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ABSTRACT We describe a system to analyze the individ-
ual contribution of a single physical DNA end on intramolec-
ular recombination between partially homologous sequences.
We took advantage of this partial sequence divergence to
measure the distance separating the DNA end from the final
recombination event. We show that a single physical DNA end
stimulates recombination when located in a region of homol-
ogy. Recombination frequency decreases gradually with the
distance from the DNA end. A recombinational hot spot is
found at the end of the region of homology. A large insertion
of unrelated DNA interferes asymmetrically with this process,
suggesting that a recombinogenic signal propagates along the
region of homology.

The molecular details of the recombination processes are still
far from being completely deciphered. Intensive genetic
studies in Escherichia coli and Saccharomyces cerevisiae
have allowed the identification of a variety of genes that
participate in several pathways (1-4). Due to the develop-
ment of in vitro systems, the pivotal role of RecA protein is
well documented (5-7). However, the structure of recombi-
nation intermediates in vivo is still a matter of controversy.
Results of gene conversion experiments, particularly in
Ascobolus (8) and yeast (9-11), led to the formulation of
hypotheses on the structures ofDNA intermediates possibly
involved in recombination. Thus, it is often assumed that
correction of heteroduplex DNA is a major source of con-
version events (8, 12), but the existence of heteroduplex
DNA (13-16) and its involvement in conversion and recom-
bination are difficult to assess in vivo.
Most of these studies have involved homologous DNA

sequences displaying minor differences. Little is known
about the recombination between partially homologous se-
quences. The effects of heterology have been mainly studied
from a quantitative point of view and we wanted to know how
mismatches or gaps affect the type of recombinants that are
recovered.

In S. cerevisiae, recombination between a chromosomal
gene and a transfected homologue was found to be strongly
stimulated when the latter was carried on a linear piece of
homologous DNA rather than on a circular plasmid (17). This
observation provided the basis for the double-strand break
recombination model of Szostak et al. (18). Evidence that
double-strand breaks stimulate recombination has also been
obtained in mammalian cells (19, 20) and in E. coli with
plasmid (4, 21) or phage systems (22).
When linear DNA recombines, both ends interact with the

homologous duplex, resulting in branch migration in opposite
directions and the formation of two Holliday junctions. A
detailed analysis of double-strand break-induced recombina-

tion might be easier if one dealt with a single class of events
initiated from a single end.
To study this question both in E. coli cells and in Xenopus

laevis oocytes, we devised an experimental system in which
only one of two ends can initiate recombination, while the
other is blocked by a heterologous sequence. The sequences
that recombine were chosen to display enough divergence to
allow rapid analysis of recombinant plasmids by colony
hybridization using several oligonucleotide probes specific
for one or the other parental sequence. Our studies show that
a recombination signal propagates from the break and that the
introduction of a piece of heterologous DNA in the homology
region creates a hot spot of recombination nearby. These
results are discussed in the context of the current recombi-
nation models (18, 20, 23).

MATERIALS AND METHODS
Bacterial Strains. Pop 2556, kindly provided by 0. Rai-

baud, is MM 294 (hrs-, hrm+, thi-, endoI-, recA+) (24)
carrying an additional MalT 250 (25) mutation. The presence
in this strain of a plasmid carrying a supF gene is monitored
by plating onto EMB-maltose, where mal+ and mal- colonies
display a black or a white color, respectively. 1046 (met-,
hsdKS-R+M', supE, supF, recA56) is our standard recA-
strain (26).

Plasmids. pKKD and pKSD are derivatives of pBR322
carrying the H-2Kd sequence of pH-2d-33 (27) and the H-2Dd
sequences of pAG 64 (28) cloned in the same orientation in
the tetracycline-resistance gene. Between these two H-2
cDNA sequences, we inserted the supF gene in pKSD and
the kanamycin-resistance (KmR) gene in pKKD. The maps of
these two constructs are presented in Fig. 3.
pKKDg has the same structure as pKKD except that the

two H-2 sequences are derived from the genomic clones 2.14
(29) and c49-2 (30).
pKKDins was derived from pKKD by inserting 550 base

pairs (bp) from M13mp8 into the Kpn I site located in the
H-2Kd sequence.

Microinjection. Fifteen nanoliters ofDNA (0.5 mg/ml) was
microinjected into the nuclei ofX. laevis oocytes. Incubation
was for 5 hr and DNA was recovered as described (31).

Isolation of Spontaneous Recombinants. Ninety-six individ-
ual colonies of pop 2556 carrying plasmid pKSD (which
includes a suppressor) were inoculated in 5 ml and grown to
saturation. After three sequential passages in which 10 A.l
were inoculated into 2 ml of broth, nonsuppressor colonies
were reisolated on EMB-maltose plates.
In Situ Hybridization with Oligonucleotide. The sequences

of the 12 oligonucleotides are given in Fig. 1. In situ
hybridization was performed as described (26) except for the
temperature of the last wash, which was 450C (probes 3K,

Abbreviations: KmR and Kms, kanamycin-resistant and kanamycin-
sensitive; AmpR, ampicillin-resistant.

64%

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Genetics: Abastado et al. Proc. Natl. Acad. Sci. USA 84 (1987) 6497

4K, 4D, 5K, 5D), 50'C (probes OK, OD, 2K, 3K), or 530C
(probes 1K, 1D, 2K).

RESULTS
Experimental Design. Linearized plasmids containing ho-

mologous sequences at both ends yield a very high proportion
of recombinant plasmids when introduced into E. coli cells (4,
32) or X. Iaevis oocytes (31). Accordingly, we constructed the
following plasmids.

(i) In a pBR322 background, we cloned two cDNA se-
quences encoding the mouse H-2Kd and H-2Dd antigens,
which display -10% heterology distributed as shown in Fig.
1. The two cDNAs were inserted in the same orientation with
appropriate linkers (Fig. 1).

(ii) Between the two H-2 sequences, we inserted a genetic
marker, either supF or KmR. The resulting plasmids pKSD
and pKKD both carry the ampicillin-resistance (AmpR)
marker (Fig. 1). The presence of supF was monitored as
described by transforming a strain carrying an amber muta-
tion.

(iii) pKKD was linearized by restriction enzyme digestion
and used to transform E. coli to ampicillin resistance.
Transformants were examined for the presence of the KmR
gene, which is lost upon homologous recombination between
the K and D sequences (Fig. 2). Alternatively, linearized
pKKD DNA was microinjected into oocyte nuclei and
incubated for 5 hr. Recovered DNA was used to transform E.

H-2K -----
H-2D -----

1 0 20 30 40 0 IK. 60 70
CCGCGGGCGCCGTGGATGGAGCAGGAGGGGCCGGAGTATTGGGAG;AGCAGACACA GAGCCAAGAGCG

-w
80 90 100 110 120 130 140

H:2K^----- ATGAGCAGTGGTTCCGAGTGAGCCTGAGGACCGCACAGAGATACTACAACCAGAGCAAGGGCGGCTCTCA
H.2Dd--------A-T---------GA------------G-T-C-C---------------GC.------------

H-2Kd-_ __
H-2Dd_ ___

H-2K4_____
H-2Dd_____

1K 170 180 190 200 210
CACGTTC GCGGAG GTGACGTGGGGTCGGACTGGCGCCTCCTCCGCGGGTACCATCAGTTC
---AC-- -T-----GC ---------A-------G--------------------CTGG------

1D
220 230 240 250 260 270 280

GCCTACGACGGCCGCGATTACATCGCCCTGAACGAAGACCTGAAAACGTGGACGGCGGCGGACACGGCGG
------------T---------------------------------------------------T-----

290 300 310 320 330 340 350
H-2Kd----- CGCTGATCACCAGACGCAAGTGGGAGCAGGCTGGTGATGCAGAGTATTACAGGGCCTACCTAGAGGGCGA
H-2Dd----- ---A ------C- -----------------------C-A---.----AGAG--C -------------------

360 370 3 0 w 400 410 420
H-2Kd----- GTGCGTGGAGTGGCTCCGCAGATACCTGGIgCTCGGGAATGAG0GCTGCTGCGCACAGATTCCCCAAAG
H-2Dd----- ----------------------------A AA--------C ----------------C--------

20
430 440 050 460 470 480 090

H-2K .----- GCCCATGTGACCTATCACCCCAGATCTCAAGTTGATGTCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCI-2DdI------------ --C---- G----C--G--0-G--------------------------------------

500 510 520 530 540 550 560
1-2K0.----- CTGCTGATATCACCCTGACCTGGCAGTTGAATGGGGAGGACCTGACCCAGGACATGGAGCTTGTAGAGAC
H-2Dd.--_---------C---------------------------------G---------- A----------- G -----

570 580 590 600 610 620 630
H-2Kd----- CAGGCCTGCAGGGGATGGAACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTCTTGGGAAGGAGCAGAAT
H- 2Dd- ---- -------------------------------- ------T-- --------- ------ ---- ------ -----G

640 3 K 670 680 690 700
H-2Kd----- TACACATGCCATGT(:ACCATAAGGGGClf3CCTGAGCCTCTCACCCTGAGATGG AAGCTTC
H-2DdC-------------------4t-A---G----- ; ---------------------- GCAAGGAGG---C--

710 4 730 740 750 760 770
H-2Kd___._ CTCCATCCA TCTCCAAC CGGBATCATTGCTGTTCTGGTTGTCCTTGGAGCTGCAATAGTCACTGG
H-2Dd----- --T.------ 10 ----- ------------- C-----------------TGG-CA--CT---

780 790 5K 820 830 840
H-2K-d____ AGCTGTGGTGGCTTTTGTGATGA )IYrlls IET AGGTGGAAAAGGAGTGAACTATGCTCTGGCT
H-2Dd------ - ------ A--A-----------___---GQ---G--A-X -- -------- ---- ---G-G--------- --- ---

5D
d 850 860 870 860 890 900 910

11-2K ..... CCAGGCTCCCAGACCTCTGATCTGTCTCTCCCAGATGGTAAAGTGATGGTTCATGACC>C:'.7'7:l'2:.'

d 920
11-2K . CTGAAGACGCT.G
1-2D - T-------------

FIG. 1. Localization of the oligonucleotide probes. The align-
ment of H-2Kd and H-2Dd is presented in this figure. There are 85
nucleotide differences and 2 gaps within 924 bases. Twelve oligo-
nucleotides, each 14 bases long, were synthesized, representing 6
areas of substantial heterology dispersed over this entire region
(boxed areas). These were used as specific probes for either K or D
sequences in the analysis of recombinant clones.
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FIG. 2. The "snail" technique. pKKD (Left) DNA was linearized
in either the H-2Kd or H-2Dd region and used to transform E. coli
cells to ampicillin resistance. Kanamycin-sensitive colonies were
subsequently analyzed using oligonucleotide probes and shown to
contain recombinant plasmids (Right). The "snail" (Center) repre-
sents the putative structure of the recombination substrate.

coli, and AmpR Kms (Km-sensitive) colonies were further
studied.

(iv) To characterize recombinants, we performed colony
hybridization with a set of 12 oligonucleotides (Fig. 3), of
which 6 matched the K sequence, and 6 matched the D
sequence in the same positions. Thus, recombinants should
hybridize with only one probe from each pair. This procedure
eliminates ambiguities (false positives, deletions) in the
interpretation of hybridization data. Finally, the deduced
structure could be confirmed by restriction enzyme mapping
or DNA sequencing.

Double-Strand Cuts in the Homologous Regions Stimulate
Recombination in E. coli. pKKD DNA was digested by
restriction enzymes in or outside the region of homology and
was used to transform E. coli. The yield ofAmpR transform-
ants and the percentage of Kms clones were measured. As
shown in Table 1, the number of Kms clones was at least 30
to 300-fold higher when pKKD was cut in a homologous
rather than a heterologous region. In fact, no KmS colonies
could be detected when a double-strand break was intro-
duced in the nonhomologous region. The structures of
several dozen Kms clones were analyzed. All clones were
true recombinants. Cutting pKKD at the Xba I site yielded 10
times less recombinants than cutting in the region of homol-
ogy. Since 5' or 3' protruding as well as blunt DNA ends
stimulated recombination equally well (Table 1), we favor the
hypothesis that this intermediate frequency is due to the
proximity of this site (17 bp) to the homologous H-2D
sequence. In support of this view, subsequent digestion with
BAL-31 exonuclease gave a 10-fold increase in recombina-
tion frequency.

RI RI

BH.
RI

FIG. 3. Structure of the test plasmids used. pKKD was used as
a linear substrate for intramolecular recombination, whereas pKSD
was used in the segregation experiment described in the text. RI,
EcoRI; BH, BamHI; K, Kpn I; S, Sac I; RV, EcoRV; H, HindIlI;
SM, Sma I; SP, Sph I; X, Xba I.
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Table 1. Effect of double-strand breaks on recombination

AmpR colonies
per Ag of Km' colonies

Enzyme(s) DNA per ,ug of DNA
Uncut 2x 106 2x 104
Outside the homology

region
BamHI 6 X 103 <120 (ND)
Sph I 6 x 103 <480 (ND)
Sma I 5 x 103 <100 (ND)
Xba I 9 x 103 1.5 x 103

In the homology
region
Kpn I 9 x 104 2 x 104
Sac I 7 x 104 3 x 104
Bg III 3 x 104 1.5 x104
EcoRV 2.2 x 105 2.2 x 104
Xba I + BAL-31 1.5 x 104 1.5 X 104

Double cut
SmaI+KpnI 2.2x 104 2x 104
Sma I + Bgl II 2 x 104 1.5 x 104
Sma I + EcoRV 2.3 x 104 2.2 x 104

ND, not detected.

The structures of the plasmid isolated from some AmpR
KmR colonies were determined. Most of them (>95%) were
identical to pKKD and probably corresponded to plasmid
molecules that escaped cutting by the restriction enzyme or
were end-to-end ligated after the transformation. To avoid
this background, we digested pKKD with two enzymes,
creating one end in the homology region (Kpn I or EcoRV)
and another in the KmR gene (Sma I). In comparison with a
single cut in the homologous region, the yield of recombi-
nants was unmodified but represented 90-95% of the AmpR
transformants (Table 1).
To measure the rate of recombination of circular DNA, we

turned to pKSD, where loss of the supF by homologous
recombination is easily monitored in the malT amber strain.
The presence of the supF gene on a high copy number
plasmid is harmful to the host, and bacteria that harbor pKSD
grow twice as slowly as those that carry a pKD recombinant
derived from pKSD by internal recombination (data not
shown). Using this trait, we can estimate the rate of recom-
bination from the instability of supF+ clones obtained upon
transformation with pKSD. Upon serial passages, supF- cells
invade the bacterial population. This occurred, on average,
after 40 generations, from which we calculate a recombination
rate of 10-5 or less per bacterial generation.

In summary, double-strand breaks stimulate recombina-
tion, and they do so only when the break lies in a region of
homology (Table 1).
Recombination Takes Place at a Variable Distance from the

Break. To locate the site of recombination, 100-200 AmpR
Kms colonies were analyzed with oligonucleotide probes and
restriction mapping. Results are shown in Fig. 4 as histo-
grams indicating the percentage of recombinants found in
each physical interval.
When pKKD was digested with HindIII, which cuts once

in each homology region (Fig. 3), the histogram was U-
shaped (Fig. 4A). This suggested to us that we were observing
the superposition of two classes of recombination events
proceeding from both ends. To obviate this complexity,
pKKD was digested with two enzymes, creating one end in
the homology region and another in the nonhomology region.
The shape of the histograms was modified: recombination
was most frequent near the homologous end, and the fre-
quency decreased with distance; sometimes (D and E) an
increase in recombination frequency at the border of the
nonhomology region was observed. When double-strand

FIG. 4. Distribution of recombination events between H-2K and
H-2D sequences along the homology region. In each experiment
(A-L), 100 to 200 KmS clones were analyzed. For each clone, the
recombination point was deduced from the pattern of hybridization
with H-2K- or H-2D-specific oligonucleotide probes and from the
restriction enzyme profile. The area of each bar in the histograms
represents the total number of recombination events observed in the
indicated interval, whereas the height of the bar represents the
frequency of recombination (number of recombinants per nucleo-
tide). The solid line above each histogram represents 100 bp.
Arrowheads mark the position of the homologous end. Numbers
under the histogram indicate the position of each respective oligo-
nucleotide probe. (A) pKKD cut by HindIII; (B) cut by BgI II and
Sma I; (C) cut by Kpn I and Sma I; (D) cut by Sac I; (E) cut by EcoRV
and Sma I; (F) cut by Xba I and Sma I and treated for 10 min with
5 units of BAL-31 exonuclease. (G) Spontaneous recombinants
obtained in independent cultures of pKSD. (H) pKKD-ins cut by
EcoRV and Sma I; the position of the insertion of heterologous DNA
is denoted by an open triangle. (I) pKKDg cut by EcoRV and Sma
I. (J) pKKD cut by EcoRV and Sma I in the RecA- host. (K) pKKD
cut by EcoRV and Sma I injected in oocytes. (L) pKKD cut by Xba
I and Sma I injected in oocytes.

breaks were introduced at different sites in the homology
region (Bgl II, Kpn I, Sac I, EcoRV, or Xba I), a similar type
of distribution was observed, with the highest frequency near
the homologous end (Fig. 4 B-F).
Thus, the gradient of recombination frequencies is primar-

ily related to the location ofthe break and not to particular hot
spots of recombination found in the sequences themselves.
To substantiate this point, we analyzed the distribution of
recombinants obtained after transformation with circular
DNA. For reasons stated above, we turned to the pKSD
plasmid and analyzed the structure of 96 spontaneous inde-
pendent recombinants that had lost the supF marker. The
histogram (Fig. 4G) shows an almost uniform distribution,
with no indication for hot spots.
Recombination in X. laevis Oocytes. It could be argued that

homologous recombination between eukaryotic sequences is
somewhat artifactual in E. coli. We therefore injected pKKD
DNA linearized by EcoRV and Sma I orXba I and Sma I into

ml
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X. laevis oocyte nuclei. DNA recovered after 5 hr of
incubation yielded 20-80 times more KmS transformants per
microgram of DNA than linear pKKD DNA transformed
directly into E. coli. This result suggested that the injected
DNA recombines in the oocytes. However, we could not rule
out the possibility that injection in oocytes only potentiates
recombination, which occurs subsequently in E. coli. To
exclude this hypothesis, DNA recovered from oocytes was
directly analyzed by Southern blotting and a recombinant-
specific fragment was detected (data not shown). This dem-
onstrates that recombination does occur in X. laevis oocytes.
These recombinants cloned in E. coli were further analyzed
by colony hybridization with the oligonucleotide probes. Fig.
4 K and L shows the distribution of the recombinants along
the sequences. The histograms were qualitatively similar to
those obtained in E. coli.

Recombination Associated with a Polar Process. Because
the stimulation of recombination by a break in the homolo-
gous region is so high, we assume that most recombination
events scored in the experiments described above are due to
the break, even when they take place at a distance from it. A
simple hypothesis, supported by the shape of the histograms,
is that a recombination "signal" starts from the break and
propagates along the homology region inducing recombina-
tion at variable distances. To test this assumption, we
introduced a heterologous sequence in the homology region
and analyzed the effect on recombination. A 550-bp fragment
of M13 phage DNA was thus inserted at the Kpn I site within
the K sequence. As shown in Fig. 4H, the distribution of
recombinants was significantly affected by the insertion,
since recombinants accumulated upstream from the heterol-
ogy (compare Fig. 4 E and H). More significantly, a hot spot
of recombination appeared on the side of the heterology
proximal to the break. In this analysis, 5% of the recombi-
nants were found within an 18-bp sequence to the right (Fig.
4H) of the insertion, but none were found in the 18-bp
sequence to the left. This experiment establishes the polar
character of the process initiated at the break and strongly
suggests that heterology creates a recombination hot spot.
The Recombination Signal Can Propagate for Several Kilo-

bases. The histogram shown in Fig. 4F indicates that 8% of
the recombination events occur >500 bp from the double-
strand break. This was the maximum distance that could be
studied with pKKD. We therefore replaced the cDNA
sequences in pKKD with the corresponding H-2 gene se-
quences. This yielded the plasmid pKKDg, where the ho-
mology region spanned 4.5 kilobases. When pKKDg digested
by EcoRV was transformed into E. coli, recombinants were
obtained and analyzed with the same set of oligonucleotidic
probes (Fig. 4I). This histogram presents a monotonic de-
crease of the recombination frequency with increasing dis-
tance from the break. As many as 1% of the recombination
events occurred further than 2.5 kilobases from the break.

DISCUSSION
We describe an experimental system designed to explore the
intramolecular recombination of plasmid DNA in E. coli orX.
laevis oocytes. We constructed plasmids that carry, in the
same orientation, two mouse H-2 sequences (displaying
-10% divergence) with a marker gene in between to facilitate
characterization. A set of 12 synthetic oligonucleotide probes
was used to locate exchange events in seven different
regions. The exchanges were further defined by restriction
enzymes and/or DNA sequencing.

Using this system, we have confirmed previous studies in
E. coli (4, 21, 32), showing that a double-strand break
enhances the frequency of intramolecular recombinants. This
is consistent with the idea that plasmid recombination in
wild-type E. coli occurs via a pathway similar to the RecF

pathway (4), since this pathway responds to double-strand
cuts. Similarly, Red-dependent recombination of phage X is
stimulated by cuts introduced in vivo at the cos site or by a
restriction enzyme (reviewed in ref. 22). In addition, in this
system no stimulation is seen when the cut is outside the
region of homology. This agrees with our results, showing
that altering the position of the double-strand break has a
dramatic effect on the yield of recombinants (Table 1). A
small sequence of 17 heterologous base pairs is sufficient to
reduce the yield of recombinants by a factor of 10 (Table 1).
When the break was located further from the homology
region, no recombinant could be detected. This indicates that
the stimulation factor by a break located in the homology
region is at least 30-300. The experiment with pKSD implies
that essentially all recombination events observed in our

experiments are induced by the break.
When the parental plasmid was cut once in the homology

region and once in the KmR spacer gene sequence, the
histogram was asymmetric. Its shape was not affected by the
site of cutting in the KmR sequence, but the distribution was
strongly dependent on the site cutting in the homologous
sequences (K or D). As expected, it was inverted when the
D, rather than the K, sequence was cut (Fig. 4F). This
observation confirms that all observed recombination events
are initiated from the double-strand break in the homology
region. Two breaks, one in each homology sequence, result
in a U-shaped curve (Fig. 4A), which is, in fact, the
superposition of two asymmetric curves each being separate-
ly obtainable by blocking one end with a heterologous
sequence. Because this asymmetric distribution is observed
with plasmid cut at various restriction sites along the homol-
ogy region, it is not due to a specific sequence in the
homologous region. This conclusion is further supported by
the analysis of spontaneous recombinants, which shows a

uniform distribution (Fig. 4G).
Recombination frequency is maximal in the vicinity of the

break and decreases gradually with distance. It often rein-
creases at the border of the heterology region (i.e., plasmid
DNA), which flanks the homologous sequence. It was,
therefore, of interest to insert a large stretch of heterologous
sequence (550 bp) in one of the homology regions. Recom-
bination was less frequent but not abolished in the region
distal to the insertion and a hot spot of recombination was

generated on the border of the insertion closest to the break
(Fig. 4H). This experiment strongly reinforces the interpre-
tation that a recombination signal is initiated at the homolo-
gous end and propagates along the DNA. The insertion of as
much as 550 bp of heterologous DNA does not entirely
suppress its propagation but apparently favors its arrest,
which stimulates recombination on the border of the homol-
ogy region.
These conclusions agree with other data obtained in

different systems. Genetic experiments in Ascobolus estab-
lished that, during meiosis, the frequency of cross-overs also
increased in the vicinity of large heterologies (8), suggesting
that these create recombination hot spots. In E. coli, in vitro
studies have demonstrated that the purified RecA protein
helps the formation of joint DNA molecules by a polar
process initiated at one end. Internal heterologies also slowed
or stopped growth of the heteroduplex (7). We therefore
favor the interpretation that the distribution of recombinants
reflects the size of heteroduplexes initiated by the invasion of
one duplex by the homologous free end and subsequent
growth by branch migration.
Our data, however, do not necessarily imply that the

recombination "signal" is heteroduplex DNA. We have
performed similar experiments in a recA strain of E. coli and
found no qualitative differences (Fig. 4J). Although surpris-
ing, this observation is in agreement with the finding that
transformation with linearized dimeric plasmids is RecA

Genetics: Abastado et al.
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independent (21). Also, in our experiments, the recombina-
tion signal can apparently bypass more heterologies (trinu-
cleotide mismatches, regions ofdense dispersed single nucle-
otide mismatches, and even the 550-bp insertion) than recA-
mediated heteroduplex growth in vitro (6, 7).
Whatever the molecular nature of the recombination sig-

nal, we have found that it can propagate along at least 2.5
kilobases of DNA. It must be noted that our "homologous"
sequences differ by -10% of their nucleotides-a feature that
facilitated the analysis of recombinants. We do not know
whether this degree of heterology significantly impairs the
migration ofthe recombination signal, which might otherwise
traverse longer distances of DNA.
Even though most ofour experiments have been performed

in E. coli, we have obtained similar results in X. laevis
oocytes. Thus, the conclusions obtained in E. coli are
probably of general value. In addition, since double-strand
DNA is not replicated in oocytes (33), the observed recom-
bination process seems to be independent of replicative DNA
synthesis.

In E. coli, homologous recombination between partially
divergent sequences (as described here) could be considered
somewhat artifactual (although recombination between plas-
mids or phages, such as X, 434, and 80, offers biological
grounds for such situations). However, it is of major impor-
tance in eukaryotes, where it plays a significant role in the
evolution of multigene families (34). The use, in the present
studies, of two sequences that encode highly polymorphic
mouse class I transplantation antigens is irrelevant. But we
(34), and others (35, 36), propose that recombination and
conversion in the large mouse class I H-2 multigene family
can explain this polymorphism through combinatorial pro-
cesses, which shuffle divergent nucleotides and thereby
create diversity. Stimulation of recombination by large
heterologies may account for the clustering of recombination
events in the major histocompatibility complex of the mouse
(37, 38).
On practical grounds, our system is more convenient than

the original one of Weber and Weissman (32) for generating
hybrid DNA molecules sometimes difficult to obtain by
standard in vitro genetic engineering techniques. The recom-
bination pattern, although random, is predictable, and re-

combination can be favored in a given region by varying the
location of the break. In 2000 recombinants analyzed, out of
which 22 have been sequenced for other purposes (unpub-
lished data), we did not observe any aberrant event that had
not been readily detected by the oligonucleotide probes. Our
constructs bear polylinkers, which make them available as
convenient vectors for the engineering ofDNA sequences by
in vivo recombination.
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C. Jaulin for stimulating discussions and critical reading of the
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in the preparation of the manuscript.

1. Clark, A. J., Sandler, S. J., Willis, D. K., Chu, C. C., Blanar,
M. A. & Lovett, S. T. (1984) Cold Spring Harbor Symp.
Quant. Biol. 49, 453-462.

2. Cohen, A. & Laban, A. (1983) Mol. Gen. Genet. 189,471-474.
3. Matfield, M., Badawi, R. & Brammar, W. J. (1985) Mol. Gen.

Genet. 199, 518-523.

4. Symington, L. S., Morrison, P. & Kolodner, R. (1985) J. Mol.
Biol. 186, 515-525.

5. Cassuto, E., West, S. C., Mursalim, J., Conlon, S. & Howard-
Flanders, P. (1980) Proc. Nati. Acad. Sci. USA 77, 3962-3966.

6. DasGupta, C. & Radding, C. M. (1982) Proc. Nati. Acad. Sci.
USA 79, 762-766.

7. Bianchi, M. E. & Radding, C. M. (1983) Cell 35, 511-520.
8. Rossignol, J. L., Nicolas, A., Hamza, H. & Langin, T. (1984)

Cold Spring Harbor Symp. Quant. Biol. 49, 13-21.
9. Esposito, M. S. & Wagstaff, J. E. (1981) in The Molecular

Biology of the Yeast Saccharomyces: Life Cycle and Inheri-
tance, eds. Strathern, J. N., Jones, E. W. & Broach, J. R.
(Cold Spring Harbor Laboratory, Cold Spring Harbor, NY),
pp. 341-370.

10. Sugarawa, N. & Szostak, J. W. (1983) Proc. Natl. Acad. Sci.
USA 80, 5675-5679.

11. Klein, H. L. (1984) Nature (London) 310, 748-753.
12. Holliday, R. (1984) Genet. Res. 5, 282.
13. Fox, M. S. (1978) Annu. Rev. Genet. 12, 47-68.
14. Mejean, V. & Claverys, J. P. (1984) J. Bacteriol. 158, 1175-

1178.
15. Lichten, M. & Fox, M. (1984) Proc. Natl. Acad. Sci. USA 81,

7180-7184.
16. Symington, L. S., Morrison, P. & Kolodner, R. (1985) Mol.

Cell. Biol. 5, 2361-2368.
17. Orr-Weaver, T., Szostak, J. & Rothstein, R. (1981) Proc. Natl.

Acad. Sci. USA 78, 6354-6358.
18. Szostak, J. W., Orr-Weaver, T. L., Rothstein, R. J. & Stahl,

F. W. (1983) Cell 33, 25-35.
19. Brenner, D. A., Smigocki, A. C. & Camerini-Otero, R. D.

(1986) Proc. Natl. Acad. Sci. USA 83, 1762-1766.
20. Lin, F. L., Sperle, K. & Sternberg, N. (1984) Mol. Cell. Biol.

4, 1020-1034.
21. Conley, E. C. & Saunders, J. R. (1984) Mol. Gen. Genet. 194,

211-218.
22. Stahl, F. W. (1986) Prog. Nucleic Acid Res. Mol. Biol. 33,

169-194.
23. Meselson, M. & Radding, C. (1975) Proc. Natl. Acad. Sci.

USA 72, 358-361.
24. Talmadge, K. & Gilbert, W. (1980) Gene 12, 235-241.
25. Debarbouille, M. & Schwartz, M. (1979) J. Mol. Biol. 132,

521-534.
26. Abastado, J. P., Cami, B., Huynh Dinh, T., Igolen, J. &

Kourilsky, P. (1984) Proc. Natl. Acad. Sci. USA 81, 5792-
5796.

27. Lalanne, J. L., Delarbre, C., Gachelin, G. & Kourilsky, P.
(1983) Nucleic Acids Res. 11, 1567-1577.

28. Brickell, P. M., Latchman, D. S., Murphy, D., Willison, K. &
Rigby, P. W. J. (1983) Nature (London) 306, 756-760.

29. Kvist, S., Roberts, L. & Dobberstein, B. (1983) EMBO J. 2,
245-254.

30. Sher, B. T., Nairn, R., Coligan, J. E. & Hood, L. E. (1985)
Proc. Natl. Acad. Sci. USA 82, 1175-1179.

31. Carroll, D., Wright, S. H., Wolff, R. K., Grzesivk, E. &
Maryon, E. B. (1986) Mol. Cell. Biol. 6, 2053-2061.

32. Weber, H. & Weissmann, C. (1983) Nucleic Acids Res. 11,
5661-5669.

33. Gurdon, J. B. & Wickens, M. P. (1983) Methods Enzymol.
101, 20-36.

34. Kourilsky, P. (1983) Biochimie 65, 85-93.
35. Schulze, D. H., Pease, L. R., Geier, S. S., Reyes, A. A.,

Sarmiento, L. A., Wallace, R. B. & Nathenson, S. G. (1983)
Proc. Natl. Acad. Sci. USA 80, 2007-2011.

36. Weiss, E., Golden, L., Zakut, R., Mellor, A., Fahmer, K.,
Kvist, S. & Flavell, R. A. (1983) EMBO J. 2, 453-463.

37. Steinmetz, M., Minard, K., Horvath, S., McNicholas, J.,
Frelinger, J., Wake, C., Long, E., Mach, B. & Hood, L. (1982)
Nature (London) 300, 35-42.

38. Uematsu, Y., Kiefer, H., Schulze, R., Fischer-Lindalh, K. &
Steinmetz, M. (1986) EMBO J. 5, 2123-2129.

6500 Genetics: Abastado et al.


