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Bacteriophage lambda missing its chromosomal attachment site wil integrate into recA+ Escherichia coli
K-12 and C at the sites of cryptic prophages. The specific regions in which these recombination events occur
were identified in both lambda and the bacterial chromosomes. A NotI restriction site on the prophage allowed
its physical mapping. This allowed us to identify the locations of Rac, Qin, and Qsr' cryptic prophages on
the NotI map of E. coli K-12 and, by analogy, to identify the cryptic prophage in E. coli C as Qin. No new
cryptic prophages were detected in E. coli K-12.

The cryptic lambdoid prophages of Escherichia coli con-
tain genes related but not identical to those of bacteriophage
X. They were discovered by virtue of their ability to func-
tionally replace defective genes in bacteriophage X (13, 14,
32). Furthermore, cryptic prophage genes on an E. coli
chromosome may be expressed and contribute to bacterial
phenotype.
Three cryptic prophages have been identified and geneti-

cally mapped in E. coli K-12: Qsr' at 12.5 min, Rac at 29.6 to
30.1 min, and Qin, also called Kim, at 34.2 to 34.6 min (1, 10,
12, 13, 19, 22). Partial restriction maps for each cryptic
prophage have been constructed, and all three contain
sequences that hybridize to sequences from bacteriophage X
(5, 18, 19). The genes in cryptic prophages are usually silent
but may be activated by specific mutations or conditions.
cis-Acting regions may also be activated.
Phage X can integrate into the cryptic lambdoid prophages.

Such integration events are seen when E. coli cells are
lysogenized with a X derivative deleted of its attachment site
(3, 33). Here, we show that these integration events are
dependent on (i) DNA sequence homology found between X
and the cryptic prophages and (ii) the general recombination
pathway promoted by the recA gene product. We identify
those portions of bacteriophage X that are homologous to the
different cryptic prophages in E. coli K-12. We determine the
physical locations of these cryptic prophages on a recently
developed restriction map of the K-12 chromosome (27) and
identify the single cryptic lambdoid prophage in E. coli C.
Our approach can be used to map groups of genetic loci that
are homologous to each other such as evolutionarily related
genes and active or inactive insertion sequences.

MATERIALS AND METHODS

Phage, bacteria, and plasmids. Phage and bacterial strains
and plasmids are listed in Table 1. Strains SY1129 to SY1133
were constructed from SY203, strains SY1135 to SY1139
were constructed from SY924, and strain SY1134 was con-
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structed from SY926 by infection with X528 as described
elsewhere (A. E. Lichens-Park, Ph.D. thesis, Harvard Uni-
versity, Cambridge, Mass., 1988).
Media and chemicals. Media used were as described else-

where (23). All restriction enzymes and other enzymes used
in recombinant DNA work were purchased from New En-
gland BioLabs, Inc. Antibiotic concentrations (in milligrams
per liter) were as follows: kanamycin, 30; nalidixic acid, 20;
chloramphenicol, 10; and tetracycline, 15.

Preparation of DNA samples, restriction enzyme digestion,
and electrophoresis. Chromosomal megabase restriction frag-
ments were prepared and fractionated by pulsed-field gel
electrophoresis (PFGE) as described previously (25, 29).

Southern blot analysis. In the Southern analysis (30),
hybridization was performed in 50% formamide at 42°C. The
plasmids from which the probes were prepared are listed in
Table 1. Plasmid DNA was purified on CsCl-ethidium bro-
mide gradients. Phage DNA used as probe was prepared
from phage purified on CsCl gradients.

Construction of plasmids containing cryptic prophage DNA
(pAP1 to pAP6) and pAP7. EcoRI fragments from the E. coli
K-12 genomic library of Kohara et al. (20) were subcloned
into the EcoRI site of pACYC184 (9). Plasmids pAP1 to
pAP3 contain phage 2C3 13.5-, 4.2-, and 14.8-kilobase (kb)
EcoRI fragments, respectively, which contain Rac DNA.
Plasmids pAP4 to pAP6 contain phage 8F11 10.9-, 3.8-, and
0.8-kb EcoRI fragments, respectively, which contain Qsr'
DNA. Our goal in constructing these plasmids was to obtain
subclones containing all of the cryptic prophage DNA.
However, since we cannot be sure where cryptic prophage
DNA ends and flanking bacterial DNA begins, we cannot be
certain that all of the cryptic prophage DNA is included in
our subclones. We believe that a portion of the Qsr' 6.5-kb
EcoRI fragment (see below) containing homology to the A
cos site and to sequences in the b2 region (18) is absent in
pAP5. In addition, it is probable that a portion of the Qsr'
13.8-kb fragment that contains homology to DNA to the right
of the X cos site (24) is missing from the 10.9-kb fragment in
pAP4. For restriction maps of Qin, Qsr', and Rac cryptic
prophages, including EcoRI sites, see references 18, 5, and
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TABLE 1. Bacteria, phage, and plasmids

Bacterial strain,phager or Genotype or Source or

phaseio description referenceplasmid

Strains
SY203 X90 A(lac-pro)13 ara 16

argE(Am) nal rif
SY327 SY203 recAl 16
SY924 SY203 recF143 This study
SY926 SY203 recAl recF143 This study
X53 F- gal purE supE Strr J. Beckwith
PLK1165 trg::TnlO T. Griffin
C-la E. coli C, F- prototroph G. Christy
C4501 C-la recA::chloramphenicol G. Christy

resistance
Phage

528 X b221 red::Kanr (Abet 21
Agam Akil) rexB::ISSOR
c1857 Pam3

2C3 Sau3A insert of Rac DNA 20
into XEMBL4 vector

8F11 Sau3A insert of Qsr' DNA 20
into XEMBL4 vector

2B2 Sau3A insert of W3110 20
chromosomal DNA into
XEMBL4 vector

Plasmids
pBS12 331-360 kba 5
pK8 155-163 kba including 0.4 kb P. L. Kuempel

of Rac cloned into (11)
pBR325

pK5 390406 kb' 15.2-kb EcoRI P. L. Kuempel
fragment in pBR325 (18)

pMT521 pUC8::lsp 17
pAP1-pAP7 See Materials and Methods This study
pACYC184 Cmr Tetr R. Kolter (9)
a Refers to locations on Bouche's 470-kb physical map of the E. coli

terminus region (4).

19, respectively. The central EcoRI fragment from phage
2B2 was inserted into pACYC184 to create pAP7.

RESULTS

Integration of bacteriophage A into the cryptic prophages in
E. coli K-12 is recA dependent. Bacteriophage X deleted for
its normal attachment site lysogenizes Rec+ strains ofE. coli
K-12 by integrating into the bacterial chromosome at specific
regions (3, 33). These regions appear to correspond to the
cryptic lambdoid prophages. Phage X528 (Fig. 1) was used to
map the regions both in the E. coli chromosome and in the
phage chromosome through which the recombination event
occurs. Phage X528 carries the b221 deletion, which removes
the att site, the Kanr gene from Tn9O3, which serves as a
selectable marker, and an amber mutation in the replication

kan

-dHead Tail _7 _M- b i-221 redB cli N

+U K K URUOK
or
U

TABLE 2. Frequencies of Kanr transduction by X528 in E. coli
strains containing recA and recF alleles

Strain Genotype Multiplicity of Kanr transductants/Strain ~~~~~infection infected cell
SY203 recA+ recF+ 2.7 2 x 10-4

0.2 1 x 10-4
SY327 recA recF+ 10 <4 x 10-8

0.6 <9 x 1o-8
SY924 recA+ recF 4.0 1 x 10-4

0.3 5 x 10-5
SY926 recA recF 4.7 1 x io-8

0.3 <5 x 10-8
C-la recA+ 0.2 3 x 10-6
C4501 recA 0.2 3 x 10-7

0.2 <2 x 10-7

gene P. In addition, this phage contains the insertion se-
quence IS50R, which contains a recognition site for the
restriction enzyme NotI (28). Thus, the location of the phage
in the chromosome can be physically mapped by identifying
this new restriction site.

X528 integrates into the host chromosome either by form-
ing an ISSOR-mediated cointegrate (21) or by general recom-
bination. This latter point is illustrated by the data in Table
2. The frequency of lysogenization by X528 is much greater
in recA+ hosts than in recA hosts. This indicates that
integration is dependent on the pRecA-promoted general
recombination system. To establish this point, we chose five
Kanr transductants of the recA+ recF+ K-12 host (SY1129 to
SY1133), five Kanr transductants of the recA+ recF K-12
host (SY1135 to SY1139), and the Kanr transductant from
the recA recF K-12 host (SY1134) for further characteriza-
tion.
A inserts into K-12 chromosomal regions homologous to A.

The locations of the X528 prophages were initially mapped
by using Southern (30) hybridization techniques. Chromo-
somal DNA prepared from each of the isolates and from
their parental strains was cut with EcoRI, and those frag-
ments were probed with wild-type A DNA (data not shown).
Previous hybridization experiments have identified EcoRI
fragments homologous to A DNA: a 15.2-kb fragment in Qin
(5), 13.6- and 4.6-kb fragments in Rac (19), and 13.8- and
6.5-kb fragments in Qsr' (18). The lysogens we isolated can
be divided into three groups on the basis of missing EcoRI
fragments. Group I (SY1129, -1130, -1132, and -1137) is
missing a 6.5-kb EcoRI fragment. This suggests that X528 has
integrated into Qsr'. Group III (SY1131, -1133, -1135, and
-1136) is missing the 15.5-kb fragment, suggesting that X528
has integrated into Qin. In group II (SY1138 and -1139), X528
appears to be integrated into the 13.6-kb EcoRI fragment of
Rac.
The location of the X528 prophage in groups I and II was

shown to be near Qsr' (purE) and Rac (trg), respectively, by

IS-EQR
17
rexB cl857c1 QPam3 9 aR
N R U R

FIG. 1. Map of X528. Relevant genetic markers are written above the line. Restriction sites are marked below the line: N, NotI; R, EcoRI;
K, KpnI; U, NruI. Beginning at the left end of phage X528, the NotI fragments are 27 and 13.3 kb, the EcoRI fragments are 21, 10, 5.8, and
3.5 kb, and the KpnI-NruI fragments from left to right are 4.6, 12.5, 1.5, 2.3, 0.7, <1.2 (exact size not known), 11.6, and 6.7 kb. The site
marked K or U is either an NruI or a KpnI site that is in the Kanr gene.
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FIG. 2. NotI restriction map of SY203 containing the locations of
cryptic lambdoid prophages Rac, Qsr', and Qin. Whereas the
precise location of probe DNA within the NotI restriction map of
EMG2 (27) is known only for linking clones, the positions of the
cryptic prophages in the SY203 NotIl fragments are quite accurately
mapped because they were marked with Notl sites (see text). Only
the NotIl fragments that contain cryptic prophages were identified in
SY203 by using cloned probes. The other NotIl fragment sizes in
SY203 are listed only by analogy with those in EMG2. For the
orientation of X528 inserted into each cryptic prophage, see text.
The scale of the map is in kilobases.

P1 transduction (data not shown). The kan gene in the group
I lysogens was 6% linked to purE, and the kan gene in group
II lysogens was 3 to 10% linked to trg.

Physical mapping of the cryptic lambdoid prophages of E.
coli K-12. The restriction enzyme NotI cuts the E. coli K-12
genome into 22 fragments, which can be separated by PFGE
(29). These fragments were ordered to construct a complete
NotI restriction map of the E. coli K-12 genome (Fig. 2; 27).
Any chromosomal locus that has been marked with a NotI
site can be easily mapped by comparing the pattern of NotI
fragments in the parental, unmarked chromosome with that

of the marked chromosome (26, 28). Genetic loci that have
homology to even a small cloned fragment can be mapped by
integrating a Notl site into a nearby gene on the chromosome
by RecA-dependent general recombination. The parental
NotI fragment will be converted to two fragments in a
marked chromosome. This will locate the marked locus to
one of two map positions. A true position can be identified
by determining the polarity of the new fragments by hybrid-
ization experiments using nearby genetic markers as probes.
We demonstrate this technique by mapping the cryptic
lambdoid prophages, using the NotI site in X528 as our
marker.
The NotI restriction map was originally constructed for

the E. coli K-12 wild-type strain EMG2 (27), whereas in this
study E. coli K-12 strain SY203 was used as the parent. Two
major differences are apparent when Notl fragments of
SY203 and EMG2 are compared (compare lanes 2 in Fig. 3A
and 4A with Fig. 1 and Table 1 of reference 27). SY203
contains a fragment of about 524 kb that replaces NotI
fragments C (306 kb) and D (275 kb) in EMG2 because of the
A(lac-pro)13 deletion in SY203 that removes over 100 kb of
DNA. The second major difference is that fragment I is 230
kb in EMG2, whereas in SY203 it is 274 kb. The larger size
of fragment I in SY203 is accounted for by the fact that this
fragment includes the terminus of replication, which is
highly polymorphic in size among different laboratory strains
of E. coli K-12 (28).

Determination of physical map position of Qsr'. Figure 3A
is an ethidium bromide-stained PFGE fractionation of NotI-
digested DNA from SY203 and each of the 11 derivative
X528 Kanr transductants. The second-largest fragment (the
C-D fusion fragment) was missing in the group I strains
(lanes 3 to 6). A new (461-kb) fragment was apparent in this
group. A 107-kb fragment was also seen in a different PFGE
experiment designed to fractionate smaller DNA (Fig. 4A,
lanes 3 to 6). The amount of X528 DNA in each fragment was
determined as described below.
The orientation of the new fragments in group I was

determined by hybridization to a plasmid containing the lps
gene, pMT521 (Fig. 3B). This gene contains a NotI site
linking NotI fragments B and D (Fig. 2). Since the 461-kb
fragment hybridized to pMT521, it must be next to fragment
B and the new NotI site must be 461 kb away from the
proximal end of the C-D fusion fragment in group I strains.

Determination of the physical map position of Rac. PFGE
resolution of smaller NotIl fragments by using shorter pulse
times (Fig. 4A) revealed that the group II strains were
missing a 274-kb fragment and had gained fragments of 196
and 116 kb. The 274-kb fragment was from the region of the
E. coli chromosome that includes Rac.
The precise location of the X528 prophage in group II was

determined by hybridization with pBS12 (Fig. 4B). This
clone maps to 33.1 to 33.7 min on the genetic map (Table 1).
It hybridizes to the 274-kb fragment from E. coli SY203 and
from its group I and III derivatives and to the new 196-kb
NotI fragment of group II. The new 116-kb fragment hybrid-
izes to plasmid pK8, a region of the E. coli chromosome
flanking Rac and including a small portion of Rac. Thus, the
new NotI site in group II is 116 kb from the proximal end of
fragment I.

Determination of the physical map position of Qin. There
was no obvious difference in the NotI fragment pattern
between the SY203 parent and its group III derivatives (Fig.
3A and 4A). This could indicate that X528 inserted very close
to a NotIl site. Plasmid pK5, which contains DNA from Qin
(18), was used to probe NotI-digested DNA from SY203 and
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FIG. 3. Precise location of Qsr' on the NotI restriction map. (A) Ethidium bromide-stained PFGE experiment of Notl-digested DNA from
Kanr X528 transductants: SY203 (lane 2), SY1137 (lane 3), SY1129 (lane 4), SY1130 (lane 5), SY1132 (lane 6), SY1131 (lane 7), SY1133 (lane
8), SY1135 (lane 9), SY1136 (lane 10), SY1138 (lane 11), SY1139 (lane 12), SY1134 (lane 13). Lanes 1 and 14 contain linear concatemers of
X cI857 DNA starting from 48.5 kb. Fractionation was for 40 h at 330 V, using a 60-s pulse time. (B) Hybridization of the gel shown in panel
A with plasmid pMT521.

the group III strains. In each of these strains, pK5 exposed
a band in a cluster ofbands between 240 and 250 kb (data not
shown). The genetic map position of Qin predicts that X528
should integrate near the proximal end of NotI fragment G
(245 kb). This prediction was tested by hybridizing NotI-
digested DNA with plasmid pAP7. This clone includes DNA
from 1,630 to 1,645 kb on the physical map of Kohara et al.
(20) of the E. coli chromosome, which corresponds to DNA
at about 34.4 min on the genetic map. The probe hybridizes
to a 245-kb fragment in DNA from SY203 but to a fragment
of 35 kb in the DNA from group III strains SY1131 and
SY1133 (data not shown). This finding shows that the new
NotI site in the group III strains is 35 kb from the proximal
end of fragment G. The missing 35 kb from fragment G was
not detected in group III because of the insertion of 27 kb
from X528 (see below).

Determination of X528 orientation when integrated into
cryptic prophages. The orientation of X528 in each of the
cryptic prophages was determined by hybridizing IS50 DNA
that lies to the left of the Notl site (Fig. 1) to PFGE-
fractionated NotI fragments from group I, II, and III strains.

The 461-, 116-, and 250-kb fragments were exposed by this
probe in groups I, II, and III, respectively. Thus, ifwe define
the orientation of the A prophage integrated at the X att site
as clockwise (i.e., with head and tail genes below the rest of
the phage in Fig. 2), the group I and II prophage would be
clockwise but the group III prophage would be counter-
clockwise. This information was also used to more precisely
map the location of the group I, II, and III prophage
integration sites (see below).

Identification of the cryptic lambdoid prophage in E. coli C.
Once we had determined the physical map location of the
cryptic prophages in E. coli K-12, it was relatively simple to
identify the cryptic prophage in E. coli C, which can also be
infected with X528. Anilionis and Riley (2) determined that
there was only one EcoRI fragment and only one HindIII
fragment in E. coli C that was homologous to A DNA,
implying that strain C had only one cryptic lambdoid pro-
phage. Integration of X528 was recA dependent in E. coli C
as well as in E. coli K-12 (Table 2).
Chromosomal DNA from E. coli C-la and five Kanr

transductants cut with Notl and fractionated by PFGE was
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FIG. 4. Precise location of Rac on the NotI restriction map. (A) Ethidium bromide-stained PFGE experiment of NotI-digested DNA from
Kanr X528 transductants: SY203 (lane 2), SY1137 (lane 3), SY1129 (lane 4), SY1130 (lane 5), SY1132 (lane 6), SY1131 (lane 7), SY1133 (lane
8), SY1135 (lane 9), SY1136 (lane 10), SY1138 (lane 11), SY1139 (lane 12), SY1134 (lane 13). Lane 1 contains linear concatemers of X c1857
DNA starting from 97 kb. Fractionation was for 40 h at 330 V, using an 18-s pulse time. (B) Hybridization of the gel shown in panel A with
plasmid pBS12.

hybridized with IS50 DNA (data not shown). The NotI
fragment pattern of E. coli C was similar to that of E. coli
K-12. Fragments of 250 and 35 kb in size were detected in all
of the transductants. This result is similar to that obtained
with the group III E. coli K-12 strains, which contain X528
inserted into Qin prophage. Furthermore, plasmid pAP7,
used to map Qin in K-12, hybridized to the 35-kb fragment in
four of the five Kanr transductants. Plasmid pK5, which
contains DNA from Qin, hybridized to a 245-kb fragment in
the parent and to 250-kb fragments in DNA from each of the
Kanr transductants. Comparing these results with those
obtained in K-12, we conclude that the cryptic prophage in
E. coli C is most likely Qin.

Hybridization of phage DNA to NotI-cut, PFGE-frac-
tionated DNA from E. coli K-12, C, and B revealed three
X-homologous NotI fragments in E. coli B of sizes similar to
those found in E. coli K-12 (data not shown). Though one of
these fragments was slightly larger than the 306-kb fragment
C in K-12 and one was slightly smaller than the 230-kb
fragment I in K-12, these results suggest that E. coli B also
contains Qsr', Rac, and Qin. As expected, only one X-

homologous NotI fragment was present in E. coli C, and it
was slightly larger than the 245-kb fragment G in K-12.

These results provide evidence that Qin is on fragments of
the same or similar size in all three strains. These results
further support the apparent physical conservation of ge-
nome organization that has been suggested by similar exper-
iments (C. L. Smith, unpublished observations).

Regions in A affected by integration into the cryptic pro-
phages. The regions within X528 through which integration
occurred were determined by hybridizing labeled A DNA to
genomic DNA from the lysogens and the SY203 parent cut
with KpnI and NruI and with EcoRI (data not shown). Group
I and II lysogens contain KpnI-NruI bands of 16 and 14.5 kb
and of 18.5 and 7.5 kb, respectively, that are not present in
parental DNA or in the circular X528 (Fig. 1). The group I
and II lysogens do not contain the 11.3-kb NruI fragment in
X528 that contains the X cos site. The loss of this 11.3-kb
cos-containing fragment indicates that the integration region
used by X528 maps to this NruI fragment. In group III, no
obvious KpnI-NruI fragment size changes were detected,
although the largest band in SY203 may be somewhat larger
in these strains. The Southern blot of the EcoRI fragments
from the X528 lysogens indicates that integration into the
cryptic prophages occurs through the 24.5-kb EcoRI frag-
ment of X528; this result is consistent with integration into

VOL. 172, 1990 2205



2206 LICHENS-PARK ET AL.

Head

DNA
Replication

Early Late
Regulation Regulation

Recombination Immunity Lysis

f-2 i I +O
&b-22, rod N cl OP Q SR

Tail
tv

Ava 1is 46m439
39,888 Clal\I- EcoRI

41,364 44,972
NcO Cla L.

44,249 46,439

FIG. 5. Physical and genetic map of bacteriophage X, including regions of homology to the cryptic prophages and clusters of genes whose
products serve particular biological functions. Boxed areas below the map are restriction fragments in wild-type A DNA that are partially but
not completely homologous to one of the cryptic lambdoid prophages. Homologies to Qin (E), Qsr' (El ), and Rac ( M ) are shown.
Regions of homology to each of the probe plasmids are as follows: pAP1 and pAP3, between the NcoI site at 44,249 bp and the ClaI site at
46,439 bp; pAP2, between the NcoI site at 19,330 bp and the BamHI site at 22,346 bp; pAP4, between the AccI site at 31,302 bp and the AvaI
site at 31,617 bp and between the AvaI site at 39,888 bp and the ClaI site at 41,364 bp; pAP5, between the EcoRI site at 44,972 bp and the
right end at 48,514 bp; pK5, between the MluI site at 20,952 bp and the BglII site at 22,425 bp and between the ClaI site at 46,439 bp and the
AccI site at 2,191 bp. No detectable homology was found to pAP6. For descriptions of the probe plasmids and regions of X528 used to integrate
into each cryptic prophage, see text.

the 11.3-kb cos-containing NruI fragment, since portions of
these fragments overlap.
To further identify which portions of the 11.3-kb NruI

fragment of X528 are homologous to sequences in Qsr' and
Rac, we cut wild-type A DNA with various restriction
enzymes and hybridized them to labeled plasmids (pAP1 to
pAP6 and pK5) that contain DNA from each of the cryptic
prophages (see Materials and Methods). The regions of
wild-type A DNA that contain sequences homologous to
sequences of the cryptic prophages are summarized in Fig.
5. The regions of homology between the cos region of A and
the Qsr' and Rac cryptic prophages support our conclusion
that X528 integrates into these cryptic prophages by virtue of
the DNA homology through the cos region.

DISCUSSION

Bacteriophage A missing its attachment site will integrate
into cryptic prophage sequences in recA+ E. coli K-12 and
C. We have physically mapped the regions in both the
bacterial chromosome and bacteriophage X through which
the integration reaction occurs. Phage X528 contains a NotI
restriction site. Thus, the location of integrated phage X528
could be localized on the NotI restriction map of the E. coli
chromosome. This method can be generalized either to
directly map the physical location of any cloned DNA
sequence on a low-resolution genomic map or to begin the
ordering of large restriction fragments for such a map. The
requirements in either case would be (i) a cloned gene or, in
the case of essential genes, the appropriate recognition
sequence for a restriction enzyme cutting infrequently which
could be inserted into the region under study and (ii) a
selectable marker. Obviously, the chromosome would need
to contain a sequence of at least 20 to 30 base pairs (bp) of
homology to the region under study that can be integrated by
general recombination. A more precise position of homolo-
gous sites can be determined if clones are available which
can be used to orient the new NotI fragments in the
transformants and transductants.

In E. coli K-12, phage X528 integrates into three chromo-
somal loci, which allowed their precise physical mapping
(Fig. 2). These loci were Qsr' (group I), Rac (group II), and
Qin (group III). If E. coli K-12 contained more than these
three cryptic prophages, we should have been able to

identify them by using our mapping technique. The fact that
we found only these three suggests that they are the only
cryptic lambdoid prophages in E. coli K-12. Our data show
that in group I strains, the new NotI site is 461 kb away from
the proximal end of the C-D fusion fragment. In group II, the
new NotI site is 116 kb from the proximal end of fragment I.
In group III, the new NotI site is 35 kb from the proximal end
of fragment G. However, to more precisely locate the site of
integration into the bacterial chromosome, we needed to
know how much X528 DNA is contained in each new NotI
fragment.

Since the phage X sequences homologous to Rac and Qsr'
are near cos (which is within the 11.3-kb NruI fragment),
some of those sequences were probably used to integrate
X528 into Qsr' and Rac. Phage X528 contains only a subset of
the sequences in wild-type X which we know to be homolo-
gous to Qin (Fig. 5). Thus, phage X528 probably has available
only those sequences between the ClaI site at 46,439 bp and
the AccI site at 2,191 bp to integrate into Qin. One of the new
NotI fragments in the E. coli K-12 group I, II, and III strains
contains 27 kb of X528 DNA, and the other contains 13 kb
(Fig. 1). Since the orientation of each new NotI fragment
was determined in these strains, we showed that X was
integrated in Qsr' 434 kb away from the proximal end of the
C-D fusion fragment in SY203, in Rac 89 kb from the
proximal end of NotI fragment I, and in Qin 22 kb from the
proximal end of fragment G (Fig. 2).

In E. coli C, there is a single cryptic prophage that
corresponds in map position to Qin from E. coli K-12. We
have not completely eliminated the possibility that X528 has
integrated into a cryptic prophage in E. coli C that is not Qin
but is at the same physical location as that of Qin in K-12.
However, we not only mapped the X528 integration site to
the same NotI restriction fragment of C that contains Qin in
K12 but also determined its precise location within that
fragment. We believe that it would be highly coincidental
that the location of a different cryptic lambdoid prophage in
C would be indistinguishable from the location of Qin in
K-12.
The genetic and physical maps are congruent to each

other. Our mapping data indicate that Qin is 205 kb away
from Rac. Bouche et al. (5) also located Qin about 200 kb
away from Rac. Rac and Qsr' are about 840 kb away from
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each other on the map of Kohara et al. (20). The PFGE
mapping experiments show that Rac and Qsr' are separated
by 793 kb in our strain. It was not possible to align restriction
map information for Qin onto the map of Kohara et al. (20).
Qin appears to be absent from the laboratory E. coli K-12
strain W3110 that was used to construct their map.
There are multiple regions in bacteriophage X that serve as

attachment points for RecA-dependent integration. Assum-
ing that integration occurs via DNA homology-dependent
recombination, multiple sites simply reflect crossover events
at different points in regions of homology. The ability of
members of the lambdoid family ofphages to recombine with
each other is relevant to the modular theory of virus evolu-
tion, originally proposed by Hershey (15) and subsequently
modified (7, 31). This theory states that the lambdoid phages
evolved as a family whose members may exchange func-
tional modules of DNA. The DNA in each module serves a
separate biological function (e.g., DNA replication, DNA
recombination, and host cell lysis; Fig. 5); because members
of the lambdoid family have a common organization of
functional units (7), this allows modules from one family
member to work properly in the genome of another member.
This theory raised the possibility that modules contained
special recombination sites that facilitated modular rear-
rangements. However, this does not seem to be the case. As
shown by Campbell and co-workers (6, 8), functional mod-
ules are exactly contiguous without apparent intervening
recombination sites. Our results are consistent with the
absence of specialized recombination sites, since recombi-
nation appears to occur by virtue of the DNA homology of
the functional modules. The importance of modular rear-
rangements for lambdoid phage evolution is reduced if
general recombination is the only means by which different
lambdoid phage can rearrange their modules. The require-
ment for contiguous regions of homology will effectively
prevent modular rearrangements between distantly related
phages.
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