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The active uptake of extracellular DNA and its genomic integration
is termed natural transformation and constitutes a major horizontal gene-transfer mechanism in prokaryotes. Chromosomal DNA
transferred within a species can be integrated effectively by
homologous recombination, whereas foreign DNA with low or no
sequence homology would rely on illegitimate recombination
events, which are rare. By using the nptIIⴙ gene (kanamycin
resistance) as selectable marker, we found that the integration of
foreign DNA into the genome of the Gram-negative Acinetobacter
sp. BD413 during transformation indeed was at least 109-fold lower
than that of homologous DNA. However, integration of foreign
DNA increased at least 105-fold when it was linked on one side to
a piece of DNA homologous to the recipient genome. Analysis of
foreign DNA integration sites revealed short stretches of sequence
identity (3– 8 bp) between donor and recipient DNA, indicating
illegitimate recombination events. These findings suggest that
homologous DNA served as a recombinational anchor facilitating
illegitimate recombination acting on the same molecule. Homologous stretches down to 183 nucleotides served as anchors. Transformation with heteroduplex DNA having different nucleotide
sequence tags in the strands indicated that strands entered the
cytoplasm 3ⴕ to 5ⴕ and that strands with either polarity were
integrated by homologous recombination. The process led to the
genomic integration of thousands of foreign nucleotides and often
was accompanied by deletion of a roughly corresponding length of
recipient DNA. Homology-facilitated illegitimate recombination
would explain the introgression of DNA in prokaryotic genomes
without the help of mobile genetic elements.
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ransformation is considered a major horizontal genetransfer mechanism contributing to genetic adaptation and
evolution of prokaryotes (1–3). Among the transformable organisms, the two species Neisseria gonorrhoeae and Haemophilus
influenzae take up preferentially DNA of their own species
recognized by specific nucleotide sequences (4, 5), whereas other
species such as Streptococcus pneumoniae, Bacillus subtilis, and
Acinetobacter sp. do not discriminate between their own and
foreign DNA (2). With sufficient nucleotide-sequence similarity
between donor DNA and the recipient genome, integration can
occur by homologous recombination leading to a replacement of
alleles or the integration of heterologous sequences when bracketed by homologous regions. However, the efficiency of homologous recombination decreases strongly with decreasing nucleotide-sequence similarity (6, 7).
For the integration of foreign DNA with low or no sequence
identity in bacteria, two basically different mechanisms have
been identified. One relies on short specific nucleotide sequences recognized by cognate enzymes such as transposases or
integrases that can cut and paste DNA at these sites. Nucleotide
sequences bordered by such sites constitute genetic elements,
examples being gene cassettes and integrons (8), transposons and
insertion sequence elements (9), and conjugative transposons
(10). The other mechanism is thought to depend on illegitimate
(nonhomologous) recombination events that join DNA molecules at sites where they have no or only a few identical
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nucleotide pairs (11). Such events do not require RecA protein
and often were identified as intramolecular recombination
events following double-strand breaks. Examples are the formation of deletions in bacterial chromosomes (12) and plasmids (13,
14) and the formation of transducing phage after UV irradiation
of lysogenic cells (15, 16). The integration of a linear piece of
foreign DNA would require two such events.
Whether heterologous DNA taken up by competent cells
could become part of their genome by illegitimate recombination is not known. To address this point we have chosen the
naturally transformable environmental Gram-negative Acinetobacter sp. BD413 (17). Natural transformation of the strain is
similar in several aspects to the transformation of other well
studied species (2): (i) the level of DNA uptake competence is
growth phase-dependent (18); (ii) as already mentioned, the cells
bind and take up DNA from any source (19, 20); (iii) the active
uptake initiates at an endonucleolytic cut within duplex DNA
from where a single strand is translocated into the cytoplasm
(20); and (iv) the genomic integration of homologous DNA is
RecA-dependent (ref. 21 and J.d.V., unpublished data).
Here we show that Acinetobacter is transformed effectively by
heterologous DNA fragments if they contain a single region
providing homology to the recipient genome. This finding is
reminiscent of the integration of phage  DNA fragments into
the S. pneumoniae genome during natural transformation when
linked to chromosomal DNA (22). We have analyzed the integration of foreign DNA in Acinetobacter with respect to the sites
of illegitimate recombination events and their nucleotide sequences, the length of the integrated fragment and the DNA loss
from the recipient genome, the polarity of strand integration,
and the effect of the length of the homologous region. The data
show that homology-facilitated illegitimate recombination promotes foreign gene acquisition by genetic transformation, which
would explain events of horizontal gene transfer between nonrelated organisms that were identified by genome sequencing
and apparently are not associated with mobile genetic elements.
Materials and Methods
Strain Construction and Natural Transformation. The recipient strain

for natural transformation was Acinetobacter sp. BD413 trpE27
(DSM 588, Deutsche Sammlung von Mikroorganismen und
Zellkulturen, Braunschweig, Germany). The plasmids pKT210
(23), pMR7 (24), and pMR30 (Fig. 1) were introduced into
Acinetobacter cells by electroporation (24). Selection was on LB
media plates (25) containing chloramphenicol (25 g兾ml).
Chromosomal DNA from Acinetobacter sp. BD4 trp⫹ (DSM 586)

This paper was submitted directly (Track II) to the PNAS office.
Abbreviation: HD, heteroduplex DNA.
*To whom reprint requests should be addressed. E-mail: wilfried.wackernagel@
uni-oldenburg.de.
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.

www.pnas.org兾cgi兾doi兾10.1073兾pnas.042263399

Table 1. Transformation frequencies of Acinetobacter cells
providing homology on two, one, or no side of the selectable
donor sequence*
Transformants per
Homology type
(plasmid)
Two-side (pMR7)
One-side (pMR30)
None (pKT210)

nptll⫹
Absolute

Relative

102 trpE⫹†

0.9 (⫾ 0.1) ⫻
1.1 (⫾ 0.03) ⫻ 10⫺8
ⱕ1.3 ⫻ 10⫺13

1.0
1.2 ⫻ 10⫺4
ⱕ1.4 ⫻ 10⫺9

1.0 (⫾ 0.01)
1.8 (⫾ 0.3)
2.1 (⫾ 0.3)

10⫺4

*Frequencies are given with standard deviation; n ⫽ 3.
†The competence of the cells was determined by transformation with chromosomal trpE⫹ DNA isolated from Acinetobacter sp. BD4.

verse primers specific for either the wild-type (5⬘-TTCGAACCCCAGAGTCCCGC) or mutant version of nptII (5⬘TTCGAACCCCAGAGTCGAGC). The strand-discriminating
nucleotides are in italics.

and plasmids were purified with the corresponding purification
kits (Qiagen, Hilden, Germany). Natural transformation was
carried out in aerated 1-ml cultures containing 2.5 ⫻ 108
recipient cells (24). Transforming DNA was included at 2.0 ⫻
1010 nptII⫹ per ml, and nptII⫹ transformants were selected on LB
agar containing 10 g kanamycin兾ml. Transformation by trpE⫹
DNA (100 ng兾ml) was performed as described (26). Transformation frequencies are given as transformants per nptII⫹ or
trpE⫹, respectively (genome size of Acinetobacter, 3.78 ⫻ 106 bp;
ref. 27).
DNA Manipulations and Preparation of Heteroduplex DNA (HD) with
Mismatches. Cloning of DNA and sequencing was done by

standard procedures (25). Site-directed mutagenesis was performed with the Quick Change kit (Stratagene) changing a GG
downstream of nptII in pBlue-Km1 to TC in pBlue-Km2. The
inserts of pBlue-Km1 and pBlue-Km2 [vector, pBluescript II
SK(⫹)] were excised by HindIII and BamHI (Fig. 1) and ligated
into the vector pBluescript II SK(⫺), yielding plasmids pBlueKm3 and pBlue-Km4, respectively. Single-stranded plasmid
DNA was purified from phage produced by Escherichia coli
strain KK2186 (28) after infection with the helper phage R408
(Stratagene) and purified by gel electrophoresis. Linear duplex
plasmid DNA was obtained by cleavage at the single XmnI site
and purified by gel electrophoresis. Formation and purification
of HD was carried out as described (29). Single-stranded pBlueKm2 (-Km1) and double-stranded pBlue-Km1 (-Km2) yielded
HD1 (or HD2), and double-stranded pBlue-Km3 and singlestranded pBlue-Km4 yielded HD3. HD was cut to completion by
DraI, SspI, or HindIII as indicated.
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Analysis of Transformants Obtained with HD. The transformants

were analyzed by colony PCR (⬇105 cells per 10-l PCR
mixture) with a forward primer binding to nucleotides 7–26 of
the nptII gene (5⬘-GAACAAGATGGATTGCACGC) and rede Vries and Wackernagel

Results
Donor and Recipient DNA Molecules for Recombination Detection.

For the analysis of genetic recombination after natural transformation of Acinetobacter sp. BD413 trpE27, the donor DNA
was a linear duplex and the recipient DNA a plasmid in the
competent cells. The plasmid pBlue-Km1 treated with DraI and
SspI provided the 3.72-kb donor DNA fragment carrying in its
center nptII⫹ (conferring kanamycin resistance) as a selectable
marker (Fig. 1 A). Different plasmids in the recipient cells
provided either no homology with the donor DNA or homology
on only one or both sides of the selectable marker (Fig. 1B). The
recipient plasmid pMR7 carried a defective nptII gene because
of an internal 10-bp deletion, causing a frameshift mutation and
deletion of an NcoI restriction site. pMR7 provided homologous
sequences on both sides of the internal deletion (915 bp to the
left, 945 bp to the right). In the plasmid pMR30, the last 51
nucleotides of the nptII⫹ gene and the adjacent Tn5-derived
sequence downstream of nptII were replaced by heterologous
DNA (the eukaryotic tg4 terminator; Fig. 1B), eliminating the
kanamycin resistance. In this construct homology to the donor
DNA was present only on the left side of the nptII truncation
(1,096 bp). The vector pKT210 (23) without an insert was the
recipient plasmid with no homology to the donor DNA. In the
three recipient systems recombinative integration of nptII⫹
donor DNA can be detected by the formation of kanamycinresistant transformants.
Recombinative Integration Occurs with One-Side Homology. Cells of
Acinetobacter carrying pMR7, pMR30, or pKT210 and having
equal competence were transformed with the pBlue-Km1 DNA
fragment (Fig. 1 and Table 1). With two-side homology in the
recipient cells (pMR7), nptII⫹ was restored with high efficiency
(Table 1). The frequency of 10⫺4 was ⬇100-fold lower than that
obtained with the chromosomal trpE⫹ marker, which is caused
by the relatively small fragment size of the nptII⫹ DNA compared with that of the chromosomal DNA (⬇30 kb) as described
(30). When the recipient cells (with pKT210) did not provide
homology, the integration frequency dropped by at least 9 orders
of magnitude and fell below the limit of detection (1.3 ⫻ 10⫺13
transformants per nptII⫹; Table 1) as previously observed (26).
In this case, the target for illegitimate integration of nptII⫹ was
the plasmid plus the whole bacterial chromosome. With one-side
homology in the recipient cells (pMR30), numerous kanamycinresistant transformants were obtained with a frequency of
⬇0.01% of that with the two-side homologous pMR7. This
frequency was at least 105-fold higher than in the absence of
PNAS 兩 February 19, 2002 兩 vol. 99 兩 no. 4 兩 2095
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Fig. 1. The plasmids used for the analysis of recombination after natural
transformation. The nptII is represented by arrows, shaded areas indicate
regions of homology, and dashed lines indicate nonhomologous recipient
DNA. (A) The donor DNA pBlue-Km1 carries the nptII⫹ gene on a 1.87-kb
HindIII-BamHI fragment from Tn5. Restriction sites used for the linearization
of the donor DNA are indicated. (B) The DNA corresponding to the HindIIIBamHI fragment of the donor DNA contains in pMR7 a 10-bp deletion and in
pMR30 a substitution of the 51 C-terminal nucleotides of nptII plus the
following 716 bp by eukaryotic tg4 terminator DNA. The vector plasmid of
pMR7 and pMR30 was pKT210.

Fig. 2. Locations of illegitimate recombination sites of 20 transformants
obtained with one-side homologous donor DNA. For each recombinant the
fusion between donor and recipient DNA is shown by a line. The positions of
forward and reverse primers complementary to the donor and recipient DNA
used for the localizations are indicated by arrows.

homology. The results show that a fully heterologous stretch of
nucleotides (encoding the 16 C-terminal amino acids of the
NptII protein) can be integrated effectively when neighbored on
only one side by a region of homology to the recipient DNA. A
recA mutation decreased the integration frequency of one-side
homologous DNA by at least a factor of 10 (unpublished data).
One-Side Homologous Recombination Can Integrate a Heterologous
Gene. At a distance of 20 bp downstream of nptII⫹, the donor

DNA contained the blm⫹ gene of Tn5 conferring bleomycin
resistance. Liquid culturing in the presence of bleomycin (50
g兾ml) of 20 randomly chosen kanamycin-resistant transformants obtained with one-side homology revealed that 18 had
gained resistance to bleomycin. This result suggested that the
integrated DNA in most transformants exceeded the 51 bp of the
nptII⫹ terminus by at least the 381 bp of blm⫹.

Determination of the Illegitimate Recombination Sites. The recombination sites outside the homology in the 20 kanamycinresistant transformants were localized by PCR (Fig. 2), and their
nucleotide sequences were determined. The transformants (Fig.
2) had integrated 69–2,599 nucleotides of foreign DNA (average
of 988 nucleotides) that substituted recipient DNA between 95
and 2,793 nucleotides (average of 1,120 nucleotides). Hot spots
of illegitimate recombination were not apparent with respect to
either the donor or recipient molecule (Fig. 2).
The sequences of the fusion sites between donor and recipient
DNA revealed small regions of identity between both molecules
(Fig. 3). These ranged from 3–8 nucleotides in length, resembling illegitimate recombination sites identified in other studies
(13, 16, 31–34). Within the first 1 kb of the heterologous
sequences, we found for the 995 possible hexanucleotides of the
donor 281 matches in the recipient, a value close to that
calculated for a random sequence with 50% GC content (242
matches). These calculations suggest that close contact between
two unrelated sequences can lead to frequent matching of
microhomologies. There was no consensus sequence discernible
among the fusion points (Fig. 3).
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Even Short Homologous Regions Facilitate Illegitimate Recombination. To determine the influence of the length of the homologous

region on the frequency of illegitimate recombination events in
its vicinity, a series of deletion derivatives of pBlue-Km1 was
constructed (Fig. 4A). A decrease of the length of homology
from 1,096 to 311 nucleotides decreased the transformation
frequency 15-fold. With a further reduction to 183 homologous
nucleotides, the transformation frequency dropped another
20-fold to a level that was still at least 500 times higher than that
observed in the absence of homology. With 99 homologous
nucleotides, it fell below the limit of detection (1.7 ⫻ 10⫺11 per
donor molecule).
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Fig. 3. The nucleotide sequence of illegitimate recombination sites in 20
transformants. Nucleotides identical in donor (D) and recipient (R) sequences
are indicated by shading. The sequences present in the transformants are
underlined. The core regions of identity (boxed) contain the presumptive
fusion sites, and their nucleotide number is indicated in brackets.

Heterologous 5ⴕ and 3ⴕ Ends Are Integrated. The polarity of strand
uptake into the cytoplasm of Acinetobacter is unknown thus far.
In duplex DNA molecules with one-side homology, the selective
marker region (the 51 nucleotides of nptII⫹ missing in pMR30)
is at the 5⬘ side of the homology on one strand and at the 3⬘ side
on the other (Fig. 5B). To determine which of the donor strands
was integrated into pMR30 we used HD in which the two strands
differed by two adjacent mismatching bp, GG in the wild-type
coding strand, and AG in the noncoding strand of the mutated
DNA (Fig. 5A). These nucleotides served as genetic tags for the
subsequent identification of the incorporated strand by PCR and
restriction with BsrBI and SacI (Fig. 5A). The tag site was located
2 bp downstream of the stop codon of nptII in the heterologous
DNA to provide high linkage with the marker and to prevent an
influence of mismatch repair on its genomic establishment.
In transformants obtained with HD the nucleotide sequence
at the tag site was analyzed by PCR with two primers specific for
the two mismatches. In all cases PCR products were obtained
with only one of them. The results were confirmed by restriction
analysis with BsrBI and SacI (Fig. 5A). Transformants obtained
with HD1 had acquired either strand, the majority of them with
5⬘ homology (88%; Fig. 5B1). The tag did not affect strand
uptake and兾or integration, because HD with the mutated sequence in the opposite strand (HD2) also gave predominantly
transformants with 5⬘ homology (Fig. 5B1).
In HD1 the 5⬘-homologous strand was derived from the
de Vries and Wackernagel

Downloaded by guest on November 22, 2019

plasmid, whereas the 3⬘-homologous strand was the singlestranded phage DNA. For comparison we also constructed HD
complementary to HD1 in which the 5⬘-homologous strand was
the single-stranded phage DNA, and the 3⬘-homologous strand
came from the plasmid (HD3, Fig. 5B2). HD1 and HD3 were cut
with HindIII to remove the f1 replication origin upstream of
nptII, which had opposite polarity in both HD and perhaps might
influence integration frequencies. The HindIII cleavage moved
the homologous region plus the marker region closer to the left
end of the molecule (Fig. 5B). With both constructs the ratio of
5⬘兾3⬘ ends integrated was identical, and an even stronger preponderance of the 5⬘-homologous integration was observed
(98%; Fig. 5B2). We concluded that the proportion of integrated
5⬘- and 3⬘-homologous strands was independent of the DNA
source but depended on the position of the selective marker
region within the linear donor DNA fragment. This conclusion
was supported by the results obtained with HD2 cleaved with
DraI in which the selective marker region is located almost
precisely in the middle of the DNA molecule (Fig. 5B3). This
DNA gave almost equal proportions of 5⬘- and 3⬘-homologous
strand integration (53 vs. 47%). The data in Fig. 5B suggest that
the probability for initiation of strand uptake on each side of the
marker is a function of the relative length of the DNA in the
marker-flanking regions.
Discussion
Our studies on natural transformation of Acinetobacter show that
illegitimate recombination events are enhanced by homologous
recombination acting on the same DNA molecule. Although
illegitimate recombination (leading to integration of a heterologous marker) was not detected in the absence of homology, its
frequency was increased at least 105-fold when a 1-kb region of
homology to the recipient DNA was present on the otherwise
heterologous donor DNA (Table 1). We propose that the
homologous sequence provides a recombinational anchor for a
de Vries and Wackernagel

Fig. 5. Structures of HD molecules HD1, HD2, and HD3 and frequencies of
genomic integration of the strands. (A) Nucleotide sequences including the
stop codon of nptII (bold face) and the tag site of the donor plasmids.
Restriction recognition sites are boxed in the wild-type (WT) and mutant
(mut.) version of the plasmid. (B) Frequencies of genomic integration of
strands with the selective marker region (black bar) on the 3⬘ or 5⬘ side of the
homology (waved line). Restriction sites used for the formation of the transforming fragment are indicated. The arrowheads symbolize the 3⬘ ends of the
marker-containing DNA fragment that would be released by a double strand
cut in either the left or right flanking region of the marker. The sizes of the
flanking regions are given. Mismatches are indicated by a tine in the mutant
strand. The source (ds, double-stranded plasmid DNA; ss, single-stranded
phage DNA), genotype (WT and mut.), and integration frequency are given
for each strand. The numbers of transformants analyzed are indicated.

RecA-dependent strand transfer that links heterologous DNA to
a recipient molecule and thereby creates favorable conditions for
illegitimate interactions, probably by maintaining close proximity between the heterologous sequences. The frequencies of an
illegitimate recombination event associated with a homologous
integration was ⬇10⫺4 (Table 1). The recombinational anchor
function decreased with decreasing homology length but still was
measurable at 183 bp (Fig. 4). In transformation of Acinetobacter
with fully homologous DNA, a minimum length of 294 bp was
observed previously (30).
Each strand of a fully homologous double-stranded donor
DNA molecule has the same probability to enter the cytoplasm
and be integrated into the chromosome. In the one-side homologous donor DNA, however, the two strands of the duplex differ
in that the homology is located either 3⬘ or 5⬘ of the selected
marker (Fig. 5). The fact that either strand was identified in
transformants indicated that each can enter the cytoplasm and
be integrated into the genome.
The proportion of integrated 5⬘- and 3⬘-homologous strands
was influenced by the position of the marker within the linear
PNAS 兩 February 19, 2002 兩 vol. 99 兩 no. 4 兩 2097
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Fig. 4. Dependence of the transformation frequency with one-side homologous donor DNA on the length of the homologous region. The arrows
represent the nptII gene and its deletion derivatives in the donor DNA, and the
white arrowhead symbolizes the selective marker region. Shading indicates
homology between donor and recipient (pMR30) DNA. (A) Deletion derivatives of pBlue-Km1 obtained by removal of nucleotides (dotted lines) between
the HindIII site and the other indicated restriction sites. (B) Frequency of
transformation (number of transformants per donor molecule) with pBlueKm1 and the deletion derivatives. Data are given with SD (n ⫽ 3).
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donor DNA (Fig. 5B). Because the uptake of a single strand
starts from a random double-strand cut (20), both strands of a
linear duplex carrying a marker in its center would have the same
chance to transfer the marker into the cytoplasm. In fact, with
the selective marker region in the middle of the DNA, the
transformation efficiency of each strand was close to 50% (Fig.
5B3). The reduction of the length of the DNA left to the marker
from 2.1 to 1.8 and 1.1 kb reduced the fraction of integrated
3⬘-homologous strands from 47 to 18 and 2%, respectively (lower
strands in Fig. 5B). This result indicates that the uptake into the
cytoplasm occurs from 3⬘ to 5⬘, because a shorter length of DNA
left to the marker gives a lower chance for the initial cut to occur
3⬘ of the selective marker region in the 3⬘-homologous strand and
thus will reduce the fraction of transformants formed by this
strand (Fig. 5B). The effect of shortening the flanking region left
of the selective marker region is particularly strong in our
construct, because the homologous anchor region is located on
this side, and any truncation of it would decrease the integration
efficiency (Fig. 4). The inferred 3⬘ to 5⬘ direction of strand
uptake into the cytoplasm of Acinetobacter is identical to that
found in H. influenzae (35) and S. pneumoniae (36).
In vitro joint molecule formation by RecA protein of E. coli
does not require homology at a DNA end. Strand transfer can
initiate at an internal homologous region and then proceed 5⬘ to
3⬘ with respect to the single strand originally bound by RecA (for
a review see ref. 37). From studies on the natural transformation
of S. pneumoniae, it was proposed also that strand exchange by
RecA initiates at internal paranemic joints (not only from an
end) and proceeds 5⬘ to 3⬘ (38). Because one-side homologous
donor strands of both polarities transferred a heterologous
marker into the recipient genome, there seems to be no specific
requirement for a homologous 3⬘ or 5⬘ end. This conclusion
would be in accord with the recent in vitro demonstration that 3⬘
strands are as reactive as 5⬘ strands (39). We propose that the
homologous RecA-catalyzed strand transfer at the anchor region
is the first step in the genomic integration of a flanking heterologous region at either end.
Because either strand can integrate in the homologous anchor
region, the cells must have means to integrate 5⬘ and 3⬘ ends on
the heterologous side. It is known that joint molecules formed as
intermediates in homologous recombination lead to the priming
of DNA replication when the 3⬘ end of the donor DNA is fully
hybridized after branch migration (40). If the 3⬘ end is heterologous, priming may occur at transient contacts mediated by
microhomologies. The concomitant primer extension would
stabilize transient contacts and lead to the fusion of heterologous
sequences to resident sequences (Fig. 6A). Alternatively, the
fusion may occur at an approaching replication fork by using the
3⬘ end of the donor DNA at a microhomology as the primer for
lagging strand synthesis, also resulting in primer extension (Fig.
6A⬘). In both models the establishment of the marker would
require gene conversion, e.g., by replication. Fusion of heterologous DNA ends by an exonuclease-deficient derivative of the
Klenow fragment of DNA polymerase I of E. coli has been
demonstrated in vitro (41), and a promoting role of DNA
polymerase I for illegitimate recombination has been established
by in vivo experiments (42).
The integration of heterologous 5⬘ ends could start with the
covalent joining of donor and recipient DNA within the anchor
region (Fig. 6B 1 and 2). During the approach of a replication
fork the unpaired part of the donor DNA could be converted into
a double-strand by acting as a template for lagging strand
synthesis (Fig. 6B 3 and 4). This synthesis would lead to the
structure of a double-strand break in the lagging strand duplex
with a 3⬘-protruding single-stranded region extending from the
priming site of the last Okazaki fragment. Double-strand break
repair taking advantage of microhomologies then could fuse
duplex donor and recipient DNA, e.g., by a splice mechanism
2098 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.042263399

Fig. 6. Models for genomic integration of a heterologous 3⬘ (A A⬘) and 5⬘ end
(B) of one-side homologous DNA. Homology between the donor (thin line)
and recipient (bold lines) DNA is indicated by shading. In the donor DNA the
homologous (waved) and selective marker (black bar) regions are indicated.
The dotted arrows indicate newly synthesized DNA. For details see Discussion.

(Fig. 6B5). In E. coli, joining of DNA ends in the absence of
homology occurs frequently at short direct repeats of 1 to ⬇6
nucleotides (13). Such fusions are mediated by DNA polymerases, and the nucleotides between the direct repeats are
deleted (43, 44). Exposure of matching sequences by the formation of single strands (Fig. 6B4) is promoted by nucleases and
helicases (14, 45–48). The replication fork assembly at recombination intermediates such as in Fig. 6B2 is required for normal
growth of E. coli and was demonstrated in vitro (49, 50).
Although in our experiments the selected marker was located
at the very beginning of the heterologous donor DNA, there
were frequently thousands of heterologous nucleotides incorporated beyond this point (Fig. 2). This can be explained by the fact
that RecA can drive strand transfer over hundreds of bases 5⬘ to
3⬘ into heterologous regions (51). Alternatively, RuvABpromoted branch migration proceeding in both directions can
bypass even longer heterologous regions than the RecApromoted reaction (52, 53). Both branch migration mechanisms
produce plectonemically interwound strands in which the two
strands probably would be roughly of the same length. This view
would be consistent with the observation that many of the
heterologous inserts substituted similar lengths of the recipient
sequences.
Anchor sequence-facilitated illegitimate recombination can
produce insertions, deletions, and substitutions next to the
anchor. In our experiments the length of substitutions (and
deletions) was limited to ⬇2.9 kb, because longer exchanged
tracks would have removed the replication origin from the
recipient plasmid DNA. It should be noted that new one-side
homologous substrates for further transfers are generated by
new fusions in each illegitimate recombination event.
Anchor sequences of the size of transfer RNA loci were active
in our experiments (Fig. 4). Such loci are conserved and have
been considered as integration sites for distinct DNA segments
in different strains and species (54–57). Introgression of genes
and operons (58, 59) and the evolution of gene clusters by
horizontal gene transfer (60) could occur with the help of anchor
sequences. A similar mechanism as described here was observed
in S. pneumoniae naturally transformed by one-side homologous
substrates [see accompanying paper by Prudhomme et al. (61)].
de Vries and Wackernagel

These observations on transformable bacteria display a remarkable similarity to various instances where illegitimate recombination events were found to be associated with homologous
recombination. These cases include bacteria that are not naturally transformable (62, 63) and various eukaryotic cells such as
yeast (64), insect cells (65), mammalian cells (66–68), and plant
cells (69). Integration of heterologous DNA adjacent to homol-

ogous recombination regions may contribute substantially to
genome evolution in which gene acquisition and gene loss play
key roles (70, 71).
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