imately 1012 bacteria. Recent experiments indicated
that concentrations of lysozyme, sucrose, and RNase
could be reduced by half to provide equivalent or

slightly improved final yields of plasmid DNA. After
incubation of the resuspended cells at 37°C for 10 min,

Strain

Hfr
X435(0R6)
X493(OR11)
X892(OR72)
ED942(B5)

Source/reference

F
AB1157

AB2463

X478

P"B314
EDIiII
RD17
RH63

F'
RHI

RH7

RH17

RH38

RH95, RH97,
RH98

RH96
AT3155
RD22

RHIII

W1485
W1655
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lysis was achieved by adding 25 ml of 2% sodium
lauroyl sarcosine in TES. Incubation at 37°C was
continued for 10 min with frequent stirring. The lysate
was drawn back and forth a minimum of 14 times
through a 5-ml plastic pipette (Falcon) at 1 to 2 mi/s
to shear the chromosomal DNA. Lysates were ad-
justed to a density of 1.51 g/ml and 250 fig of ethidium
bromide per ml by addition of 0.86 g of CsCl and 0.03
g of ethidium bromide solution (10 mg/ml in TES) per
g of lysate. Samples were centrifuged as previously
described (19). Ethidium bromide was removed from
DNA samples by isoamyl alcohol extraction, followed
by dialysis against a cation exchange resin (44). DNA
was stored in 0.01 M Tris-0.01 M NaCI-0.001 M EDTA
(pH 8.0) at 4°C (11).

Restriction endonuclease digestion. Restriction
endonuclease EcoRI was obtained from Miles Labo-
ratories. Reaction conditions of Morrow et al. (36)
were employed, and digestion was usually with a 1.5-
to 3.0-fold enzyme excess. Reactions were quenched
by chilling reaction mixtures on ice and adding EDTA
to approximately 10 mM. Samples were then dialyzed
against a 1:20 dilution of electrophoresis buffer (48).
Restriction endonuclease BamHI was also obtained
from Miles Laboratories, and the reaction conditions
specified by the source were employed.
Agarose gel electrophoresis. Samples (0.05 ml)

in a 1:20 dilution of electrophoresis buffer were evap-
orated to dryness with a jet of dry air and suspended
in 10 [LI of distilled water containing 25% sucrose. Slab
gels (140 mm long, 3 mm thick, and containing 0.7%
agarose) were run at 2.3 V/cm for 3 to 7 h, and tube
gels (220 mm long and containing 0.7% agarose) were
run at 1.4 V/cm for 24 to 36 h with periodic buffer
changes. Mobility standards were EcoRI fragments of
lambda (XcI857S7) DNA (47) and F DNA (10), with F
fragment sizes adjusted to correspond to a molecular
size of 94.5 kilobases (kb), which facilitates comparison
with previous mapping data. For high-resolution ex-
periments (tube gel conditions), most samples and
molecular weight standards were run in triplicate. The
relative mobility values showed standard deviations of
0.2%. Gels were stained in 50% electrophoresis buffer
containing 0.5 ,Lg of ethidium bromide per ml for 30
min and were destained with three to four rinses of
deionized water over a 5- to 10-min interval. Gels were
transilluminated with long-wave UV light and were
photographed using either Kodak Plus X or Polaroid
55 P/N films and Kodak red (no. 23A) and yellow (no.
9) filters in combination.

Mobility analysis. Photographic negatives were
scanned with a Joyce-Loebl microdensitometer. Cali-
bration curves based upon F and A EcoRI fragments
were constructed by plotting the logarithm of the
molecular size in kb as a function of fragment mobility
relative to fragment f3 of F. For high-resolution ex-
periments, relative mobility for the largest molecular
size values was expressed as a quadratic function of
the logarithm of the molecular size by using a least-
squares curve-fitting process. This allowed greater pre-
cision in assignment of molecular sizes to fragments.
For the few remaining multiple bands that were un-
resolved, the number of fragments per band was de-
termined by comparing the areas of the densitometer
peaks of the multiple band to the areas of adjacent

single bands. Peak areas were determined by using a
Numonics Graphics Calculator.

Hybridization techniques. DNA from agarose
gels was transferred to nitrocellulose filters by the
method of Southern (45) as modified by Engel and
Dodgson (22). Hybridization probes were EcoRI frag-
ments f2 and f4 of F cloned on RSF2124 (1; Deonier
and Hadley, manuscript in preparation). Fragments of
f2 and f4 DNA were purified from vehicle DNA by
sedimentation through a sucrose gradient. These
probes were labeled by the nick translation method
(42) to specific activities of 5 x 10" to 5 x 107 cpm/tg
using 3H-labeled dTTP at 90 Ci/mmol and 'H-labeled
dATP, dCTP, and dGTP at 20 Ci/mmol (ICN Phar-
maceuticals, Inc.). The labeled f2 or f4 probes were
hybridized to the DNA on the filters for 40 to 90 h at
65°C in a solution consisting of lOx Denhardt solution
(16) in 3 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate, pH 7.0), 50 jig of salmon sperm DNA
per ml, and 0.1% SDS. Fluorography of the filters was
performed at -70°C with Kodak XR-5 X-ray film
preflashed to 0.2 to 0.4 absorbance units (30) for 20 to
200 h.

Electron microscopy. Samples were mounted for
electron microscopy by using the formamide technique
as previously described (15, 17). Molecules were ex-
amined with a JEM7 electron microscope, and pro-
jected images from micrographs were measured by
using a Numonics Graphics Calculator. The size ref-
erence standard was FA(33-43) (taken to be 83.8 kb),
with 4X174 taken as the intermediate size standard.

RESULTS
The plasmids examined in this study are very

large. As an aid to understanding the data to be
presented, a summary of the conclusions is pro-
vided in Fig. 1. The eight F' plasmids pRH1,
pRH7, pRH17, pRH38, pRH95, pRH96, pRH97,
and pRH98 were obtained from the four indi-
cated Hfr strains. All plasmids except pRH96
extended beyond lac to include purE, and all
plasmids except pRH96 are type II (i.e., they
include bacterial DNA from both sides of the
integrated F in the Hfr strains). The junctions
between F DNA and bacterial DNA were iden-
tified by mobility analysis, by hybridization, and
by electron microscope heteroduplex proce-
dures.

Analysis of bacterial EcoRI restriction frag-
ments carried by the seven type IL F' plasmids
reveals that the counterclockwise excision end-
point lies within the same EcoRI restriction
fragment in all cases. In five of the cases (pRH1,
pRH7, pRH95, pRH97, and pRH98), the clock-
wise endpoints also lie within a single bacterial
EcoRI restriction fragment, and they contain
identical bacterial DNA segments even though
they represent independent isolates from two
different Hfr strains. The clockwise endpoints of
pRH38 and pRH17 differ from the endpoint
shared by the other five.
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FIG. 1. Summary of the physical structures of the F' plasmids examined in this u'ork. A physical map of a
portion of the bacterial chromosome and the approximate locations of selected genes and IS elements are
shown at the top of the figure. A portion of the bacterial DNA between proC and purE has been omitted for
clarity. (For distances between IS elements, see Fig. I in ref 26.) Below this, the sequence arrangement of the
Hfr strains ORII and B5 is compared with the sequence arrangement of the Hfr strains OR6 and OR72. The
physical structure of the F' F13 (26) is shown at the bottom of the figure. Sawtooth lines represent bacterial
DNA, and smooth lines represent the integrated F sequences. Selected F coordinates are indicated (14).
Various IS3 elements (with their corresponding names in the a/8 notation) are indicated by solid boxes, and
LS2 elements are designated by hatched boxes. The locations of EcoRI fragments containing IS2 or IS3
elements, junctions between F and bacterial DNA, or other relevant DNA segments are indicated by brackets,
and the fragment sizes are shou'n (cf Table 3). Span lines belou1 the Hfr maps indicate the extent of the DNA
contained on the F' strains derived from these Hfr strains. Dashed termini for some span lines indicate the
resolution of the endpoint determination. Exact correspondence of the pRHJ, pRH7, pRH95, pRH97, and
pRH98 termini with those of F13 is indicated, based on the exact correspondence of EcoRI fragments derived
from the termination regions of these five plasmids and of F13. The clockwise termini for pRHJ, pRH7,
pRH95, pRH97, and pRH98 all fall within the first EcoRI fragment clockwise of f(a./3)., the fragment
containing a484. This conclusion is based on the following reasoning. All of the bacterial EcoRI restriction
fragments that lie completely between a3,8:/ and a.4,/4 (defined largedly by ORF203), as well as all of the
bacterial EcoRI fragments lying between the 14.9-kb fragment and f(a3/:{) (Table 4), are generated firom these
plasmids. The only EcoRI fragment not accounted for by these bacterial fragments corresponds to the novel
joint. Because complete EcoRI fragments clockuise of f(a4f3) do not appear in these plasmids, it is concluded
that the clockwise excision termini lie in the EcoRI fragment immediately clockwise of f(a4,84).

The sequence organization of the integrated F
in Hfr strains OR6 and OR72 indicates that
these strains were formed by integration of an

altered F plasmid at an additional copy of IS?3
not normally found in the F plasmid. This ad-
ditional IS3 is located at 11.5 F on the standard
F map.

Isolation and genetic analysis of F' plas-
mids. F' plasmids were identified by their ability
to transfer lac to appropriate recipients. Prelim-
inary analysis indicated that the major F' class
obtained from each of the four Hfr strains car-

ried genetic markers clockwise but not counter-
clockwise of the Hfr point of origin. Of 19 such
F' plasmids, 18 contained purE+ in addition to
lac+, whereas one (pRH96) was an Flac+ proC+
plasmid. No plasmids like the classical Flac

(F42) were obtained. Seven of the 18 strains
were further characterized and were found to be
capable of transferring proC+ to x478, indicating
that they contained Flac+ proC+ purE' plas-
mids. Genetically identical plasmids had been
previously isolated from ORII by Berg and Cur-
tiss (4), who selected for transmission of proC+
rather than lac+. In the present experiments,
the Flac+ proC+ purE+ class of plasmids was

obtained both by replica plate matings (pRH1,
pRH7, pRH17, and pRH38) (no interruption)
and by fluctuation enrichment procedures
(pRH95, pRH97, and pRH98), indicating that
the production of this type of F' plasmid is
determined by excisional processes in the donor
Hfr strains. Since this class was obtained from
Hfr strains belonging to the W1485, K-12-112,

_2
12.9

16.3F 0.0/94.5F
2 l

7.2 25.0 12.7 12.9
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and W6 sublines, these excisional processes ap-
parently are a common feature of E. coli K-12
strains.
The eight plasmids listed above, which con-

tain a portion of the bacterial chromosome that
has previously been subjected to extensive elec-
tron microscope heteroduplex mapping (20, 26),
were analyzed physically to determine their se-
quence arrangement and to locate their excision
endpoints. All plasmids were analyzed by restric-
tion enzyme techniques (48), and four of the
seven Flac+ proCF purE+ plasmids (pRH1 from
Hfr OR6, pRH7 from Hfr OR11, pRH17 from
Hfr OR72, and pRH38 from Hfr B5) were ana-
lyzed more extensively by both electron micro-
scope heteroduplex procedures and hybridiza-
tion methods.
Molecular length determination. Molecu-

lar lengths were determined by electron micros-
copy or by restriction analysis (Table 2). No
molecular length heterogeneity was detected in
any of the samples by either technique. The
sizes of all F' plasmids are consistent with the
sizes indicated by genetic analysis. It is seen that
the molecular lengths of pRH1, pRH7, pRH95,
pRH97, and pRH98 are identical within experi-
mental error. It will be shown below that these
plasmids carry bacterial sequences that are iden-
tical to the extent that can be determined by the
methods employed here. The pRH38 plasmid is
definitely shorter than all others except pRH96,
and by more than can be accounted for by its
A(33-43) deletion alone. This deletion is present

TABLE 2. Molecular lengths of Flac+ proC+ purE+
plasmids from E. coli K-12
Molecular length (kb)

Plasmid Electron Electro- Reference
micr- phoretica
SCOpiC

pRH1 373 + 11 379 ± 3 This research
pRH7 376 ± 14 379 ± 3 This research
pRH38b 362 ± 9 356 ± 3 This research
pRH17 473 ± 16 484 ± 3 This research
pRH96 -c 297 This research
pRH97 - >374d This research
ORF203 334 ± 11 335 ± 3 20; This research
F13 385 ± 6 - 26

a Restriction fragments smaller than 0.7 kb to 0.5 kb
not included.
bThe F sequences of this plasmid have a 10-kb

deletion (2).
c, Not determined by this method.

d Smallest bands were not analyzed. Estimated up-
per bound is no more than 5 kb larger than the size
given. Plasmids pRH95 and pRH98 showed identical
restriction enzyme digest products, and it is therefore
concluded that they have the same molecular length
as pRH97.

because the FA(33-43) plasmid from which the
parental Hfr strain B5 arose was correspond-
ingly deleted (2). The largest plasmid, pRH17, is
large enough to carry as much as 9% of the
bacterial chromosome. As expected, pRH96, the
Flac+ proC+, is the smallest of the set.
Linkage between bacterial and F se-

quences in pRH1, pRH7, pRH17, and
pRH38. (i) General analysis. The integration
site of F can be localized within a specific F
EcoRI fragment from principles outlined in Fig.
2 (5). Consider the IS3, al,81, located in EcoRI
fragment f2 of F. When integration occurs at
al,81, fragment f2 will be separated into two
junction fragments (f2A and f2B), each of which
will be joined to bacterial sequences as part of a
new restriction fragment. If the integration oc-
curs at an IS3 on the bacterial chromosome,
each of the new fragments will contain an IS3
element located at the junction of F and bacte-
rial DNA. Because EcoRI fragment f4 of F will
not be altered by recombination in this case,
fragment f4 will migrate with its usual mobility.
If integration were to occur at a2f82 on F (i.e.,

P1 V a0 V bc

v(30, a202 IS2 ca,03 v

f2A f4 f2B

FIG. 2. Alterations in the physical linkage of F
DNA resulting from F integration within EcoRI frag-
ment /2 at the bacterial IS3 a3/83. Structural desig-
nations are the same as in Fig. 1. The open-boxed
regions represent EcoRI fragments f2 and f4 of F.
Relevant EcoRI cleavage sites on F are the ends off2
and f4, and the EcoRI sites ofinterest on the bacterial
DNA appear as open triangles. DNA originally pres-
ent in A2 appears after integration in two different
fragments that also contain bacterial DNA from one
side or the other of a3,f3, but fragment f4 remains
unchanged. The IS3 elements flanking the FDNA in
the lower part of the figure have mixed subscripts to
indicate that they are recombination products. The
f2A fragment is defined as the junction fragment
more closely linked to proximal Hfr markers. It is
present in type IA F plasmids (32). Fragment /2B is
more closely linked to distal Hfr markers and is
present in type IB F plasmids. Integration ofF within
f4 would leave /2 unchanged and would generate
altered junction fragments f4A and f4B (not shown).
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within EcoRI fragment f4) the sequences of f4
would be distributed into two junction fragments
(f4A and f4B), and f2 would remain unaltered.
This allows localization of F integration either
to EcoRI fragment f2 or to fragment f4. The
nomenclature for junction fragments is further
explained in the legend to Fig. 2.
pRHI, pRH7, pRH17, and pRH38 were di-

gested with EcoRI and subjected to slab gel
agarose electrophoresis (Fig. 3). Each plasmid
generates approximately 50 to 60 fragments,
many of which are present in all four plasmids.
Because of the large number of fragments, there
are several bands formed by comigrating frag-
ments. These multiple bands were resolved in
other experiments by agarose gel electrophoresis
in tube gels, using low-voltage gradients (35) and
extended run times.

(ii) Hybridization analysis. To identify
clearly F fragments f2 and f4 and their respective
bacterial junction fragments, DNA from agarose
slab gels was transferred to nitrocellulose filters
and was hybridized to either 3H-labeled f2 or 3H-
labeled f4 DNA of F. Autoradiograms of these

fl

FIG. 3. Electrophoretic analysis of EcoRI digests
ofpRHI, pRH7, pRHI 7, and pRH38. The outermost
lanes contain a mixture of X DNA and of F DNA
similarly digested for use as size standards. Some of
these reference bands are labeled at the left of the
figure, and their sizes, in kb, are given at the right.

hybridized filters are shown in Fig. 4 and 5, and
the results of these experiments are summarized
in Table 3. There are two types of bands seen in
the autoradiograms. The intense bands arise
from those restriction fragments that contain
substantial amounts of f2 or f4 DNA (e.g., the
junction fragments), whereas the faint bands
arise from fragments containing IS2 or IS3, but
no other sequences homologous to the probes.
These faint bands are seen because of cross-
hybridization. Consider the intense bands first.
The hybridization patterns show clearly that
when the linkage of f2 is altered (e.g., pRH7 and
pRH38, Fig. 4), the mobility of f4 is unaffected
and vice versa. These hybridization patterns
show that the parental Hfr strains of pRH7 and
pRH38 were formed by integration events at F
fragment f2, whereas the Hfr parents of pRHI
and pRH17 were formed by integration within
fragment f4. The same conclusions were ob-
tained by mobility analysis alone, using high-
resolution tube gels (data not shown). The f4A
fragments of pRHI and pRH17 comigrate, as do
their f4B fragments. Plasmids pRH7 and pRH38
have comigrating f2A fragments. Their f2B frag-
ments also comigrate.

Previous physical mapping studies have iden-

FIG. 4. Autoradiogram of electrophoretically re-
solved EcoRI digests of the plasmids shown in Fig. 3,
hybridized to 3H-labeled f2 of F. Fragments f2, f4.
and altered fragments derived from them are indi-
cated in the figure. The lower-intensity bands repre-
sent cross-hybridization between 12 and IS3 elements
present in bacterial or F DNA. Data are summarized
in Table 3.
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FIG. 5. Hybridization of 3H-labeled f4 to electro-
phoretically resolved EcoRI digests ofpRH1, pRH7,
pRHI 7, pRH38, and ORF203. In addition to f4 and
fragments derived from it (areas of high intensity),
the size of those EcoRI fragments containing a5f85
and the size of f2 can be determined by comparison
of hybridization patterns to the pattern of ORF203
(see Table 3). The band with highest intensity in the
ORF203 pattern is its f4B. The fragment containing
IS2 in all tracks is identified by its ability to hybridize
with f4 but not with f2 (cf. Fig. 4). The unlabeled
tracks contain a mixture of F and A DNA. Intense
hybridization to f4 ofF and cross hybridization to f2
is seen in these tracks.

tified one IS2 element and three IS3 elements
(a3L3I, a4,84, and a5f85) in the region of the bacterial
chromosome carried on these F' plasmids (20,
26). Fragments visible as a result of cross-hy-
bridization with the IS3 contained on the f2
probe include f4 (or the f4A and f4B junction
fragments), the bacterial fragment containing
a5,85 [f(a5,85)], and the fragment containing a4,84
[f(ac4h4)]. These each contain one copy of IS3
that can cross-hybridize with the IS3 al,81 on f2.
With the f4 probe, the fainter cross-hybridiza-
tion bands can include f2 (or f2A and f2B),
f(ta4,5), f(a4,84), and the bacterial restriction frag-
ment containing IS2. With both probes, hybrid-
ization to a3f83 sequences comprises part of the
intense junction bands. The IS2 element present
between lac andproC is found within an 18.7-kb
EcoRL fragment that is present in all Flac+
proC+ purE+ plasmids and that hybridizes to f4
but not to f2. The 11.3-kb fragment that hybrid-
izes to both f2 and f4 (Fig. 4 and 5) in pRH7,
pRH38, and ORF203 is identified as the one

containing the a5,85 element. The bacterial IS3
element a4/84 can be identified within a 12.9-kb
EcoRI fragment by its presence on pRH7 and

its absence from ORF203 and from the Flac+
proC+ plasmid pRH96 (Table 3). This band is
clearly absent from pRH38 (Fig. 5). Bands of
the same sizes as those assigned to a4f8 and to
a5,85 are also found by hybridization of f2 probe
to chromosomal DNA of E. coli that has been
digested with EcoRI (18).

Hybridization and mobility experiments using
DNA from F42-1, pRH7, and pRH38 indicate
that these plasmids have identical f2B junctions,
confirming that in the parental Hfr strains of
pRH7 and pRH38 (OR11 and B5), F was inte-
grated at a3/83 via crossover at its ali8 sequence
(as was found for P804 [17]). The molecular
length of f2B, along with the known EcoRI map
of F (39), allows one to calculate that there
should be an EcoRI restriction site 12.8 kb clock-
wise of a3f33 on the bacterial chromosome. From
the molecular length of the portion of f2 calcu-
lated to be in f2A, one can conclude that there
should be a bacterial EcoRI restriction site 3.3
kb counterclockwise of a3,83. This indicates that
a3f83 should be present in a 17.4-kb EcoRI frag-
ment in F- E. coli K-12 strains. An IS3-carrying
EcoRI fragment of this size has been observed
in several E. coli K-12 strains (18). The presence
of both f2A and f2B fragments, together with
successful prediction of the molecular size of the
bacterial fragment containing a3f83, indicate that
these plasmids are type II F' plasmids, as will be
discussed in detail below.
Because the F sequences in the Hfr progenitor

strains of pRHI and pRH17 were integrated
within f4, one might hypothesize that the inte-
grative crossover event occurred between the
bacterial a3,83 and a2f82 of F. This hypothesis can
be checked by determining whether bacterial
EcoRI sites predicted from the F map and the
molecular lengths of f4A and f4B agree with the
predictions based on the f2A and f2B junction
data for pRH7 and pRH38. From pRHI and
pRH17, assuming integration at a23f2 of F, the
prediction is made that the EcoRI site immedi-
ately counterclockwise of a3133 would be located
6.9 kb away, whereas the EcoRI site immedi-
ately clockwise would be 10.1 kb away. These
values are clearly in disagreement with the val-
ues of 3.3 and 12.8 kb derived from the hybridi-
zation patterns of pRH7 and pRH38. The dis-
crepancy is resolved by heteroduplex mapping
(see below), which indicates that the integration
events occurred at a new IS3 located in f4 and
not at a2832-

(iii) Electron microscope heteroduplex
analysis. To define more precisely the junctions
of the different Hfr strains and to resolve the
discrepancy in predicted restriction sites imme-
diately clockwise and counterclockwise of a3,83,
the four tra+ plasmids, pRH1, pRH7, pRH17,
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TABLE 3. Identification and kb sizes of EcoRI fragments hybridizing to EcoRI fragments f2 or f4 of F"
Size (kb)

Plasmid Probe -

f4B' h

ORF203 f4 25.5
pRH 1 f2 -

f4 -
pRH 17 f2 -

f4 -
pRH7 f2 -

f4 -

pRH38 f2 -
f4 -

pRH96 f4 -

F42-1 f4 -

Avg'

f2B f(IS2) f(IS2')" Joint" f4B

23.5
24.8
25.6
23.4
24.5
23.5

18.9

19.7

19.7

19.0
19.5

20.1

f(lojfl) f2 f4A f0(/l.J f4 f'2A
18.8 - 12.8 - 11.3 -
- 1i6.4 c 12.8 11.7 f
- 16.2 c 12.8 11.3 f
- 16.4 e 12.8 11.7 f
- f16.2 e 12.8 11.3 f -

- 12.8 - - 11.3 9.4
- - 13.3 - - 11.5 9.5
- __ _ _ - 11.6 9.4
-- - - - 11.3 10.3

- - - - - 11.6 9.6

6.0
6.2
6. 1
6.1

9.4 -

25.5 24.2 19.4 20.1 18.8 16.3 13.0 12.8 11.5 11.4 9.6
(25.0) (24.1) (18.7) (19.9) (18.4) (16.2) (12.9) (12.8) (11.4) (11.3) (9.3)

6.1
(6.0)

Data are taken from autoradiographs shown in Fig. 4 and 5, and from other autoradiographs not shown.
-, No detectable hybridization with indicated probe.

Characteristic of ORF203. Values indicate the average of two measurements. I'he ORF203 f4A EcolRI
fragment size is 3.0 kb and it had exited the gel for these runs; thus it does not appear (Deonier and Hadlev,
unpublished data).

A bacterial fragment containing IS2 and found in pRH38 but not in the other plasmids shown.
d The ORF203 joint EcoRI fragment is the fusion product resulting from recombination between a:ft:i and

a4/,1 during the F' excision event.
Obscured by EcoRI fragment f`2 hybridization.

'Obscured by EcoRI fragment f4A hybridization.
Values in parentheses indicate averages from mobility analysis of numerous other agarose gel electrophoresis

experiments.

and pRH38, were subjected to heterodluplex
analysis.
Heteroduplexes formed between Fz (33-43)

and pRH7 yielded structures expected for a type
II F-prime derived from an Hfr with F integrated
at its al,/1. All of the F sequences were found to
be present in pRH7 and, in incomplete hetero-
duplex structures, the junctions between F and
the bacterial DNA were found to be at either
93.1 ± 1.8F on the F map (i.e., near the counter-
clockwise end of al,81), by measuring the shorter
duplex distance from the l(33-43) loop to the
junction with bacterial DNA, or at 94.6 ± 1.8F
(i.e., near the clockwise end of al,81), by measur-
ing the longer distance. There were no insertions
or substitutions within the F sequences of pRH7.
The structure of pRH38 was verified by form-

ing heteroduplexes between it and F42-1, a de-
rivative of the classical Flac. Because the Hfr
from which pRH38 arose was derived from
W1655F+, a deletion from 32.6F to 42.3F was
expected, and such a deletion was found. Struc-
tures were detected that indicated complete ho-
mology between F42-1 and p)RH38 in the vicinity
of the junction between F-sequences near al,/3
and the bacterial DNA counterclockwise of lac,
verifying that one junction of pRH38 includes
alp,. Since F sequences from O.OF to 2.8F are
deleted in F42-1, this set of heteroduplexes did

not directly prove the presence of these se-
quences in pRH38. Their presence is inferred
from the hybridization data, however, which
support the electron microscope data indicating
that pRH38 is a type II F'. An unexpected fea-
ture seen with pRH38/F42- 1 heteroduplexes was
an insertion of 1.4 ± 0.3 kb located at 55.3F,
within EcoRI fragment f3. This alteration pro-
duced a band with a molecular length of 12.3 kb,
which was detected electrophoretically as well.
The altered f3 band did not hybridize to IS2 or
IS3 (Fig. 5, Table 3).
The pRHI/FA(33-43) heteroduplex experi-

ments yielded also two unexpected structure
types composed in part of incomplete pRH1
strands, and the interpretations of these struc-
tures are summarized in Fig. 6. Instead of dis-
playing uninterrupted duplex between the fork
at the F/bacterial junction and the A(33-43)
deletion loop, these structures possessed addi-
tional deletion loops. The larger single-strand
loop (Fig. 6B), which defines one structure type,
was 21 kb from the A(33-43) loop and was sep-
arated from the single-strand fork by a duplex
region 1.2 kb in length. The loop size was 12.2
+ 0.8 kb (single-strand measurement). The other
structure type contained a smaller single-strand
loop, whose size is 2 kb. This loop was located
approximately 63 to 64 kb from the A(33-43)

J1. BACTIERIOLI.
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.OF

11,5F O.OB 282.18B

32.6F 4231
N'33 -_

A
pRH

A(33-43)
so. 945/0.OF 28F 8.5F II.5F 50.OF

282.JB

3 i3 32.6F 42.3F
38

11,5F
II

B p RHI
FA(3 3-43)

50,).OF

9 4.5/OF 115F

2.8FF SF

0.08

2.8F S.5F 32.6F 42,3F

x 11.5F

FA(33 43)1
50.0F XO.OF

2.8F 85F 11,5F 13,2F

FIG. 6. Diagrams of observed pRH1/FA(33-43) heteroduplex structures. The circular F portions of the
structure have been arbitrarily draun in a linear fashion for clarity. Bacterial DNA, F DNA, and IS elements
are indicated as in Fig. 1. A complete heteroduplex structure is depicted in panel A. All of the F DNA is
present in pRH1, and there uwas a large single-strand insertion loop at the indicated position. Panels B and
C depict the structures that led to the interpretation that the Hfr parent of pRH1 was the result of
recombination between a33; and a new IS3 (a8/88) on F. For the structure in panel B, pRHI DNA extending
counterclockwise from 11.5F to some point beyond a,i, is missing because of strand breakage. The 1.3-kb
duplex near 282.1B is seen to be the result of hybridization of a43,8 to ai/8 on the F strand. The deletion loop
at 11.5F contains inverted repetitions at 2.8F and 8.5F, and these can hybridize (indicated by arrows) to form
the interior loop seen in all cases. In panel C, pRH1 DNA extending clockwise of 11.5F is missing. Thus, a8/3:3
can hybridize to a2,82 to form a 1.3-kb duplex flanked by the 11.5F-13.2F loop and a fork. The 2.8F-8.5F
portions of both FA(33-43) and pRH1 are drawn as insertion-deletion loops. If they hybridize in the
configuration shown (stabilized by the short inverted repetitions at 2.8F and 8.5F), a characteristic loop (9)
can form. This feature was seen.

deletion loop, and it was separated from a single-
strand fork by a duplex region of length 1.3 kb.
The interpretations appearing in Fig. 6 are based
on these observations and on other structures
described in the figure legend. Both of these
types of structures can be rationalized by assum-
ing that the junctions between F and the bacte-
rial DNA in pRH1 occur at 11.5 on the F map,
with IS3 elements separating F from the bacte-
rial DNA at each junction. This is the structure
that would be expected if the F plasmid which
mediated the F integration event leading to the
Hfr parent of pRHl contained an additional IS3
at 11.5F. The F plasmid of the F+ K-12-112
derivative which led to the Hfr parents of pRHl
and pRH17 does contain an additional IS3 lo-
cated in f4 (Hadley and Deonier, unpublished
data). We call this IS3 a88, and the two product
IS3 elements arising from recombination be-
tween it and a3,83 are called a8f,3 or a3/38. Heter-
oduplex structures formed from pRH17 (also
derived from a K-12-112 F+) and FA(33-43) also
indicated that the integration site on F was

11.5F, and structures similar to those depicted
in Fig. 6C were seen. Because of strand breakage,
structures like the one shown in Fig. 6B were
not seen during the limited examination of this
plasmid DNA.
By using the heteroduplex data, which indi-

cate a junction between F and bacterial se-

quences at 11.5F, one can now employ the mo-
lecular lengths for the fragments f4A and f4B
obtained electrophoretically to fix the positions
on the bacterial DNA of the restriction sites
immediately clockwise and immediately coun-
terclockwise of a33,3. The values obtained, 12.3
and 3.4 kb, agree reasonably well with the values
calculated from pRH7 and pRH38 electropho-
retic data. The presence of both f4A and f4B
fragments whose sizes provide consistent map-
ping of the EcoRI cleavage sites immediately
clockwise and counterclockwise of a3,83 indicates
that pRH1 and pRH17, like pRH7 and pRH38,
are type II F' plasmids.
Analysis of bacterial sequences present

on pRH plasmids. As discussed earlier, the
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presence of a complete complement of F se-

quences and the presence of f2A and f2B (or f4A
and f4B) junction fragments indicate that pRH 1,

pRH7, pRH17, and pRH38 are type II F' plas-
mids. Confirmation of this is provided by anal-
ysis of the bacterial restriction fragments carried
by them and by certain reference plasmids. Ta-
ble 4 shows some of the fragments resulting from
EcoRI digestion of various plasmids. Only the
fragments located counterclockwise of a(,f3 and
in the region extending from a:m/l:i to lac are
shown here. Fragments present on both pRH1 1 1

(a traAFproA' to be described elsewhere) and
F128, but missing from ORF203, define the
group located counterclockwise of a1/l%. Frag-
ments present on both F128 and F42-1 define
the group of fragments extending clockwise of
(1;/,l to just beyond lac. It is seen that pRH1,
pRH7, pRH17, pRH38, and pRH97 all contain
restriction fragments characteristic of the lac
region and that they also contain restriction
fragments counterclockwise of the integration
site. The presence of restriction fragments from
both sides of the F integration site again indi-
cates that these F' plasmids are type II.

The pRH96 is an exception; it lacks bacterial
DNA common to both pRHIII and F128 and
thus is missing bacterial DNA counterclockwise
of a/li. Moreover, one of the F fragments (fl 1 or
f12, which usually migrate together) is missing.
Fragment flI is located between 25F and 28F on
the F map, and other F' plasmids from the same
Hfr parent show no alteration in this region of F
sequences. If pRH96 were to have excised at 2.8
on the F map, which is one end of the translo-
catable y6 element, fragment f12 would be al-
tered in its linkage to other F fragments and
would no longer appear. This suggests that
pRH96 is a type I F' which may have excised at
2.8F, a known hot spot for F' excision. This
interpretation is supported by the absence of the
6.08-kb f2A junction fragment. This fragment is
characteristic of all of the type II F' plasmids
arising from Hfr strains that resulted from inte-
gration of F via its ai/fl IS3 element at a,/l:i, and
it was seen in pRH7, pRH38, pRH95, pRH97,
and pRH98.

Specificity of the F' plasmid excision
process. As seen in Table 2, pRHI, pRH7,
pRH95, pRH97, and pRH98 have almost iden-
tical molecular sizes. It is also seen from Fig. 7,
Fig. 8, and Table 4 that these plasmids are
identical within the resolution of the present
restriction enzyme analysis (except for the dif-
ferences in linkage of F sequences to bacterial
sequences in pRHI). Plasmids pRH7, pRH95,
pRH97, and pRH98 were derived from an Hfr
strain in which F had integrated within a/,Bl,
whereas pRHI was derived from an Hfr in which

J. BACTERIOL.

F had integrated at the new IS3 element located
at 11.5F on the F map (a4,B88). Plasmids pRH7,
pRH95, pRH97, and pRH98 gave identical re-
striction patterns regardless of whether they
were digested with EcoRI or with BamHI (Fig.
7 and 8). We emphasize that these F' plasmids
are independent of each other in the sense that
they were isolated from Hfr cultures that were
started fromn different single colonies derived
from OR11. Plasmid pRH11 was derived from
0R6, an independent Hfr strain. Because the
bacterial DNA present on l)lasmids p1iH 1,
pRH7, pRH95, pRH97, and pRH98 is identical
within experimental error, then both of the ex-
cisional loci for these five plasmids are the same,
unless they differ by being shifted exactly the
same distance either clockwise or counterclock-
wise within the distance spanned by one EcoRI
fragment. We prefer the former explanation. The
conclusion is that type II excision can be a
precise, repeatable event.
The excision loci for pRH1, pRH7, pRH95,

pRH97, and pRH98 can be determined both
from the presence of characteristic EcoRI re-
striction fragments mapped in the proA to purE
region of the bacterial chromosorme, and by conm-
parison with the EcoRI restriction pattern of
F13. In Table 4 are indicated some of the EcoRI
restriction fragments between proA and a:,i8l.
The 6.8-kb, 4.6-kb, 4.5-kb and :3.6-kb fragments
shared by pRHI, pRH7, and pRH97 comprise a
cluster that is located inmmediately counterclock-
wise of f(a;m/li, the bacterial EcoRI fragment
containing a/3. The first fragment counter-
clockwise of this cluster has a size of 14.9 kb (R.
G. Hadlev and R. C. Deonier, manuscript in
preparation). The 14.9-kb fragment and all other
fragments counterclockwise of it are missing
from these plasmids, whereas all resolved frag-
ments clockwise of the 14.9-kb fragment are
present. Thus one of the recombination sites
active in F' excision lies within the 14.9-kb frag-
ment (Fig. 1). A similar argument based on
which EcoRI fragments are present may be used
to locate the clockwise recombination regions
for these five plasmids; they all lie within the
first EcoRI fragment clockwise of f(a4/l4) (see
legend to Fig. 1). These assignments are con-
firmed and refined when the restriction patterns
for these plasmids are compared with the pat-
tern for F13. Except for alterations associated
with the different linkages of F and the bacterial
DNA (Fig. 1, Table 5) and alteration of a bac-
terial fragment also noted in pRH38 (which, like
F1:3, is derived from the W6Fi subline), the
EcoRI restrictioni patterns for F13 and the five
plasmids pRH1, pRH7, pRH95, pRH97, and
pHH98 are identical. 'IThis strongly suggests that
the excision sites for all of these plasmids are
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FIG. 7. Electrophoretic analysis ofpRH95, pRH96,
pRH97, and pRH98 after digestion uith EcoRI. The
outer tracks contain a mixture of X DNA and F DNA
digested with EcoRI. Except for pRH96, the other
pRH plasmids displayed band patterns that were
identical to the pattern for pRH7 (Fig. 3).

identical to those of F13. The length measure-
ments from heteroduplex data (26) indicate that
the F13 termini lie in just those restriction frag-
ments to which the termini of pRH1, pRH7,
pRH95, pRH97, and pRH98 are assigned from
restriction fragment mapping data.

Similar analysis of EcoRI fragments present
in pRH 17 indicates that its counterclockwise
excision endpoint also lies in the 14.9-kb EcoRI
fragment between proA and a;,8/{. However, its
clockwise excision endpoint lies approximately
100 kb clockwise of a434, in contrast to the other
plasmids discussed here. The clockwise excision
point of pRH38 also clearly differs from those of
the other plasmids. Plasmid pRH38 does not
contain (i.IB4 (Table 3). The EcoRI fragment
immediately counterclockwise of f((Xq1,84) has a
size of either 9.5 or 14.8 kb. These two fragments
are adjacent, but their order has not yet been
determined. Because pRH38 does contain the
9.5-kb EcoRI fragment, it is possible to deduce
a maxinmum span within which the clockwise
endpoint of pRH38 is located. The clockwise
excision point is located within an interval no
larger than 19 kb [ 14.8 kb + the distance from
(X4/. to the counterclockwise restriction site de-

FIG. 8. Electrophoretic analysis ofpRH7, pRH95,
pRH97, andpRH98 after digestion with BamHI. The
outer tracks contain mixtures of X DNA and FA(33-
43) DNA digested with EcoRI. The photographic
negatite was scanned with a microdensitometer for
quantitatile analysis. The positions of the bands
generated from the four plasmid.s shown were super-
imposable, and the relativ,e peak intensities in each
track were all the same.

fining f(a.1[34)]. The length of bacterial DNA
carried by pRH38 (272 kb) allows mapping of
the counterclockwise excision point of this plas-
mid within an interval between 32 and 51 kb
counterclockwise of (0383. This overlaps the re-
gion containing the counterclockwise excision
ternmini of all of the other type II F' plasmids
described here, suggesting that all seven of the
type II pRH plasmids and F13 share a common
counterclockwise excision site.

DISCUSSION
The results obtained in this study clarify and

extend current concepts concerning the process
of F' formation. First, contrarv to previous in-
dications (32), the type II excision process (43)
appears to be more frequent than the type I
process, at least in this region of the bacterial

.J. BACTERIOL.
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TABLE 5. Comparison of differences in EcoRI
fragments generated from pRH7 and F13a

Presence in
Fragment plasmid Identification'
size (kb)

F13 pRH7

25.0 + - F13 f4B junctionc
23.9 - + pRH7 f2B junction
20.2 + - F13 bacterial fragment

with IS2 insertiond
18.9 - + Bacterial fragment

altered above in F13d
18.9 - + Normal f(IS2)
17.2 + - Normal f(a3/83)
12.7 + - Normal f2 of F
9.31 - + Normal f4 of F
6.05 - + pRH7 f2A junction
2.98 + - F13 f4A junctionc
a Except for the fragments listed, the patterns for

the two plasmids are identical.
b See Fig. 1. All predicted differences between pRH7

and F13 are visible.
CThe f4B and f4A junction fragments of F13 are

identical to those of ORF203 (see Table 4).
d Plasmid pRH38, like F13, is a derivative of the

W6F+ subline of E. coli K-12. It shows the same
alteration seen with F13, and this alteration is attrib-
uted to an IS2 insertion in an 18.9-kb bacterial frag-
ment (see Table 3). The 18.9-kb bacterial fragment
does not appear in either of the two termination
regions (Hadley and Deonier, unpublished data).

chromosome. Only one of eight F' plasmids
carrying lac obtained in this series of experi-
ments appeared to be type I. Plasmids like the
type I F42 plasmid (the classical Flac) were not
obtained. The apparent abundance of type I
plasmids seen in earlier experiments may be
explained in part either by a greater tendency
for the smaller plasmids to be mobilized, or
perhaps by their more efficient retention than
larger type II plasmids (K. B. Low, personal
communication). Thus type I F' plasmids might
be isolated at high frequencies under certain
experimental conditions, regardless of whether
they are primary excision products or are dele-
tion mutants of larger, possibly type II precur-
sors. As Low clearly indicates (32), plasmids that
appear to be type I by genetic criteria may in
fact be type II when exact termini are deter-
mined. Hence, even though all of the plasmids
described in this work genetically appear to be
type I F' plasmids carrying markers clockwise of
the F integration site (i.e., toward lac), all but
one of them actually contains between 23 and
38 kb of bacterial DNA counterclockwise of the
integrated F as well (i.e., DNA from a:3,8:3 to a
point within the 14.9-kb fragment near proA).

Second, we find that in at least six, and pos-
sibly all seven cases, the counterclockwise re-
combination region for type II F' excision falls

within the same EcoRI restriction fragment, and
possibly corresponds to the counterclockwise ex-
cision point of F13. However, the clockwise end-
point may either be the same (as is apparently
true for pRHl, pRH7, pRH95, pRH97, pRH98,
and F13) or may vary (e.g., pRH17 and pRH38
compared with the previous set). It would ap-
pear then that type II F' excision can be either
single-site specific or double-site specific (14, 33).
Our experiments locate the recombination sites
for excision with a precision equal to the size of
one EcoRI restriction fragment, but comparison
with F13 suggests that these sites may be iden-
tical to those active in excision of F13.
The nature of these sites is not known. One

possible element that might appear at the coun-
terclockwise site is IS1. It is known that ISI can
cause deletions of neighboring DNA in which
the deletion endpoint terminating at IS1 is fixed
and the other endpoint is variable (41). The
observed F' plasmids could then result from a
segment of the bacterial chromosome which is
deleted, but is retained in this case as a plasmid
because of the presence of the F replicator. If
such a mechanism were operating, however, one
would expect on the basis of previous data that
a much larger variety of clockwise deletion end-
points leading to a corresponding variety of plas-
mid sizes would be observed. Another possibility
to explain excision of plasmids like pRH7 would
be the presence of directly repeated sequences
(like ISJ) which are capable of causing excision
or deletion of defined DNA segments. Examples
of deletions mediated by direct repetitions of ISI
are loss of the chloramphenicol transposon Tn9
(34) and loss of the drug resistance determinants
of certain fi+ R plasmids (27, 40). Recombination
between directly repeated IS3 elements has been
observed in formation of ORF203 (type II) (20)
and F80 (type I) (38). We can exclude the pos-
sibility that recombination between direct rep-
etitions of IS2 or IS3 elements is responsible for
formation of these Flac+ proC+ purE+ plasmids,
because the novel joint fragments generated by
such a mechanism would contain IS2 or IS3,
contrary to what was observed. Specifically,
plasmids produced by this mechanism operating
at a3,81 (or a2/32) and a4f8 were not detected in
this study. A third possibility is that attP22 is
somehow involved. The counterclockwise exci-
sion points for these F' plasmids are close to the
position on the E. coli chromosome at which the
temperate Salmonella bacteriophage P22 has
been shown to integrate (25). It may be that this
locus for site-specific bacteriophage integration,
if present on the E. coli chromosome, can act in
other site-specific recombinational processes as
well. We note in this context the similarity in
nucleotide sequence between att" and portions

VOL. 139, 1979
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of IS1 (29).
The tendency for high specificity in type II F'

excision, at least in the region of the bacterial
chromosome studied here, is indicated by the
presence of one distinguishable recombination
region 23 to 38 kb counterclockwise of a(3/83 and
only three other regions within a 350-kb span
clockwise of a3/3:, with one of these three being
used in five separate excision events. The nearest
site is some 272 kb from the counterclockwise
excision region. In contrast, when the type I
plasmids F2 (17), F42-1 (26), and pRH96 are
compared, the clockwise excision points are seen
to lie 32, 53, and 206 kb clockwise of a3,83, re-
spectively. Similar variations were seen with the
excision of F100 and F152 (37).
The significance of specific type II F' types

may be twofold. First, this could mean that F
can act repeatedly as a "cloning vehicle" for
specific portions of the bacterial chromosome.
Because F is capable of conjugal transfer to
other bacterial genera, this could mean that
discrete portions of the E. coli chromosome are
repeatedly and naturally "cloned" in vivo. The
second possible area of significance derives in
part from the first: if specific portions of the
bacterial chromosome can be excised and mo-
bilized, it may be that bacterial evolution can
proceed by accretion of blocks of DNA, in a
manner similar to the suggestion by Susskind
and Botstein for lambdoid bacteriophages (46).

In addition to providing information relating
to specificity in the excision of tra+ F' plasmids,
these data allow one to determine the sizes of
the EcoRI restriction endonuclease fragments
containing previously defined bacterial IS ele-
ments and also allow the determination of ad-
ditions or deletions of such elements within the
bacterial segments carried by the F' plasmids.
Of the previously mapped IS elements, a:t/3:3 has
been localized on an EcoRI fragment of 17.2 kb,
a4/34 is found on a fragment of 12.9 kb, a5,35
resides on an 11.3-kb fragment, and the IS2
element positioned near a5,85 is found on an
EcoRI fragment of 18.7 kb. These assignments
are presented in Table 3. Plasmid pRH38 lacked
a4f34, presumably as a consequence of its being
left behind on the bacterial DNA after the ex-
cision process. There is no evidence in any case
for the presence of additional IS3 elements
within the bacterial sequences carried on pRH1,
pRH7, pRH17, or pRH38. Hybridization did in-
dicate the presence of an additional IS2 within
bacterial DNA of pRH38, however (Table 3).
These studies have documented the presence of
an unexpected IS3 element in the F DNA of two
of the F' plasmids. Structures of F' plasmids
derived from K-12-112 background indicated
that the F+ plasmid in that strain possessed an

IS3 inserted at 11.5F in the same orientation as
al/3i and (2/,8. It is interesting to note that this
"new" IS3 was involved in the integration events
of both of the Hfr strains derived from the K-
12-112 background documented in these studies.
Heteroduplexes involving pRH38 revealed the
presence of an insertion or deletion of 1.4 kb at
approximately 55F. Since the EcoRI fragment
containing this alteration does not hybridize
with either f2 or f4, it does not represent an IS2
or IS3 insertion.

Finally, we note that the linkages between the
F sequences and bacterial sequences in these F'
plasmids (which, since they are type II, are
probably identical to the linkages in the parental
Hfr), agree with previous predictions (14). First,
there are direct repetitions of IS3 elements at
each junction of bacterial and F sequences. Sec-
ond, independent Hfr strains that formed by
integration events involving the same IS element
of F and located at this chromosomal site pro-
duce identical junction fragments after restric-
tion endonuclease digestion of type II F' DNA
(Table 3). Finally, type II F' plasmids from
independent Hfr strains formed by integration
events at a:4383 and employing different sequences
of F produced junction fragments after restric-
tion endonuclease digestion that carried identi-
cal bacterial sequences. This brings to six the
number of F integration events at a:J,83 that have
been probed by physical methods (the other two
Hfr strains are P4X and P804 [17]), and the
structural features shared in all six cases indicate
that in this region of the E. coli chromosome,
integration at a preexisting IS3 element is the
primary mechanism for Hfr formation.
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