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ABSTRACT The bacteriophage λ Red homologous recombination system has been
studied over the past 50 years as a model system to define the mechanistic details
of how organisms exchange DNA segments that share extended regions of homology.
The λ Red system proved useful as a system to study because recombinants could be
easily generated by co-infection of genetically marked phages. What emerged from these
studies was the recognition that replication of phage DNA was required for substantial
Red-promoted recombination in vivo, and the critical role that double-stranded DNA ends
play in allowing the Red proteins access to the phage DNA chromosomes. In the past
16 years, however, the λ Red recombination system has gained a new notoriety.
When expressed independently of other λ functions, the Red system is able to promote
recombination of linear DNA containing limited regions of homology (∼50 bp) with the
Escherichia coli chromosome, a process known as recombineering. This review explains
how the Red system works during a phage infection, and how it is utilized to make
chromosomal modifications of E. coli with such efficiency that it changed the nature and
number of genetic manipulations possible, leading to advances in bacterial genomics,
metabolic engineering, and eukaryotic genetics.

INTRODUCTION
Studies in the early 1950s showed that mutations in bacteriophage lambda
could be generated and used in genetic crosses in Escherichia coli (1, 2). These
pioneering studies eventually led to the establishment of a genetic linkage
map of the linear λ chromosome. Just as importantly, however, these crosses
demonstrated that λ chromosomes undergo genetic recombination. In time,
λ phage biology would lend itself to the study of three different recombina-
tion systems in E. coli: the host RecABCD-dependent pathway of homologous
recombination, the Int-Xis pathway of λ site-specific recombination, and λ’s
own Red pathway of homologous recombination. It is the latter pathway that
is the subject of this review.

Two important aspects of λ Red recombination will be emphasized in this
review. The first is a description of the biochemical properties of the Red
proteins and an overview of the proposed mechanisms of Red-promoted
phage recombination. Two well-known models of Red recombination, the
single-stranded (ss) DNA-annealing pathway and the RecA-assisted path-
way, will be described, along with their shortcomings in reflecting the true
nature of Red recombination during a phage infection. A recent model, the

Received: 13 August 2015
Accepted: 04 November 2015
Posted: 11 January 2016
Editor: James M. Slauch, The School of
Molecular and Cellular Biology, University of
Illinois at Urbana-Champaign, Urbana, IL
Citation: EcoSal Plus 2016; doi:10.1128/
ecosalplus.ESP-0011-2015.
Correspondence: Kenan C. Murphy: kenan.
murphy@umassmed.edu
Copyright: © 2016 American Society for
Microbiology. All rights reserved.
doi:10.1128/ecosalplus.ESP-0011-2015

ASMScience.org/EcoSalPlus 1

mailto:mailto:kenan.murphy@umassmed.edu
mailto:mailto:kenan.murphy@umassmed.edu
www.asmscience.org/EcoSalPlus
https://creativecommons.org/licenses/by-nc-nd/4.0/


Replisome-Invasion/Template switch model of Red re-
combination, takes into account both the older and the
more recent observations to propose a novel mechanism,
whereby a λ Red-processed double-stranded (ds) DNA
end invades a replication fork and captures one of the
replisome polymerases (3). This model is particularly
interesting because the λ Red proteins possess charac-
teristics similar to recombinases from yeast and higher
eukaryotes, making insights into its mechanism intrigu-
ingly relevant to other more complex systems.

The second aspect of the λ Red system reviewed here
is the development over the past decade of a highly
efficient method of chromosomal modification and gene
replacement called “Recombineering” (recombinational
engineering) that uses the λ Red proteins to manipulate
bacterial chromosomes (and artificial chromosomes)
with efficiencies that could not be achieved with re-
striction enzymes. Together with the use of site-specific
recombination systems, such as Cre/loxP and Flp/FRT,
counterselection cassettes, and the I-SceI meganuclease,
any type of chromosomal manipulation can be easily
achieved, including insertions, deletions, duplications,
inversions, fusions, and single base-pair modifications.
Previous discussions of Red recombineering protocols
(4, 5, 6, 7) are included here for the sake of complete-
ness. Proposed mechanisms for Red recombineering with
oligonucleotides and short linear dsDNA substrates at
the replication fork are also described. The phage lambda
Red system ease for genetic manipulation of bacterial and
phage chromosomes, bacterial artificial chromosomes
(BACs), and plasmids has had profound effects in such
diverse fields as bacterial genetics, metabolic engineering,
and mammalian gene-targeting.

EARLY λ RED RECOMBINATION STUDIES

Discovery of λ red and gamMutants
Following the identification of the E. coli recA gene (8), it
was found that bacteriophage λ could recombine effi-
ciently in recA-deficient hosts, revealing that λ encodes
its own recombination system (9, 10, 11). This prompted
a search for mutants of λ that were defective for ho-
mologous recombination. First evidence of such a mutant
was found in a deletion mutant of a ϕ80-λ hybrid phage
that was 100-fold defective for phage recombination in a
recA host; the deletion was mapped to the central region
of the hybrid (12). Two groups working independently
(13, 14) isolated point mutants that were ∼100-fold

down for recombination with a defective prophage in
recA hosts. These mutations mapped to a central region
of the linear λ chromosome near the cIII gene. This new
recombination system was called red (for recombination
defective) to distinguish these genes from the host rec
recombination genes.

Shortly thereafter came the discovery of a gene important
for the growth of λ red mutants in E. coli recA mutant
hosts (15). This gene was known as the gamma gene
(gam). The Gam protein was somehow linked to phage
lambda replication, because mutants in λ gam failed to
generate the “late mode” of DNA replication that leads to
packageable concatemeric phage DNA (16). The growth
defect and lack of concatemeric DNA of a λ gam mutant
could be alleviated by a mutation in the recB gene of
E. coli, which encodes the RecB subunit of the ATP-
dependent DNA helicase/nuclease RecBCD (15, 16).
It was surmised that the Gam protein was a function
that inhibited the destructive capabilities of the RecBCD
enzyme, which itself was an inhibitor of the late mode of
λ DNA replication. This proposal was later verified by
Karu et al. (17), who found that the purified Gam pro-
tein of λ inhibits the ATPase and exonuclease activities of
RecBCD in vitro. These early studies generated the now
well-accepted model that during a λ phage infection,
multimers of λ DNA (the immediate precursor to pack-
aging) are generated either by Red-promoted recombi-
nation of phage monomeric DNA species, or by the
Gam-promoted (RecBCD-inhibited) rolling-circle mode
of lambda DNA replication. In the absence of both red
and gam genes, phage λ forms small plaques on a wild-
type host and does not grow at all in a recA mutant host.

Comparisons of Red versus RecBCD
Pathways of Recombination
Early studies comparing the E. coli host RecABCD versus
λ Red systems showed that in wild-type host, λ red mu-
tants were down ∼6- to 10-fold for growth and recom-
bination (13), suggesting that the host RecABCD system
was not as efficient for recombination with λ DNA as
the Red system. The reason for this observation has to
do with the RecBCD pathway signal sequence Chi (see
below), which is absent in wild-type phage λ. Likewise,
in tests where λ Red was asked to replace the E. coli re-
combination system, λ Red promoted low levels of con-
jugational and transductional recombination in recA
hosts (18, 19). Kuzminov (20) suggested that this re-
flects the ability of λ Red to promote annealing of ssDNA
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intermediates generated in these pathways to the lagging
strand of the replication fork, which is not efficient be-
cause of the long substrates (∼100 kb). (This was a keen
insight at the time, given how the Red proteins are
thought to act today—see below). When replication is
completely blocked, Red cannot promote λ recombina-
tion in recA mutant hosts (21). When RecA is present,
but RecBCD is absent, λ Red promotes host conju-
gational recombination at 10% the rate relative to the
RecABCD system (22, 23). This pathway represented
here is the RecA-assisted pathway of Red recombination,
known to be active on nonreplicating phage substrates
in E. coli (see below). The inability of the RecABCD and
Red systems to fully complement each other reflects the
differences in the substrates these recombination systems
have evolved to work on (i.e., replicating phage genomes
for λ Red versus dsDNA breaks following replication
fork collapse and long linear pieces of the chromosome
transferred during conjugation for RecABCD).

Historically, studies of λ phage red gam mutants re-
combining in wild-type hosts helped identify key steps
in the mechanism of the E. coli RecBCD pathway (24,
25, 26). The main feature of the RecBCD pathway of
recombination is the role of Chi sites (crossover hot-
spot instigator - short asymmetric sequence reading 5′
GCTGGTGG 3′) in modulating the dsDNA exonuclease
activity of the enzyme (for review see references 27 and
28). RecBCD binds to dsDNA ends at the sites of DNA
breaks and translocates along the DNA digesting both
the 3′ and 5′ strands at the site of entry (29, 30, 31). After
encountering a Chi sequence (from the right as shown
above), RecBCD is modified so that the exonuclease
activity on the 3′ strand is greatly suppressed, while
digestion of the 5′ strand is slightly upregulated (29).
Continued unwinding by Chi-modified RecBCD gener-
ates 3′-ssDNA that serves as a substrate for loading of the
RecA protein (32, 33, 34). Since phage λ has no Chi sites
in its chromosome, it cannot recombine efficiently via the
RecBCD pathway. This lack of Chi results in a 10-fold
decrease in λ red gam phage recombination (relative to
wild-type λ) in E. coli. The residual recombination in this
case is presumably the result of RecBCD acting on Chi-
like sites. Single base-pair mutants of λ red gam phage
that spontaneously generate a Chi site in their chromo-
somes gain the ability to grow and recombine efficiently
in E. coli (25). This system was exploited by Stahl and
colleagues to uncover the role of Chi acting as a hotspot
in the RecBCD pathway of recombination (for review, see
Stahl [35]).

In assays designed to detect the ability of recombina-
tion systems to promote gene replacement with linear
DNA molecules, however, the λ Red system greatly
outperformed the RecABCD system. When tested with
small linear substrates between 2 and 3 kbp, λ Red pro-
moted high rates of recombination whereas the host
RecBCD system was inactive (23). This observation led to
the development of the λ Red system as a tool for gene
replacement (see below). Dabert and Smith (36) showed
that appropriately positioned Chi sites allowed the host
RecABCD system to promote gene replacement with
linear fragments of 6.5 kb in length, although not with the
frequency or the limited homology requirements ex-
hibited by the λ Red system. Nonetheless, this RecABCD-
based system might prove useful in bacteria other than
E. coli, where λ Red may not work efficiently, but where
the sequence of the cognate Chi site is known (see ref-
erence 37).

THE RED PROTEINS

λ Exonuclease
Prior to the discovery of the λ red mutants described
above, λ Exo had already been identified as an exonu-
clease present in extracts of E. coli λ lysogens following
UV induction (38, 39, 40). Purification and character-
ization of the exonuclease had identified an activity
distinct from host exonucleases, one that digested the
5′-phosphorylated strand at dsDNA ends (41, 42), but
bound weakly to nicked DNA (43). Its involvement in
Red recombination came from the observation that many
λ red recombination-deficient phage mutants did not
produce this exonuclease (44). In addition, mutants in
the red recombination genes were found to affect the
structural properties of λ Exo, as measured by immu-
nological assays (45, 46). Another correlation between
the red genes and λ Exo was suggested by the fact that
mutants that were thermosensitive for Red recombina-
tion also produced a thermosensitive exonuclease activity
(46). These early studies, identifying λ Exo as a principal
player in λ Red recombination, led to models suggesting
that the role of the exonuclease was to generate ssDNA,
which could then take part in DNA strand invasion or
assimilation reactions. The actual role of the Beta protein
took longer to propose, since its annealing activity was
not observed until years later (as described below).

λ Exo (25.9 kDa, 226 amino acids) has a requirement
for Mg2+, a pH optimum of 9.5, and shows a marked
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preference for substrates containing 5′-phosphates. Its
rate of digestion on ssDNA is∼1% or less than the rate on
a blunt-ended dsDNA substrate. Predigested substrates
containing 3′-ssDNA regions of 100 nucleotides or more
are poor substrates for λ Exo (47). λ Exo is incapable of
initiating digestion at nicked DNA, but has been shown to
bind to such sites, leading to the assertion that the enzyme
might have a role in ssDNA assimilation. Consistent with
this idea, λ Exo has been shown to precisely trim the
5′-terminated single strand of a branched structure, sug-
gesting a role in trimming the overlapping regions of
recombination intermediates following synapsis (48), al-
though this role has not been extensively characterized.

In a study by Mitsis and Kwagh (49), micrococcal nu-
clease (MN) protection experiments of λ Exo bound to a
30-bp dsDNA substrate with a 20-nucleotide 3′-ssDNA
tail suggested that the enzyme is bound to 13 to 14 bp of
the dsDNA region, with no protection of the ssDNA tail
(the mock product of the enzymatic reaction). A slight
enhancement of MN nicking was seen at the ssDNA-
dsDNA junction. In studies at the single-molecule level
(50), λ Exo was found to travel at a speed of 12 nucleo-
tides (nt) per second, and was found to pause for variable
times on the template during the digestion reaction. The
biological significance for this pause, if any, is not known.
Subramanian et al. (51) found the kcat for λ Exo to be
11.7 nt/s, in agreement with the turnover number de-
termined by Perkings et al. (50). This study also found
that WT λ Exo forms inert complexes with DNA mole-
cules containing 5′-OH ends, consistent with the pref-
erence of λ Exo for substrates with 5′-phosphorylated
ends (41). The authors characterized a λ Exo (R28A) mu-
tant that was found to digest dsDNA poorly, irrespective
of the phosphorylation of the 5′ end. The arginine-28
residue binds to phosphate in the crystal structure (see
below), and is thought to play a role in positioning the
enzyme bound to a dsDNA end. The effect of the mu-
tation was to dramatically reduce the processivity of the
enzyme with no change in the quaternary structure of the
protein.

The crystal structure of λ Exo has been solved (52). The
exonuclease exists as a trimer in solution and in the
crystal structure. The trimer has a toroidal shape and a
funnel-shaped central channel with openings of 30 Å
on one side and 15 Å on the other. It is proposed that
dsDNA enters the wider opening, where the 5′ and 3′
strands are separated. The 5′-ended strand is excised
by one of the active sites within the trimer, while the

3′-ended ssDNA exits the narrower opening at the end of
the central channel. The trimer is proposed to encircle
the 3′-ending DNA strand in a “sliding clamp” configu-
ration, thus explaining the highly processive nature of λ
Exo (the enzyme degrades at least 3,000 nucleotides per
binding event) (43).

The crystal structure of λ Exo complexed to DNA has
also been determined (53) (see Fig. 1). The authors used a
12-bp blunt-ended DNA substrate complexed to λ Exo.
The structure was crystallized with Ca2+ replacing Mg2+,
to inhibit DNA degradation by the enzyme. However,
within this complex, the scissile phosphate of the ter-
minal nucleotide was distant from the active-site Ca2+ by
11 Å, suggesting the DNA was not fully inserted into the
λ Exo trimer. Thus, they recrystallized the complex by
using a 12-base DNA duplex containing a dinucleotide
extension on the 5′ end, included a 5′-phosphate on the
overhang, and used a nuclease-deficient K131A mutant
that allowed them to use Mg2+ instead of Ca2+ as the
bound cation. Key features of the λ Exo-DNA complex
include the observation that Arg45 inserts into the minor
groove of the DNA, perhaps acting as a rudder to keep
the enzyme on track; a hydrophobic wedge (including
Leu78) that unwinds DNA prior to cleavage, guiding
the 2 nucleotides of the 5′-ended strand to one of the
active sites in the trimer, while allowing the 3′-ended
strand to pass through the central channel and out the
back of the complex; and finally, a negatively charged
pocket (including Arg-28) near the bottom of the central
cavity that binds the 5′-phosphate group on the DNA,
essentially “pulling” the DNA into position within the
chamber. The authors suggest a ratchet mechanism for λ
Exo, where following enzymatic cleavage and 5′ mono-
nucleotide release, a new phosphate is exposed on the
next nucleotide. The hydrophobic wedge, which is pro-
posed to unwind 2 base pairs, is still intact following
the 5′-mononucleotide release, but now with only 1 bp
unwound. Binding of this new 5′-phosphate to the pos-
itively charged pocket at the back of the chamber moves
the enzyme forward and helps unwind another base
pair at the wedge, reinstating unwinding of 2 base pairs.
This step also positions the next scissile bond in place at
the active site. Thus, the components necessary for the
processivity of λ Exo are seen at both the level of the
quaternary structure (the trimer encircling the DNA) and
within the monomer (in the role of the Arg-28 binding
the 5′-phosphate). This model is consistent with the
importance of Arg-28 in the processivity of λ Exo ob-
served in vitro (51), as described above.
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In comparisons of the structure of λ Exo with the RecE
exonuclease from the Rac prophage (another 5′ → 3′-
dsDNA exonuclease), Zhang and colleagues found that
both enzymes share a toroidal structure with similarly
sized central channels (54). Both enzymes also form
oligomers (trimers for λ Exo and tetramers for RecE).
Despite these similarities, λ Exo and RecE share no
amino acid sequence homology. While they both belong
to a superfamily of endonuclease-like enzymes (55), RecE
sequence is more closely aligned to the RecB nuclease
domain, especially near the active site. Surprisingly, the
authors found that while λ Exo and RecE share a similar
quaternary structure and positioning of their active sites,
the subunits of each enzyme are packed into oligomers
that are proposed to interact with a dsDNA end in
opposite directions. In other words, if one aligns the
central channels of each nuclease, the narrower side
of the channel is formed by the N-terminal region of λ
Exo and by the C-terminal region of RecE. This obser-
vation suggests that λ Exo and RecE evolved indepen-
dently of one another to generate a common function for
their respective phages.

λ Beta Protein
Early purifications of λ Exo had also revealed an associ-
ated protein called β protein (29.7 kDa, 261 amino acids),
whose function was unknown at that time (56, 57). In
addition, Radding and coworkers discovered that λ Beta
and Exo form a 1:1 complex, although it has not yet been
demonstrated whether the complex has any biological
significance. Beta bound to Exo has no effect on the
enzyme’s preference for dsDNA ends, pH optimum
(9.5), KM (10 μM), Vmax, or dependency on Mg2+ for
exonucleolytic activity, although Beta did have a 2-fold
effect on the maximal binding of Exo to dsDNA ends
(43). More recently, Tolun has reported that Beta de-
creased the extent of digestion of dsDNA by λ Exo,
possibly by preventing λ Exo from rebinding to partially
processed substrates (58). It has also been reported that,
while Beta had no effect on the processivity of λ Exo,
it did increase the pause time that the enzyme displays
while digesting long dsDNA substrates (50). In inves-
tigations on whether λ Exo has a role in loading λ Beta
onto ssDNA using gel mobility shift assays, more Beta
was seen bound to ssDNA when present while λ Exo
acted on a 2-kb linear dsDNA than when added after the
λ Exo reaction was completed (K. Murphy, unpublished
observations). A similar role for λ Exo in ssDNA loading
of Beta has been reported by Tolun (58).

Figure 1 The trimeric structure of λ Exo. View of the λ Exonuclease
trimer looking through the central channel (A) and the same view
rotated 90° to the right (B). The three subunits are colored blue, green,
and magenta. The dsDNA passes through the central channel of the
trimer, is acted upon by one of three active sites, and exits out the back
as ssDNA. The structures were generated by PyMol based on the
coordinates described by Zhang et al. (53).
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The first reported activity of the λ Beta protein was ob-
served by Kmiec and Holloman (59), who found that
Beta promoted renaturation of complementary single-
stranded DNA. This function was later corroborated by
Muniyappa and Radding (60), who, in addition, dem-
onstrated a role for Beta in stimulating formation of joint
molecules by RecA. Studies from Radding’s laboratory
(61) have shown that Beta protein will bind to ssDNA
faster if ssDNA ends are present. In addition, a Bet-oligo
complex will bind tightly to a complementary oligo, but
not to noncomplementary oligos. This complex is not
formed by binding of Beta to annealed oligos, since, if
the two oligos are annealed beforehand, Beta does not
bind to the dsDNA product. The structure of this com-
plex of Beta bound to two complementary DNA oligos is
not known, but likely represents an important interme-
diate in models describing the mechanism of Beta-pro-
moted annealing. Together with earlier studies from
Radding’s laboratory on the properties of λ Exo (43, 48),
the authors favored a model whereby Beta promotes re-
naturation by binding tighter to the nascent product of
the renaturation reaction than it does to the single-
stranded substrates, or to the dsDNA made from spon-
taneous annealing of the oligos. This model is based on a
proposal by Hall and Kolodner based on similar prop-
erties exhibited by the RecT protein of Rac prophage
(62).

λ Beta has been included in a group of proteins known
as single-stranded DNA annealing proteins (SSAPs).
SSAPs are present in both prokaryotes and eukaryotes
and share similar structural and functional character-
istics. These proteins promote recombination via RecA-
dependent and independent pathways, form oligomeric
rings and/or filaments in vitro, bind to ssDNA, and
promote annealing of complementary ssDNA strands
in an ATPase-independent fashion. (While some non-
specific single-stranded DNA binding proteins are able
to promote annealing of two ssDNA molecules by melt-
ing out secondary structures in ssDNA (e.g., E. coli
single-stranded DNA binding protein, SSB), the term
SSAP is used here to describe those proteins that share
the structural and functional characteristics described
above). Using sensitive computational sequence analysis,
the evolutionary history and classification of SSAPs by
Iyer et al. (63) have shown that three distinct super-
families of SSAPs exist. One superfamily is represented
by λ Bet/RecT, another by the P22 Erf protein, and the
third by the Rad52 family of proteins. Despite their
similarities in biochemical functions and quaternary

structure, there is no sequence similarity between the
superfamilies, leading the authors to conclude that these
proteins are evolutionarily distinct. That these proteins
arose independently of each other, yet share the same
functional characteristics and quaternary structures, re-
flects the high biological importance of these functions in
recombinational and repair processes.

One of the extraordinary features of SSAPs, in general, is
the highly suggestive ring-like structure of these proteins
when observed under the electron microscope. These
ring-like structures were first observed for the P22 Erf
protein (essential recombination function) (64), the
SSAP component of the P22 phage recombination sys-
tem. Projections from the Erf rings were identified as
the C-terminal domain of the protein (65). Analysis of
Erf fragments generated by amber mutations revealed
three different domains of the Erf protein: the N-terminal
domain responsible for its ring-like quaternary struc-
ture, the C-terminal domain of unknown function, and
the interdomain region responsible for stability of the
ssDNA-binding activity. A similar configuration of these
structural properties was reported for the λ Beta pro-
tein (66). In this study, the N-terminal fragment of Beta
consisting of residues 1 to 130 was resistant to protease
treatment in the absence of DNA, while residues 131 to
177 of Beta were more resistant to protease treatment
in the presence of bound DNA. Using biotinylation of
lysine residues and mass spectral analysis, the authors
showed that the N-terminal 1 to 177 residues of Beta
form a core DNA binding region. Consistent with this
analysis, an N-terminal fragment of Beta (1–177) still
bound to oligos as well as the full-length Beta. From the
proteolysis experiments, the authors found that the
N-terminal 30 amino acids of Beta protein become sus-
ceptible to protease treatment after binding DNA. An
earlier study (67) has found that a 20-kDa N-terminal
fragment of Beta (predicted to encode residues 1 to 184)
was successfully cross-linked by photoactivation to a
36-base oligo, but not ones containing 27 or 17 bases,
establishing a minimum size of ssDNA for the stable
production of a Beta-ssDNA complex.

A study by Passy et al. (68) has shown that λ Beta exists in
three distinct forms: small rings, large rings, and helical
filaments. In the absence of DNA, Beta forms small rings
(145 Å diameter) containing ∼12 subunits. Surrounding
the central hole of ∼35 Å, there is a continuous ring of
density that contains∼12 projections extending out from
it (presumably, as in the case for phage P22 Erf, these
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projections are formed by the C-terminal domain of the
protein). In the presence of ssDNA, Beta forms larger
rings of 15 to 16 subunits, structures not observed in
the absence of ssDNA. Passy et al. (68) suggested that the
small rings are converted directly or indirectly into large
rings. The average large ring size was 185 Å in diameter,
with a central hole of ∼75Å. When incubated with com-
plementary ssDNA that could form dsDNA or dsDNA
with ssDNA overhangs, Beta formed left-handed helical
filaments with a variable pitch and a diameter similar
to the large rings (∼200 Å). Blunt-ended linear dsDNA
were poor substrates to make filaments; no filaments
were found with Beta and circular dsDNA species. Rings
were found early under annealing conditions, and on
dsDNA substrates containing ssDNA overhangs, rings
were often found associated with one end of a filament.
On the contrary, fully annealed substrates were associ-
ated with filaments with no rings attached. These re-
sults suggest that the Beta rings bind ssDNA and initiate
filament formation as part of the annealing process. A
model was presented by Passy et al. (68) suggesting that
large Beta rings are the structures that bind ssDNA to
initiate annealing with a complementary strand. The
ssDNA is thought to wrap around the ring as previously
suggested for the P22 Erf recombinase (64). The anneal-
ing reaction then proceeds to generate a dsDNA that is
supercoiled within the Beta helical filament. It may be
that rings and filaments are two stable forms of the same
Beta polymer, defined only by the type of DNA bound:
single-stranded for rings and duplex DNA for filaments.
Models of the ring and helical forms of Beta protein,
complexed with ssDNA and dsDNA, respectively, are
shown in Fig. 2.

A more recent study of Beta structure using atomic force
microscopy showed, in the absence of DNA, that the

rings were actually gapped ellipses with a right-handed
helical structure (69). The authors measured 11 mono-
mers of Beta per helical turn of the protein. The addition
of ssDNA oligos disrupted these structures, but the ad-
dition of two complementary oligos promoted the for-
mation of a stable complex, as seen before in Radding’s
laboratory (61). Examination of this structure under the
microscope revealed a left-handed structure with 14
Beta monomers per helical turn. Thus, DNA annealing
changes both the handedness and curvature of the Beta
helix. With 11 base pairs per Beta monomer, there are
about 155 base pairs per helical turn of the filament.
The authors describe an annealing model whereby the
binding of ssDNA disrupts the right-handed Beta helix,
promoting transient interactions between ssDNA mole-
cules. Annealing between complementary ssDNA pro-
motes binding of a second Beta monomer to form a
stable complex that elongates to form a left-handed helix.
The role of Beta is to facilitate both the initiation and
propagation of the annealing event. It is noted that
dsDNA is likely to be unwound to some degree within
the complex, because dsDNA does not bind tightly to
Beta in vitro.

As mentioned above, other SSAPs also form oligomeric
rings. The Erf protein of phage P22, the Rac prophage
RecT protein, and both yeast and human Rad52 pro-
teins all form similar types of rings (64, 70, 71, 72).
However, the binding modes can differ. RecT, for in-
stance, forms large rings in the absence of ssDNA, and
forms a filament on ssDNA (unlike Beta, which forms
filaments on dsDNA) (73). Rad52 protein forms com-
plexes with both ssDNA and dsDNA, although rings of
Rad52 protein (like Beta rings) are only found on ssDNA
(68).

One of the more interesting questions about the SSAP
family of recombinases is what characteristics are shared
between them and the RecA family of proteins that carry
out strand invasion and strand exchange. In particular,
how do λ Beta and RecT compare with the E. coli RecA
protein? Hall and Kolodner have shown that the com-
bination of RecT and RecE (AKA ExoVIII) can promote
pairing and strand exchange between a linear dsDNA
duplex and a ssDNA circle (62). Following the genera-
tion of ssDNA by RecE exonuclease acting on the linear
DNA duplex, RecT started joint molecule formation by
pairing the exposed linear ssDNA with the complemen-
tary circular ssDNA and then extending pairing beyond
the ssDNA tail, generated by RecE, in effect catalyzing

Figure 2 Models for λ Beta-DNA structures. (A) A large Beta ring (18
subunits) is shown with DNA wrapped around the outside of the ring,
as previously suggested for P22 Erf (64). (B) After Beta-catalyzed
annealing of complementary ssDNA strands, Beta-dsDNA filaments
are formed. The authors estimate the Beta filament contains around
100 base pairs per supercoil turn of the DNA. Taken from Passy et al.
(68), with permission.
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branch migration. This reaction was not simply the result
of spontaneous branch migration, because a control re-
action with histone H1 in place of RecT could promote
pairing, but not strand exchange.

The λ Beta protein can also promote strand exchange. A
study by Li et al. (74) showed that Beta was able to
promote strand exchange between a 63-mer oligonucle-
otide and a 43-mer oligonucleotide annealed to M13
ssDNA. The 20 extra nucleotides of the “donor” 63-mer
were complementary to the region within M13 DNA
that was adjacent to the annealed 43-mer oligo. Beta was
able to displace the bound shorter oligo and to drive
branch migration, even when mismatches were present
in the incoming longer oligo that would otherwise pre-
vent spontaneous branch migration. In addition, there
was a polarity that was absent from the spontaneous
reaction, likely the result of greater binding of Beta to 3′
ends relative to 5′ ends. This polarity was not intrinsic
to the reaction, because it disappeared in reactions with
increasing concentrations of Beta protein. Thus, the
annealing functions of these SSAPs have the ability to
promote branch migration similar in nature, but not the
extent, of the one promoted by RecA protein.

But what about strand invasion? The salient feature of
recombination mediated by the RecA recombinase is the
ability of the RecA-ssDNA nucleoprotein filament to
search, find, and then invade a homologous duplex to
promote strand exchange (75, 76). Studies have shown
that both Beta and RecT have the ability to promote
strand invasion, but limited in context and extent com-
pared with RecA-promoted events. For instance, RecA
can promote invasion and strand exchange between
linear ssDNA and a linear homologous duplex; Beta and
RecT cannot carry out this reaction. The strand invasion
events reported for Beta and RecT occur between oligos
and supercoiled dsDNA plasmids (62, 77). D-loop (dis-
placement loops) structures are formed and are detected
as species with altered mobilities using agarose gel elec-
trophoresis. These reactions depend on the superhelicity
of the target plasmid and low levels of GC base pairs
(∼16% GC). D-loop formation with Beta is greatly in-
hibited by increasing the GC content to 37%, whereas for
RecT, reactions did not occur when GC content exceeded
25% (62, 77). These results seem incompatible with Beta
and RecT promoting strand invasion in vivo, given the
52% GC content exhibited by the E. coli chromosome
(where these proteins have evolved), and the 50% GC
content of phage λ.

There are aspects of these reactions, however, where a
common theme between RecA-like proteins and SSAPs
becomes apparent. For instance, strand invasion and
recognition of homology by RecA and RecA-like eu-
karyotic homologs have been shown to principally in-
volve the exchange of AT base pairs (78, 79, 80). Thus,
perhaps most (if not all) DNA-pairing events in vitro are
initiated at AT-rich sequences, and many of the proteins
involved in various forms of DNA-pairing events share
this common intrinsic property. The ability to further
propagate the initial pairing event may involve additional
features of a particular recombinase, like the ATPase
activity associated with RecA and its homologs, and
the partnership of SSAPs with their associated 5′ → 3′-
dsDNA exonucleases. Other pairing activities promoted
by RecT are reminiscent of RecA-pairing functions.
For instance, RecT was found to promote unstacking of
bases in ssDNA, unwinding of dsDNA, and aggregation
between ssDNA and dsDNA substrates that was inde-
pendent of homology, all trademarks of RecA-mediated
pairing events in vitro (62).

Nonetheless, while they may share some intrinsic prop-
erties common among proteins evolved to promote
pairing of DNA, both groups of proteins are biochemi-
cally distinct (60, 74, 81, 82). Given the lack of any se-
quence homology between RecA-like recombinases and
SSAPs, it is likely that both groups of proteins evolved
their functions independently, with any intrinsic simi-
larities driven by the fact that they share common sub-
strates (ssDNA and dsDNA). By whatever path λ Beta
protein has evolved to promote recombination during a
lambda infection, it and other phage-derived SSAPs share
a common property allowing them to be exploited for use
as a recombineering tool, a function clearly not shared by
the RecA and RecA-like recombinases.

Anti-RecBCD Proteins
In the absence of Chi, the E. coli RecBCD enzyme
remains a potent dsDNA exonuclease that has the ability
to degrade incoming phage DNA. It is for this reason that
lambda and other double-stranded phages encode anti-
RecBCD functions like λ Gam, that prevent binding of
RecBCD to dsDNA ends by interfering with the enzyme’s
DNA-binding site (83, 84). A second method of protec-
tion from RecBCD is exemplified by functions like the T4
phage gene 2 protein, which caps dsDNA ends and di-
rectly interferes with RecBCD recognition of linear DNA
(85). In still a third mechanism to deal with RecBCD,
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phage P22 of Salmonella enterica serovar Typhimurium
produces a protein called Abc2 (anti-RecBCD) which
hijacks RecBCD, modifying its activity such that it be-
comes part of the phage P22 recombination pathway (86,
87, 88). The common goal of all three mechanisms is
to inactivate (or modify) the host system of recombi-
nation (RecBCD), allowing the phage recombination
systems to act unimpeded during the phage infection.
However, the lambda Gam protein, because of its di-
rect effect on inhibiting the RecBCD enzyme, has been
uniquely instrumental in allowing the λ Red and RecET
recombination systems to promote recombineering events
in vivo.

λ Gam (11.6 kDa, 98 amino acids) has been shown to
inhibit all the known activities of the RecBCD enzyme
(17, 89). It does this by binding to RecBCD and pre-
venting the enzyme from binding to dsDNA ends (83,
84). In experiments where Gam complemented growth
of a T4 2– phage, overexpression of the RecB subunit
interfered with complementation, suggesting that Gam
binds to the RecB subunit of the enzyme; overexpres-
sion of RecC and RecD had no effect in this test (90). In
phage-plating assays, gam expression from a plasmid
can mimic the effects of E. coli recBC mutant hosts (86,
89, 91). However, in other assays involving RecBCD-
promoted conjugational recombination and restoration
of UV resistance, plasmid-produced Gam only partially
mimics the effects of a recBC mutation (89, 91). These
observations are likely the result of the differential effects
of residual levels of RecBCD in these assays. It has been
proposed that there are low levels of RecBCD activity
in cells expressing Gam from a plasmid, perhaps because
of the inability of Gam to inhibit an ongoing RecBCD
reaction, where the DNA-binding site for RecBCD is
unavailable to Gam (17, 84), or because of insufficient
Gam expression. The low levels of Gam may be required
for cell viability, because Sergueev et al. (92) showed that
Gam is lethal to E. coli when overexpressed from the PL

operon via a defective prophage. This inviability is not
due simply to total inactivation of RecBCD, because
ΔrecBCD strains still retain 30% viability (93, 94). In-
terestingly, Gam expression can be beneficial for the cell:
Gam-induced radioresistance occurs when Gam expres-
sion partially protects cells from the lethal effects of
X-rays (95). It is believed that the resistance occurs be-
cause of the inhibition of DNA degradation following the
production of multiple dsDNA breaks in vivo, allowing
time and opportunity for the damaged DNA to be re-
paired (84, 95).

The crystallographic structure of Gam has been solved
(83). It is an all-helical dimeric structure, with the two
N-terminal H1 helices extending out from a dimeriza-
tion domain (see Fig. 3). The authors favor a model of
RecBCD inhibition whereby a conformational change
in Gam takes place upon binding to RecBCD. The two
long N-terminal helices of the dimer are highly hydro-
phobic and are proposed to be inserted into channels
within the RecB and RecC subunits normally occupied
by the 3′-ssDNA and 5′-ssDNA, respectively, of an un-
wound dsDNA substrate. Aromatic residues on the sur-
face of the helices are proposed to interact with residues
that normally interact with bases of the ssDNA. Gam is
thus proposed to act as an ssDNA mimic, occupying the
sites in RecBCD normally bound by the ssDNA strands
of the unwound end. It is this inhibition of RecBCD
that is required to see the high rates of gene replacement
promoted by the Red and RecET phage recombination
systems when using PCR products as substrates (see
below).

MECHANISMS OF λ RED RECOMBINATION

The Early Years
The pioneering work of Meselson and Weigle (96) and
Kellenberger et al. (97) demonstrated that λ recombina-
tion may involve (at least some of the time) a “break-
join” type mechanism, where, during an infection, DNA
was proposed to physically break for unspecified reasons

Figure 3 Ribbon diagram of the λ Gam protein dimer; chains A and B
labeled green and magenta. It is an all α-helical protein with a di-
merization domain (center region) and two protruding N-terminal
helices (H1), sticking out at an angle of about 100° from each other.
A proposed conformational change occurs upon binding of λ Gam
to RecBCD, with the H1 helices rotating about 120° around the Gly-
Ile-Pro hinge regions (denoted by arrow in the green subunit). The
proposed conformation change places the H1 helices of each subunit
into the ssDNA binding regions of RecB and RecCD, thus inhibiting
binding of RecBCD to dsDNA ends. Structure generated by PyMol
based on the coordinates described by Court et al. (83).
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and then join with the similarly broken DNA of a
coinfecting partner. An alternative proposal at the time
was a “copy-choice” mechanism, where a recombinant
was proposed to be fully synthesized using first one pa-
rental DNA as a template, then another. A third pathway
proposed at the time was a hybrid of the first two called
“break-copy,” where a broken chromosome would use
a partner as a template to synthesize a full-length chro-
mosome. (For a historical perspective of the beginnings
of break-join and copy-choice mechanisms of recombi-
nation, see Tang [98]). In the Meselson and Weigle ex-
periments, crosses were performed between unlabeled
and C13- and N15-labeled phages, lysates were layered
over cesium chloride gradients, and phage recombinants
were separated from their parents by density-gradient
centrifugation. The authors found recombinant phage in
the unreplicated conserved (H/H) peak, indicating that
portions of parental DNA could be found within re-
combinant phage particles, suggestive of a break-join
mechanism. However, because the map positions of the
markers were close to the right end of the chromosome,
a break-copy mechanism could not be ruled out. In later
experiments, using heavily labeled phage in both parents
and markers associated with a wider central map interval,
Meselson again found recombinants in the unreplicated
(H/H) peak, supporting a break-join mechanism of λ
recombination (99).

These experiments, however, were done before the three
recombination systems acting in these crosses (the host
rec system, and λ’s red and int pathways) had been
identified. In fact, the markers that Meselson used in his
later study occurred in a map interval where λ int is
active. Thus, the break-join model for the mechanism of
λ recombination described by Meselson (99) might not
have been representative of the λ Red (or rec) system.
In the years to follow, the genetic mutations defining the
rec, red, and int recombination systems were discovered,
and λ crosses were performed in hosts containing only
one recombination system at a time (100). These exper-
iments revealed that all three recombination systems
could support break-join mechanism of λ recombination.
About the same time, however, it was recognized that,
in order to fully follow the path of parental DNA into
recombinant progeny, it would be necessary to prevent
any replication of phage DNA. Allowing the phage to
replicate results in high titers of nonrecombinants (and
descendants of recombinants), swamping out the small
numbers of unreplicated recombinant phage (i.e., the
ones that are best explained by a break-join mechanism).

By preventing replication of the phage, one could then
separate (conceivably) recombination events that were
dependent on replication of the phage DNA from those
that were not.

Stahl and colleagues designed many such experiments
by performing λ crosses in hosts that were temperature
sensitive for host and phage λ replication (101, 102).
(These hosts were later identified as mutant in dnaB
encoding the major replicative helicase.) Varying the
temperatures at which phage crosses were carried out
allowed limited (36°C) or more restricted (42°C) amounts
of phage DNA replication. In later experiments, a double
block to replication was used by employing both a dnaBts

mutation in the host and a mutation in the λ replication
function P (Pam) (103, 104). These crosses resulted in a
severe (i.e., complete) block to phage DNA replication.

What became apparent from these and other studies
was the following: (i) Curtailing replication severely in-
hibited the formation of recombinants generated by the
λ Red system (102, 105). (ii) Recombination was neces-
sary for the recovery of unreplicated phage (not including
unabsorbed phage) (103, 104). (iii) In experiments where
phage replication was modestly inhibited (e.g., by using
a dnaBts strain at 36°C), slight changes in the density
distributions of recombinant phage following sedimen-
tation in cesium chloride gradients could be detected.
These small density shifts were indicative of limited
amounts of DNA synthesis (perhaps repair synthesis)
in the recombinant phage DNA. The DNA synthesis
occurred at different levels dependent upon what map
interval in which the recombination took place (101, 102,
105). (iv) When one employed a more severe block to
DNA replication (using a dnaBts host grown at 42°C
and Pam phage), recombinants were limited to intervals in
the right hand side of the lambda genetic map, in the
region near the cohesive end site (cos) (106, 107, 108,
109). (v) The cos site, a phage sequence cut by the phage
terminase enzyme to package phage genomes, could gen-
erate dsDNA ends to serve as an initiator of Red recom-
bination (107). (vi) Double-stranded breaks provided by
restriction enzymes also stimulated Red-promoted re-
combination among unreplicated phage (110, 111, 112).
(vii) Removal of the host recombination system (recA)
severely depleted recombination among unreplicated
phage. Among the Red-promoted recombinants, cross-
overs were focused in the right end of the genetic map
(106). (viii) A small amount of DNA synthesis was
associated with unreplicated Red-promoted recombinant
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phage in the region of the crossover (109). In fact, this
result is true for some of the recombinants even when full
DNA replication is allowed, confirming the presence of a
break-join type of recombination event (113).

What stands out as most pertinent from these early studies
is the recognition of the role of replication in Red re-
combination. Although it was suggested in the early 1970s
that λ Red recombination might occur best at replication
forks or newly synthesized DNA (101, 114), the prevail-
ing view was that the role of replication was to provide
dsDNA ends to the λ Red functions, perhaps in the form
of tips of rolling-circle replication intermediates, to act
as initiators for a break-join type recombination reac-
tion. From these and other studies emerged two classic
pathways of bacteriophage λ Red recombination in phage

biology: the RecA-dependent strand invasion pathway
and the RecA-independent ssDNA annealing pathway
(Fig. 4). The mechanistic details of these pathways have
been supported by genetic studies using phage crosses
in recA+ and recA− hosts as described above, and by bio-
chemical studies on the structural and enzymatic prop-
erties of the λ Exo and Beta proteins. What follows is a
description of these pathways, and a perspective on their
roles during a normal lambda infection in wild-type cells.

The RecA-Dependent Pathway
of λ Red Recombination
In the RecA-dependent pathway of Red recombination,
the role of the Exo and Beta proteins is to process a
dsDNA end and to provide 3′-ssDNA for loading of

Figure 4 Two classic pathways of λ Red-promoted phage recombination. dsDNA ends of the phage chromosome are provided by the action of
terminase. λ Exo (red trapezoid) binds to a dsDNA end and digests the 5′ strand, assisting Beta (blue ring made of small circles) to bind to the 3′-
ssDNA tail. (A) The RecA-dependent pathway: In the absence of replication, Beta is replaced with RecA (yellow triangle) with the help of RecF
pathway functions, which promotes invasion of the ssDNA into a homologous duplex. Recombination proceeds via branch migration, Holliday
junction formation, and subsequent resolution of the intermediate by the host resolvasome, RuvABC. (B) The ssDNA annealing pathway: dsDNA
ends are formed containing terminal redundancies, generated by the rolling-circle mode of replication and/or terminase cutting during the lytic
infection. Exo and Beta process the ends as above. The Beta protein promotes annealing between the overlapping ssDNA ends, which are filled in
by DNA polymerase I and ligated together to form a recombinant.
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RecA, with assistance by the host RecFOR functions.
RecA promotes strand invasion of the ssDNA end into
homologous duplex DNA (with no dsDNA ends in the
recipient molecule having a role). From this point, the
recombination steps follow the paradigm of the host-
mediated recombination system of E. coli (shown in
Fig. 4A), involving RuvABC-mediated branch migration
and Holliday junction resolution (20, 115). The host
RecBCD recombinase has no role in this pathway, be-
cause the anti-RecBCD λ Gam protein is provided along
with the Red proteins.

Is this pathway biologically relevant during a wild-
type phage infection in E. coli? λ phage grows well and
recombines normally in a recA mutant. It was, in fact,
the loss of growth and recombination that was used to
identify Red as lambda’s recombination system (13, 14).
As described above, the RecA dependency in this pathway
is observable in replication-blocked crosses between two
λ phages in a wild-type host. This dependency is relieved
by replication of the phage. Thus, RecA is not required for
recombination between replicating phage in a wild-type
host. Its participation in a significant way in the Red-
promoted recombination during a replicating lambda
infection is possible, but unlikely. First, RecA normally
needs to be loaded onto single-stranded DNA by the
host RecBCD or RecFOR functions. Neither of these host
functions is required for Red-promoted recombination
when replication is allowed. (However, it cannot be ruled
out that RecA is loaded on ssDNA by an unidentified
process during a lambda infection, for example, in a
process assisted by Beta or λ Orf protein; see below.)
Furthermore, given the high affinity of Exo for DNA (a
KM in the subnanomolar range) (49), its high expression
levels as part of the PL operon, and the ability of λ Exo to
load Beta onto the ssDNA it generates ([58]; Murphy,
unpublished), a Red processed ssDNA end in vivo is most
likely bound by the Beta protein, not RecA. Poteete has
suggested that the RecA-dependent pathway is a “salvage
pathway” (116) that occurs when a Red-processed Beta-
bound ssDNA tail cannot find a homologous ssDNA
partner (either present as a second Red-processed end, or
within the context of a replication fork). In this case, the
Beta protein has to be removed and replaced with RecA,
with assistance from the RecFOR functions, to allow a
strand-invasion type of recombination event.

If λ Exo provides a 3′-ssDNA end during a phage in-
fection, why does the phage even need the Beta protein?
As mentioned earlier, Red mutants are down 6- to 10-fold

for growth and recombination, suggesting that the host
RecA recombination system cannot fully substitute for
the phage Red system. This result is due in part to the
lack of Chi sites in λ DNA (see discussion in section
“Comparisons of Red versus RecBCD Pathways of Re-
combination”). Also, Beta forms a complex with Exo
in vitro, suggesting it might more efficiently utilize the 3′-
ssDNA end generated by Exo, relative to RecA. Finally,
the Red system may be mechanistically intertwined with
phage DNA replication (in a way that the host recom-
bination system is not) that presumably provides an ad-
vantage for the phage for growth and recombination
following infection. What this advantage might be is
unknown, but speculations on such mechanisms are
discussed below (see discussion on replisome invasion
models).

Red-Promoted ssDNA Annealing Pathway
The other classical pathway of Red recombination is
the ssDNA annealing pathway of Red recombination
(Fig. 4B). This pathway starts with two dsDNA breaks
in different regions of the chromosome, one in each re-
combining parental phage (117). In this pathway of re-
combination, λ Red stitches together dsDNA ends using
their overlapping sequences. The processive action of
λ Exo degrades the 5′-ending strands at the dsDNA ends
and loads λ Beta on the generated ssDNA ends. Beta then
aligns and anneals the ssDNA substrates containing com-
plementary overlaps. In this case, RecA is not required,
because no strand invasion is necessary.

Might this pathway be active during a wild-type (repli-
cating) λ infection? It has been proposed that lambda late
replication generates dsDNA ends throughout the entire
length of its chromosome via the rolling-circle mode of
DNA replication (118). It was thus hypothesized that the
variety of dsDNA ends generated during late infection
represent the “non-allelic cut sites” that Red-promoted
recombination splices into recombinants via the single-
stranded DNA annealing pathway. The overlapping se-
quences required for ssDNA annealing might occur on
the dsDNA ends of two different rolling-circle replication
intermediates of opposite polarity (i.e., two circles repli-
cating in opposite directions). This model of λ Red re-
combination is based largely on the in vitro properties of
λ Exo and Beta proteins (41, 43, 48, 59, 60). In addition,
key elements of this model were demonstrated by Red-
dependent packaging of phage following transfection of
recB spheroplasts with sheared (half-length) molecules of
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the λ chromosome (119). The authors used a recB host to
prevent degradation of transfected DNA, and found that
phage lacking λ Exo were down 400-fold (relative to wild
type) for the formation of infectious centers. This gen-
eration of full-length λ chromosomes (from half-sized
fragments) could best be explained by a Red-promoted
ssDNA annealing reaction. Of note, however, was that
Beta mutants were only down 10-fold in the same assay,
an effect that may have resulted from the presence of
RecA in these assays. The ssDNA annealing mechanism
was also demonstrated in vivo in a study where a re-
striction enzyme cut was made in one of the two chro-
mosomes during a replication-blocked λ cross in a recA
host (117). The dsDNA end generated by the cut, along
with a dsDNA end formed by cutting at the cos site (as
part of the packaging mechanism), generated two chro-
mosomes with overlapping DNA segments in vivo. Only
when the cut with the restriction enzyme was made was
significant Red-dependent recombination via ssDNA
annealing observed.

However, experimental observations suggest that the
ssDNA annealing pathway of Red recombination might
be a minor pathway. First, in the Red-promoted ssDNA
annealing reaction reported by Stahl et al. (117), only
∼ 0.1% of the incoming DNA was converted into the
recombinant product in the recA host. As pointed out by
Poteete (3), the low yield (and slow nature) of the ssDNA
annealing reaction in vivo does not correspond well to
the kinetics of a true λ phage infection and recombinant
phage formation, suggesting that, while a pure single-
stranded annealing reaction in the absence of replica-
tion can occur given proper substrates, it is not the major
route of recombination supported by λ Red in vivo.
Second, the ssDNA annealing reaction could not be re-
produced in vitro using Red-containing extracts, puri-
fied λ Beta and Exo proteins, and linear DNA substrates,
despite the processive action of λ Exo on these sub-
strates, as monitored by gel mobility shift assays (A. R.
Poteete and K. C. Murphy, unpublished observations).
These observations contrast with the high rates of RecA-
independent Red-dependent recombination observed in
phage crosses when replication is allowed.

While the discussion above suggests that the ssDNA
annealing pathway depicted in Fig. 4B may not be the
optimal pathway for λ Red, this pathway may be more
relevant to events mediated by the Rac prophage RecET
recombination system. The Rac prophage recE gene en-
codes an 866-amino-acid protein, with the exonuclease

function encoded by the last 260 residues. Most studies
examining RecET recombination activity have only used
this C-terminal 260-amino-acid domain (AKA, RecE-
602). Fu et al. (120) have recently shown that the full-
length RecE protein (along with RecT and λ Gam) can
promote recombination between linear dsDNA species,
via a proposed ssDNA annealing mechanism, at a much
higher efficiency relative to either λ Red plus Gam, or
RecE-602, RecT, and λ Gam. Thus, while the RecET
system encoded by Rac prophage may have evolved to be
more proficient than Red for a ssDNA annealing path-
way of recombination, the λ Red system may be better
designed for a pathway that involves invasions of existing
replication forks (see below).

Replisome Invasion/Template Switch Model
of λ Red Recombination
A new pathway of Red recombination, called the Repli-
some Invasion/Template Switch model (RITS) model,
has been proposed (3). In this scheme, the replication
fork plays a direct role in Red-mediated recombination
as a target of an Exo-Beta-processed dsDNA end. The
model was inspired by two observations. First, no sig-
nificant Red-promoted recombination is observed in
recA mutants in the absence of phage replication (101,
106, 112). Second, in ssDNA oligo-mediated recombi-
neering, which requires λ Beta as the only phage-supplied
function, there is a difference in the recombineering
frequency when the oligo is targeted to the leading versus
the lagging strand templates of a replication fork (the
latter being favored). The difference is reported to be
between 3- and 50-fold in E. coli, but can range much
higher in other systems (103 to 104 fold inMycobacterium
smegmatis (121) and Pseudomonas aeruginosa (Murphy,
unpublished). These differential rates of recombineering
with oligos targeting the leading versus lagging strand
templates suggest the replication fork as the target of a
Beta protein-ssDNA complex.

In the study by Poteete (3), an in vivo physical assay
employing a cross between a nonreplicating phage sub-
strate and a replicating plasmid was used to test the
RITS model; the substrates are depicted in Fig. 5. Re-
combination between the homologous regions of the
phage and the plasmid (green box in Fig. 5) generates a
crossover that places the two BamHI sites on the same
DNA fragment. Following isolation of DNA from the
cell and digestion with BamHI enzyme, the amount of
the recombinant band is detected by Southern analysis
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(see legend to Fig. 5 for more details). The phage in this
“physical” assay is used for delivery of the recombination
substrate to the cells with high efficiency. Note that the
recombining substrates are isolated directly from the cells
and examined on polyacrylamide gels. Thus, the phage
DNA is not packaged, and no viral progeny is produced.
The study showed that the recombinant band: (i) is
dependent on a dsDNA break and λ Red, but not RecA;
(ii) is generated at a high frequency (30% of the incoming
DNA); (iii) appears within 5 minutes following phage
infection; and (iv) is inhibited by the presence of dideoxy
nucleotides, revealing its replication dependency.

This study led to the development of the RITS model of
λ Red phage recombination depicted in Fig. 6. In this
model, λ Beta is loaded onto the ssDNA generated by λ
Exo ([58]; Murphy, unpublished) and anneals the ssDNA
to the lagging strand template of a replication fork. The
model proposes that the incoming strand then serves as

a new template for leading strand synthesis. The role of
Beta in this model (so prominent in the ssDNA annealing
pathway of Red recombination to anneal complimentary
strands generated by λ Exo) is redefined here to anneal
Exo-generated ssDNA to the lagging strand template of
a replication fork and, in addition, to position the in-
coming strand to be captured by the leading strand DNA
polymerase. In the RITS model, the template switch re-
directs the replication fork (like a train switching tracks)
to the incoming substrate. How the replicative helicase is
diverted on to the new substrate and how lagging strand
synthesis on the new template is initiated (Fig. 6) were
not specified in the initial description of the model (3).

NewReplicationForkModelofλRedRecombination
As an alternative to a redirected replisome, the Red-
promoted recombination event could instead, like T4
phage-promoted recombination, initiate a new replica-
tion fork, which would travel in the opposite direction
to the invaded fork shown in Fig. 7. In this scenario,
the original fork is left unmodified. T4 (and yeast)
can promote the establishment of new replication forks
following recombinogenic 3′-strand invasion events,
a process known as break-induced replication (BIR) or
recombination-dependent DNA replication (RDR) (122,
123, 124, 125). (For an early suggestion that annealing
of an enzyme-processed break might propagate a repli-
cation fork, see Mazin et al. [126].) The replication of the
phage T4 linear chromosome is initiated from multiple
origins and is independent of recombination. However,
soon after infection, this origin-dependent replication
mode terminates, and further replication of T4 DNA is
promoted by recombination-dependent replication. The
dsDNA ends of the linear chromosomes generated by
origin-dependent replication become substrates for the
UvsX recombinase, which promotes dsDNA end inva-
sion into a second linear chromosome (or in a single
infection, its terminally redundant end) to generate a
D-loop. The D-loop is then a substrate for the assem-
bly of a replisome. A large branched network of linear
chromosomes is thus formed, followed by cutting off
the branches by specialized endonucleases to form linear
multimers, which are packaged into phage heads. The T4
chromosome carries its own set of replisome compo-
nents to carry out this elaborate process; for reviews, see
references 125 and 127.

However, if one imagines that λ Red promotes new
replication forks by RDR, it likely does so by a different

Figure 5 Substrates used to demonstrate Red-promoted replisome
invasion. Recombination occurs between a replicating resident target
plasmid (direction of replication shown by black triangle) and a
nonreplicating λ chromosome. The homologous regions are denoted
by the green box. The λ chromosome is delivered at high efficiency by
infection, is inhibited from replicating by overexpression of the λ c1
repressor, and is cut in vivo by a chromosomally encoded PaeR7
restriction enzyme. DNA from the infected cells is isolated at different
times after infection, cut with BamHI, and subjected to a Southern
procedure. The amount of recombinant band (bottom) is detected by
probing a Southern blot for sequences designated “P.” (Descriptions
of substrates were derived from reference 3).

14 ASMScience.org/EcoSalPlus

Murphy

www.asmscience.org/EcoSalPlus


mechanism relative to that of T4 described above. One
reason for this notion is that T4 promotes RDR by sup-
plying its own replication system to initiate the process,
whereas lambda relies on the host system for replicating
its DNA. Whether the E. coli replication apparatus could
be efficiently utilized to start new forks for replicating λ
chromosomes, like the T4 system, is unknown. Second,
in a T4 infection, annealing of the 3′ end is carried out by
the UvsX protein, a recombinase capable of invading
dsDNA substrates resulting in the formation of a D-loop.
The displaced strand is critical for RDR, because it
becomes the template for lagging strand synthesis of the
new replisome. The invading 3′ strand then becomes the
primer for the new leading strand (127). In the λ Red
replisome invasion model, the 3′ end anneals to ssDNA
on the lagging strand template. As such, no displaced
strand is available for formation of a new lagging strand.

A model for how Red might promote formation of a new
replication fork is presented in Fig. 7. The model suggests
that, unlike T4, the strand with the annealing 3′ end
(generated by Red on the end of an invading duplex)
becomes the template strand for lagging strand synthesis
in the new replication fork; the targeted fork continues
unimpeded. This outcome is true whether the invading
strand anneals to either the leading or lagging strand
templates of the original fork, although the direction of
the new replication fork would depend on which tem-
plate strand is targeted for Beta-promoted annealing
(see Fig. 8, courtesy of A. Kuzminov). Unlike studies with
T4, however, details of this mechanism have not been
rigorously tested in vivo or in vitro.

Recombination-Dependent Replisome Disruption
Model of λ Red Recombination
Finally, a third model for λ Red recombination involves a
replisome invasion as described above for the RITS and
Fork Initiation models, but with subsequent disruption of
the replisome—the Recombination-dependent Replisome
Disruption model (RRD). In this model, the act of in-
vading the replisome and annealing the Red-generated
3′-ssDNA tail of the incoming dsDNA linear molecule
triggers disassembly of the replisome, leaving behind
a four-stranded structure. Such a structure could then
be acted upon by a Holliday junction-type resolvase to

Figure 6 Replisome invasion/template switch model of λ recombi-
nation. The diagram depicts a recombination event between the tip
of a rolling circle (circle not shown), and another replicon (either one
of the replisomes of a theta-mode intermediate, or the replisome of
a second rolling circle). (Top) A Red-processed dsDNA end (Beta
bound to a ssDNA overhang generated by Exo) invades a replication
fork and promotes annealing to the lagging strand template. (Middle)
Beta captures the leading strand and promotes a template switch, such
that the leading strand polymerase now uses the incoming strand as a
template. (Bottom) Template switch (TS) model invokes a redirection
of the replisome to the incoming strand. The template switch then

connects one arm of the original replisome to the invading duplex
(i.e., the recombination event). As before, red trapezoid, λ Exo; blue
circles, λ Beta. Yellow oval represents the replisome.
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generate an unreplicated chromosome, and a recombi-
nant where the attacking duplex is now connected to the
lagging strand arm of the replication fork. Details for how
such an event may help the phage grow and recombine
will be described elsewhere (unpublished data).

The Role of Red and Gam in Phage λ Replication
The role of the Red and Gam functions in λ DNA rep-
lication was examined directly by Enquist and Skalka
(16). Using [H3] thymine incorporation as a measure
of DNA synthesis, they found that Gam helps λ DNA to
replicate by virtue of its inhibition of the host RecBCD
enzyme, allowing phage DNA to replicate via the rolling-

circle mode. As noted above, this process leads directly
to multimeric forms of linear DNA (i.e., concatemers),
which are the immediate precursors for DNA phage
packaging into phage heads. As a result, the λ gam mu-
tant accumulated only about half the amount of phage
DNA as the wild type during a phage infection. This
effect disappeared in a recB host, as expected given the
role of Gam.

A little more puzzling, Enquist and Skalka (16) found
that red mutants also showed about a 50% decrease in
phage DNA equivalents relative to wild-type phage fol-
lowing infection (into either wild-type or recA hosts).
They showed that rates of initial synthesis (primarily in
the form of theta circles) were the same for wild type and
the red mutant, suggesting that this decrease in phage
replication was due to a decrease in the number (or size)
of late-forming concatemeric DNA molecules. None-
theless, the DNA generated by λ red mutants was not
qualitatively modified relative to wild-type λ, because it
was packaged into phage heads to generate infectious
phage particles. The same could not be said of λ red gam
mutants, which were able to replicate only via the theta
mode of replication, generating a mixture of closed and
nicked circular monomers. The explanation for this re-
sult is as follows: in the absence of Gam, rolling-circle
intermediates are inhibited by RecBCD, and in the ab-
sence of Red, no circular dimers (or multimers) of λDNA
are formed. Since monomeric DNA is not a substrate for
packaging, no viable phage progeny are generated.

Better and Freifelder (128) also studied the role of Red in
λ phage DNA replication. Using an improved system that
involved the use of a host containing an endA mutation
to prevent nicking of circular monomers in their bacte-
rial lysates, and by isolating the total pool of intracellular
phage DNA molecules, they looked directly at DNA rep-
lication intermediates under the electron microscope. A
key finding was that there was no difference between λ
wild type and red mutants in the timing or numbers
of rolling circles, suggesting that Red is not required for
the generation of these types of replication intermediates.
(In addition, unlike the findings of Enquist and Skalka
[16], they did not find a reduction in DNA synthesized
by the λ red mutant late in infection. The reason for this
discrepancy is not known.) The authors also found that
rolling-circle replication occurs throughout the λ life
cycle, observable within 4 min after infection. As such,
while these species predominate late in infection, they are
not restricted from forming early. In agreement with the

Figure 7 New replication fork model of λ recombination. As in Fig. 6,
the annealing of the ssDNA generated by λ Exo anneals to an ssDNA
region on the lagging strand template. In this model, however, the
invaded replisome is not affected. Instead, the invasion of the in-
coming duplex initiates a new fork that travels in the opposite di-
rection, with the annealed strand becoming the template for the new
fork’s lagging strand. The incoming duplex is then connected to
one arm of the fork (i.e., the recombination event). As before, red
trapezoid, λ Exo; blue circles, λ Beta. Yellow oval represents the
replisome.
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earlier studies, their analysis shows that the key role of
Red for λ replication (which is most evident in the ab-
sence of Gam) is to promote circular multimers of λ
DNA by recombination to generate a substrate suitable
for packaging.

Other λ Functions That Influence the
Mechanism of Red Recombination
The bet, exo, and gam functions discussed above are the
only λ genes required for efficient Red-promoted recom-
bination, because expression of these genes from plasmids
in the absence of other λ functions provided wild-type
levels of phage recombination and recombineering (23,

129). However, other λ functions can influence the
outcome of recombination in the RecA-dependent Red-
promoted pathway, as well as in host-promoted RecA-
dependent events that are independent of the λ Red
functions. Among these lambda phage accessory func-
tions are the λ orf and rap genes (formerly ninB and ninG,
respectively).

Sawitzke and Stahl (130) found that λ red int phage
crosses recombining via the RecF pathway of recombi-
nation (the pathway present in recBCD sbcBC hosts) were
not dependent on RecF. However, a dependency on RecF
(and RecO and RecR) could be observed when the ninR
region of phage lambda was deleted. They identified a
small open reading frame responsible for this effect, and
called it orf. The orf gene was cloned, producing a protein
of 15 kDa that complemented the recombination defects
of λ orf phage. The authors found that Orf expression
from the plasmid does not suppress the conjugational
deficiency of the recO mutant or the UV sensitivity of
the recFOR mutant in E. coli (131). In a later study, these
authors found that in the absence of replication, Orf
is required for focusing recombination in the vicinity
of the cut-site cos in both the RecF and λ Red pathways
(132, 133). This focusing effect is not seen when λ re-
combines via the canonical RecF pathway (i.e., in the
presence of RecF protein, the sbcB15 allele, and the
absence of Orf). Since the role of RecFOR is thought
to displace single-stranded DNA binding (SSB) protein
and load RecA on to ssDNA regions of recombination
intermediates (134, 135, 136, 137, 138, 139), Sawitzke
and Stahl favor a model whereby Orf either displaces or
competes with SSB, thus allowing RecA access to ssDNA
during λ recombination. An additional role of Orf was
proposed from these studies: to protect ssDNA from
digestion by endogenous exonucleases.

In Red-mediated recombination of linear dsDNA sub-
strates containing large regions of flanking homology
into the E. coli chromosome, chromosomally encoded
orf was found to compensate not only for mutations in
recFOR, but in ruvAB and ruvC as well (116). Further-
more, orf expression complemented other host recFOR
defects, including replication of a pSC101-derived plas-
mid and UV sensitivity. The complementation of UV
sensitivity was not observed in a previous study (131),
where the orf function was produced from a plasmid.
In the study by Poteete (116), orf was expressed from
the chromosome by using a controllable promoter at the
galK locus. Thus, differences in the observed phenotypes

Figure 8 Diagram showing how the 3′-ssDNA tails of dsDNA sub-
strates (generated by λ Exo acting on the dsDNA ends) could anneal
to the ssDNA regions of a replication fork. The 3′-ssDNA tail on top
(in green) anneals to an ssDNA region within the lagging strand
template, while the 3′-ssDNA tail on bottom (in red) anneals to an
ssDNA region within the leading strand template (a more infrequent
event perhaps, due to lesser amounts of ssDNA expected on this
template). In either case, the invading duplex becomes one prong of
the new fork, with the annealed strand becoming the new lagging
strand template.
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in these studies could be due to the presence of a resident
plasmid in the study by Sawitzke. In recBC sbcBC strains,
plasmids exist as linear multimeric forms (140, 141),
which might influence recombination/repair events in-
volving dsDNA ends. Alternatively, the differences could
be due to expression levels of Orf, as both studies found
overexpression of orf is lethal to the cell.

If the normal role for RecFOR in λ orf crosses is to dis-
place SSB and help load RecA onto ssDNA, and Orf
can substitute for RecFOR in this capacity, then one
might propose that the role of Orf is to bind SSB and
help displace it from ssDNA during a RecA-dependent
lambda recombination. A test of this notion would be
that a mutation in recA that obviates the need of RecF in
conjugational recombination (the srfA mutation, recA803
[134]), might also work to suppress the deficiencies caused
by the absence of RecF and Orf in RecA-dependent Red-
promoted recombination. This was found not to be the
case, because the RecA803 strain (with no Orf) was unable
to promote RecFOR-independent recombination via the
Red pathway (116).

However, for RecA-dependent recombination via the
Red pathway, it is Beta that must be removed from
ssDNA for replacement by RecA, not SSB. An Orf-
modified SSB may be a specialized modification that
allows RecA to easily displace Beta without interference
from SSB. In partial support of this proposal, Maxwell
et al. (142) found that Orf binds to the E. coli SSB protein.
The observation that λ Orf can suppress the recombi-
nation defects owing to mutations in ruvABC as well as
recFOR is harder to explain, but may be a reflection of the
pleiotropic roles SSB has in many replication, repair, and
recombination processes (143). As suggested by Poteete
(116), an Orf-modified SSB may inhibit a resolution
event that does not lead to productive recombinants, or
activate a RuvABC-independent pathway of resolution.

The study by Maxwell et al. (142) also determined the
crystal structure of the Orf protein. The authors showed
that Orf is an asymmetric dimer in the form of a ring
with a funnel-like channel through its center. In addition,
the study demonstrated that Orf binds to ssDNA. Using
dsDNA substrates containing ssDNA gaps, the authors
determined that ssDNA binds to a U-shaped cleft on
the surface of the protein rather than going through the
central channel (142). They suggested that a fluorescence
quench observed when Orf binds ssDNA could indicate
a conformational change that allows preferential binding

of RecA or Beta. For RecA-dependent Red-promoted
recombination, one would imagine that Orf’s role would
be to bind ssDNA (perhaps guided there by an inter-
action with SSB) and to create a ssDNA conformation
that favors binding of RecA over both Beta and SSB.
In a recent study by Curtis et al. (144), deletion of the
C-terminal 6 residues from Orf resulted in a mutant pro-
tein with reduced DNA binding affinity, an effect also
seen with a W141F mutant. Truncation of the C-terminal
19 amino acids of Orf resulted in a protein that was un-
able to bind ssDNA, but left the protein in a largely un-
folded state. The C terminus of the E. coli SSB protein
is known to interact with numerous replication and re-
combination proteins (145). Interestingly, however, a 10-
residue deletion of SSB’s C terminus did not disrupt the
interaction between SSB and λ Orf, suggesting that some
other region of SSB is responsible for binding to λ Orf.

In RecA-independent Red-promoted recombination (the
ssDNA annealing pathway), the role of Orf is unclear; in
fact, there may be no role at all, as orf is not required for
Red-promoted recombination in freely replicating phage
crosses (130, 146), or in Beta-promoted oligo-mediated
recombineering events (see below). Overall, a complete
description of how Orf mechanistically mediates Red
recombination remains elusive.

Finally, the rap gene (formerly ninG) of phage λ was
originally identified as a function that increased the
level of RecABCD-promoted recombination between a
phage and a plasmid (147) and, hence, received its name
(recombination adept with plasmids). The rap gene is
functionally analogous to the rusA gene of cryptic pro-
phage in E. coli K-12 (148). It encodes a resolvase that can
(along with recG) suppress the UV sensitivity of ruvA,
ruvB, and ruvC mutants. The Rap resolvase has been
shown to preferentially bind and nick artificial Holliday
junctions, and other types of branched DNA structures,
close to the position of strand crossovers. Duplex, par-
tially duplex, and ssDNA substrates are not efficiently
recognized by λ Rap (386). With branched substrates
containing a dsDNA-ssDNA junction, Rap was found to
nick in the duplex regions of the molecules. However,
unlike resolvases such as RuvC from E. coli, phage T4
endonuclease VII and phage T7 endonuclease I, Rap did
not promote symmetrical paired incisions in artificial
Holliday junctions with fixed crossovers, or ones with
limited homology (2 to 3 bp) at the core. It did, however,
promote symmetrical cuts with structures containing
larger regions of homology (11 to 12 bp) at the crossover
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point, with a preference for cutting between 5′G-C3′
dinucleotides (387). These cuts were nicks in duplex
DNA, because they could be repaired by ligase. None-
theless, Rap still produced cuts at other sites in these
substrates, resulting in a moderate degree of asymmetry
in its digestion pattern, often producing products with
three arms (or even one arm), suggesting that some nicks
were occurring opposite one another in one arm of these
artificial Holliday junctions.

Like the orf gene described above, the rap function is not
required for Red-promoted recombination under nor-
mal circumstances, but its effects can be observed with
replication-blocked crosses. Under these conditions, the
focusing of recombination near λ’s cos site (seen with
wild-type λ) is not observed in the absence of orf or rap. It
is believed that the λ Rap resolvase can focus recombi-
nation events in this region by resolving RecA-promoted
strand invasion events before they have a chance to
branch migrate toward other regions of the chromosome
(133). The interdependence of Red recombination on
Rap can be explained by the fact that the host RucC
resolvase can participate in Red-promoted recombina-
tion. In assays measuring RecA-assisted Red-promoted
recombination between a drug-resistance marker (drugR

marker) flanked with ∼1.5-kb homologies to the host
chromosome, recombination was down 35-fold in a recG
ruvC mutant. This defect could be complemented by
expression of the λ Rap protein (149).

GENE REPLACEMENT TECHNOLOGY

Nonreplicating Plasmids:
Cointegrate Formation and Resolution
The ability to knockout a gene of interest is of central
importance in the genetic analysis of bacteria, yeast, and
higher eukaryotes. Historically, in bacteria, gene knock-
outs or replacements have involved the transformation
with nonreplicative plasmids that carry the modified
gene, a selectable marker, and often a counterselectable
marker (e.g., sacB). Conditionally replicative plasmids
include ColE1-derived plasmids that cannot replicate
in polA strains (150, 151), a temperature-sensitive (repA
mutant) pSC101 replicon (152), and phagemid-based
vectors (153). Since the plasmid cannot replicate in the
target host, a drug-resistant transformant is typically the
result of cointegration of the plasmid into the recipient
host chromosome, leaving both a wild-type and modi-
fied version of the gene of interest. Resolution of the

cointegrant, found by screening for the loss of a counter-
selectable marker, results in either restoration of the wild-
type gene or replacement of the gene with its modified
version.

While the cointegrant scheme of gene replacement
has been used successfully for many years in a variety of
hosts, it is often a time-consuming endeavor. The ho-
mologous recombination step between the plasmid and
the chromosome and the subsequent cointegrant reso-
lution event do not occur at high frequencies. Many
times the resolution event restores the wild-type allele
at a high frequency, making the search for the rare
gene replacement more difficult. Finally, cloning of the
gene of interest and construction of the mutant allele
in the nonreplicating vector is a prerequisite for gene
replacement.

Recombination-Proficient Strains of E. coli
An alternative to the use of replication-deficient plasmids
for gene replacement was the use of recombination-
proficient E. coli strains that worked well for transfor-
mation with linear DNA (154, 155, 156, 157). The
common genetic features of these strains included inac-
tivation of the host RecBCD function, and upregulation
of an alternative recombination pathway (either RecE or
RecF pathways). These strains are genetically represented
by ΔrecBCD sbcA (the RecE pathway) or ΔrecBCD sbcBC
(the RecF pathway) (see references 20 and 158 for re-
views). The sbc mutations are suppressors of recBC mu-
tations that turn on alternate recombination pathways
(159). The sbcA suppressor upregulates the recET genes
of the Rac prophage, a defective lambdoid element found
in strains of E. coli used in early studies of homologous
recombination (160, 161). The recE and recT genes con-
stitute the Rac prophage recombination system and are
functionally equivalent to the λ Red functions Exo and
Beta, respectively (162, 163). As discussed above, RecE
is a 5′ → 3′-dsDNA exonuclease, while RecT is classified
as an SSAP that forms rings, anneals complementary
ssDNA, and promotes recombination. The use of the
RecET genes for recombineering is discussed below.

Another suppressor of recBC deficiency is the sbcB15
mutation, a specific mutation in the xonA gene encoding
Exonuclease I, a 3′-ssDNA exonuclease (164, 165) that
inhibits DNA degradation but does not affect DNA
binding of the enzyme (see below). Strains of this genetic
background also spontaneously acquire null mutations in

ASMScience.org/EcoSalPlus 19

λ Recombination and Recombineering

http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10785
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10785
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10829
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10925
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10746
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10813
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10813
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10827
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG11899
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10926
www.asmscience.org/EcoSalPlus


the sbcCD operon (166, 167), inactivating the ScbCD
exonuclease (168), which results in healthier growth of
the strains. The sbcB15 mutation activates the RecF
pathway, which normally promotes recombination away
from dsDNA ends, and allows it to catalyze recombina-
tion using dsDNA ends (169). In wild-type cells, the RecF
pathway is known to be involved in the repair of blocked
ssDNA gaps in replicated DNA (170) and in plasmid
recombination (171). Components of this pathway (e.g.,
RecA, RecF, RecO, RecR) are also involved in the repair
and reactivation of stalled replication forks (172, 173,
174). Interestingly, the sbcB15 mutation differs pheno-
typically from a xonA deletion (164). Zahradka et al.
(175) found that the sbcB15 allele is a stronger suppressor
of the recBC phenotype relative to ΔxonA, and is less
affected by mutations in recF and recQ. These results
suggest that the sbcB15 allele encodes an ExoI protein
with an altered activity that promotes recombination.
This supposition was confirmed by Thoms et al. (176),
who showed that the sbcB15 allele encodes an ExoI
A183V mutant protein, which retains only 1.6% of the
activity of the wild-type protein, yet can still bind to 3′-
ssDNA overhangs. The implication is that the SbcB15
protein (ExoI-A183V) binds to and protects 3′-ssDNA
ends from degradation by other exonucleases, allowing
the ends to survive and participate in RecFOR-mediated
recombination events. The ability of the RecF path-
way (in recBC sbcBC strains) to act upon dsDNA ends
allowed this strain to be transformed with linear DNA for
making chromosomal knockouts and mutations (154,
155, 157).

A third type of strain that has been used as a recipient
for genetic modification by linear DNA carries the recD
mutation (156, 177), which inactivates the exonuclease
function of RecBCD, but leaves the RecBC recombinase
intact (178). All three of these strains share the common
features of inactivating the powerful RecBCD dsDNA
exonuclease activity, while activating an endogenous re-
combination system.

The Onset of Red Recombineering
The use of recombination-proficient E. coli strains recBC
sbcA, recBC sbcBC, and recD facilitated making mutants
in this bacterium by a new approach, via transformation
with a linear DNA species consisting of a drugR marker
flanked by regions upstream and downstream of the
targeted gene. Cointegrant formation and resolution
events are not required to form a recombinant, but such

reconstructions were limited to the specialized genetic
backgrounds. Also, for investigators studying bacteria
other than E. coli (including pathogenic species), the only
pathway for targeted gene disruption was still the time-
consuming use of nonreplicative plasmids (described
above) carrying the truncated (or modified) gene of in-
terest. It was recognized in 1998 (23) that E. coli cells
expressing the λ Red system and the λ Gam pro-
tein should mimic the phenotypes of recombination-
proficient recBC sbcA, recBC sbcBC, and recDmutants, in
that the RecBCD enzyme was inhibited by λ Gam, and an
alternative efficient recombination system (by λ Beta and
Exo) was established. Since these functions had been
supplied on plasmids and expressed in vivo (129), they
could conceivably offer an easier method for gene re-
placement technology for bacterial species other than
E. coli, including pathogenic species of bacteria. With
that supposition, linear DNA fragments were constructed
that contained drugR markers flanked by 1 kb of target
DNA and electroporated into cells containing red and
gam-expressing plasmids (23). The choice of 1-kb re-
gions of homology reflected the belief at that time that
dsDNA phage recombination systems work on DNA of
such lengths (179, 180). In these experiments, expression
of the Red system increased recombination yields 1 to 2
orders of magnitude relative to recBC sbcBC and recD
hosts (23).

This study first demonstrated the use of PCR products
as substrates for Red-promoted recombination. These
substrates, however, contained 1 kb of flanking homology
and the recombination observed was largely dependent
on RecA. Thus, recombination with these substrates pro-
ceeded through the RecA-promoted pathway of λ Red
recombination discussed above. In any case, λ Red +
Gam expression not only provided a cellular environ-
ment for easy transformation of linear DNA substrates,
but it also created a hyper-rec phenotype to a greater
degree than the recombination-proficient strains it was
trying to mimic. This result was unexpected.

Later that year, Stewart and coworkers, using the E. coli
Rac prophage RecET recombination system (181), rec-
ognized that PCR-generated fragments with as little as
42 bp of homology could also serve as efficient substrates
for gene replacement in E. coli. Furthermore, the use of
such small homologies revealed that this recombination
was RecA-independent. The use of short homologies
was a dramatic development, because flanking homolo-
gies could now be incorporated into PCR substrates by
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primer design, and thus the requirement for construc-
tion of plasmid-derived substrates containing long re-
gions of homology was obviated. Zhang et al. (181)
also showed that RecET could modify both plasmid and
chromosomal DNA, and demonstrated the use of Flp
and Cre with this new technology that could be
used to make markerless gene deletions. The use of
recET+ recombination also required inactivation of the
RecBCD dsDNA exonuclease by coexpression of the λ
gam gene.

The lambda Red system can also promote recombination
with PCR-generated substrates containing short regions
of homology. Datsenko and Wanner (182) showed that
red and gam, under control of the PBAD promoter and
expressed from a low copy number pSC101 replicon,
promoted recombination with PCR substrates carrying
36-bp flanking homologies. They also described the
use of FRT sites to generate markerless deletions. In the
initial description of the Red system of gene replacement
(23), the red genes were driven by the Plac promoter from
the chromosome and induced with IPTG (isopropyl-β-D-
thiogalactopyranoside), which promoted recombination
with long homology substrates of 1 kb, but very poorly
with PCR-generated substrates. However, when substi-
tuted with the stronger Ptac promoter, high levels of re-
combination were generated with PCR substrates as
well, suggesting that high levels of the Red proteins
are required for recombination with PCR substrates
containing short homologies ([183]; unpublished obser-
vations). Don Court and his colleagues developed an
expression system whereby the red and gam genes were
produced from a defective prophage and driven by the
strong PL promoter (184). The defective prophage had
its lysis, replication, and structural genes removed and
carried the temperature-sensitive repressor cI857. Thus,
the red and gam genes are induced by incubation of
cells at 42°C for 15 min. This system, with its high ex-
pression and tight control in the uninduced state, has
the advantage to better control the levels of Red pro-
teins within the “recombinogenic window,” thus pre-
venting illegitimate events that might possibly occur in
the uninduced state, especially when dealing with re-
petitive elements and large eukaryotic DNA cloned into
BACs.

The high efficiency of Red and RecET-promoted re-
combination with such short regions of homology has
allowed E. coli geneticists to perform PCR-mediated
gene replacements that yeast geneticists have performed

for years (185, 186, 187). This technology for engineer-
ing bacterial chromosomes using phage recombination
systems has been termed recombineering (188, 189) and
is now the common way to create gene knockouts in
the E. coli chromosome. It allows investigators to alter
single base pairs in their genes of interest, insert large
regions of heterologous DNA, create small or large dele-
tions, construct chromosomal transcriptional or trans-
lation fusions, and take control of gene expression by
insertion of a controllable promoter into an endogenous
operator. Together with site-specific systems of Cre and
Flp, almost any imaginable reconstruction of the genome
is possible, providing that the essential functions of E. coli
are left intact.

RECOMBINEERING – METHODS AND MATERIALS

Sources of Red
To promote recombineering in E. coli, the λ red and gam
functions can be expressed from a plasmid, a defective
lambda prophage, or encoded within the bacterial chro-
mosome. Recombineering protocols have been published
previously (4, 5, 6, 7), and some of the details of these
procedures differ in minor ways from the description
presented below, in large part because of the source of the
Red functions. Significant alterations between protocols
are addressed here, although the reader should refer to
these descriptions if using alternate sources of the Red
functions.

The most popular (and practical) method is to express
red and gam from a plasmid that can be later lost due to
a heat-sensitive origin of replication. This setup allows
one to cure the target cells of the Red/Gam-producing
plasmid following gene replacement, by growth of the
recombinant at 42°C (182, 183, 190). Alternatively, the
plasmid can encode the counterselectable marker sacB
to select for cells that lost the plasmid by outgrowth
on sucrose-containing plates (191, 192). The expression
of red should also be controllable, because constitutive
expression of Red results in increased levels of sponta-
neous mutagenesis (183). Typically, controlled expres-
sion of red and gam is done by utilizing promoters Plac,
PBAD, or the early PL promoter of phage λ. The repressors/
activators associated with these promoters driving the red
and gam genes (lacI, araC, and cI857 repressor, respec-
tively) are also expressed from these plasmids, making
them useful in a variety of E. coli and non-E. coli hosts.
Table 1 lists details of some Red-producing plasmids,
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and sources for other vectors commonly used for Red
recombineering containing other drugR markers.

By and large, the choice of one or the other among
these vectors (and their derivatives) depends on details
of the strain under construction and investigator pref-
erence. The use of pSIM5 and its derivatives has been
promoted because of its high expression and tight re-
pression of the red and gam functions (190). In this
study, side-by-side comparisons showed that the PBAD

expression-vector pKD119 was down 10-fold relative to
pSIM5 for recombineering of PCR-generated substrates.
In similar comparisons, the Ptac-gam-red operon of
pKM208 gave identical recombination frequencies rela-
tive to pSIM5 (unpublished observations). In addition,
pKM208 has worked in pathogenic species of E. coli
(e.g., EHEC) where pKD46 has failed to generate re-
combinants (unpublished observations), probably a re-
sult of the higher expression level of the red genes with
Ptac relative to PBAD in this host. On the other hand, in
E. coli K-12, PBAD-driven Red recombineering has been
widely employed as a standard technique (193).

In some circumstances, however, it is beneficial to have
the red and gam functions expressed from the chromo-
some. This is the case when the recombineering target is
either a BAC or a resident plasmid. The Court laboratory
has generated a number of strains where red and gam are
expressed from their endogenous promoter (PL) within
a defective prophage. The recombination functions are
induced by heating the cells to 42°C for 15 min to in-
activate the thermo-labile cI857 repressor. The heating
step is limited to 15 min to prevent killing of the host by
phage kil and gam functions. Once induced, the cells are
highly recombinogenic, and can be used to modify BACs
and plasmids with PCR substrates or single-stranded
oligos (184, 188, 189). This setup can also be used to
modify chromosomal genes. In this case, after the mod-
ification, the prophage can be removed by a subsequent
recombination event, or the modified allele (if marked)

can be transferred to a clean genetic background by P1
transduction.

Nonprophage chromosomally encoded red functions
for recombineering have also been constructed. Strain
KM22 contains a replacement of the recBCD genes of
E. coli with a Plac-bet-exo operon (23). (The gam gene was
not included since its target genes [recBCD] had been
deleted.) A later strain (KM34) was constructed where
the recBCD region was again deleted and replaced with
the red function driven by the stronger Ptac promoter
(unpublished observations). While both strains could
perform gene replacement with substrates containing
long regions of homology (∼1 kb), KM34 was ∼100-fold
more proficient for recombineering with PCR substrates
flanked by 40 bp of target homology (unpublished ob-
servations). This result revealed that higher levels of Red
functions are necessary to promote efficient Red recom-
bineering with short homologies (40 bp).

Recombineering Substrates
The real versatility of the λ Red recombineering tech-
nology is that PCR products can be used directly as re-
combination substrates in a one-step electroporation
protocol. The basic steps of the procedure are listed in
Fig. 9A. A drugR marker is used as the template for PCR,
and primers are designed to generate a PCR product
that contains the drugR marker (along with its regulatory
region[s]) flanked by 40 to 50 bp of the target sequence.
Typically, 20 bases on the 3′ end of the primers are
complementary to the drug-resistance cassette, while
40 to 50 bases of the 5′ end of the primers contain tar-
get sequences (see Fig. 9B). One must take care not to
use intact plasmids as a template for the PCR, because
they will transform cells at high frequency and show up
as false positives for gene replacement. To circumvent
this problem, use gel-purified (ori–) plasmid fragments
for templates or colony PCR where drugR markers are
chromosomally located. Alternatively (or in addition),

Table 1 Plasmids expressing λ red and gam

Plasmid Operon Origin DrugR marker Reference Source
pSIM5 PL-gam-bet-exo pSC101 CamR 190 http://redrecombineering.ncifcrf.gov/

strains–plasmids.html

pSIM9 PL-gam-bet-exo pRK2 CamR

pKM208 Ptac-gam-bet-exo pSC101 AmpR 183 www.addgene.org

pKD46 PBAD-gam-bet-exo pSC101 AmpR 182 http://cgsc.biology.yale.edu/

pRed/ET PBAD-gam-bet-exo-recA pSC101 TetR 388 www.genebridges.com
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treat the PCR product with DpnI, which cuts only
methylated DNA (i.e., the plasmid template) prior to
electroporation. A drugR marker contained within a non-
replicating vector is also an option for a useful PCR
template (182). A number of DNA templates to amplify
drugR markers, along with suggested priming sequences,
are listed in Table 2. Many of these genes are found
within plasmids already present in most laboratories. The
PCR substrates are then either ethanol precipitated or
cleaned by column purification (e.g., Qiagen PCR puri-
fication kit), redissolved in 10 mM Tris-HCl, pH 8.0 (or
water) and used directly in the electroporation protocol
(see below).

Preparation of Electrocompetent/Recombinogenic
E. coli Cells
The basic steps for the preparation of recombinogenic/
electrocompetent E. coli cells is that they are grown to

mid-log phase in LB media, are induced for expression
of the red and gam functions, and then washed exten-
sively with ice-cold 10% glycerol (or water) to remove
any trace of salt from the growth medium. The standard
protocol in our laboratory uses the lacI-expressing
pKM208 (AmpR) plasmid, which is a low copy number
vector that contains a Ptac-gam-red operon (183). An
overnight culture of cells containing pKM208 is grown at
30°C in LB containing 100 μg/ml ampicillin. A 100-μl
aliquot of the overnight culture is inoculated into 20 ml
of the same medium, and the culture is swirled at 30°C.
(This volume is enough for 2 electroporations and can be
scaled up as needed.) The 30°C temperature is important,
because most of the Red-producing plasmids used for
recombineering have temperature-sensitive origins of
replication, allowing the cells to be cured of the plasmid
following gene replacement by growth at 42°C. Also, cells
containing the defective prophage system of Yu et al.
(184) must be grown at 30°C to repress the otherwise

Figure 9 Gene replacement and verification of recombinants using recombineering. (A) Outline of the basic steps involved in recombineering.
(B) Primer design for gene replacement and verification. The 3′ ends of primers 1 and 2 contain 20 bp for amplification of the drugR marker
(including regulatory regions), while the 5′ ends of the primers contain 40 to 50 bp of sequence that flank the target gene (red lines). Primers 5 and
6 are used to verify the 5′ junction of the recombinant, and primers 7 and 8 are used to verify the 3′ junction of the recombinant. Primers 5 and
8 can be used to verify loss of wild-type sequence (either by agarose gel or restriction enzyme analysis). Alternatively, primers 3 and 4 are designed
to generate an internal fragment of the target gene. This product should be absent in the recombinant.
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lethal expression of the prophage functions. At a cell
density of 107 cells/ml (A600 ∼ 0.05 to 0.1), IPTG is added
to a final concentration of 1 mM. When the cell density
reaches ∼108 cells/ml (A600 ∼ 0.5), the culture is moved
to a 42°C water bath and swirled for an additional 15
minutes. This heat shock step is not absolutely necessary,
but has been shown to increase recombination efficiency
at some loci (unpublished observation); the mechanism
of this effect is not understood. For the cells contain-
ing the defective prophage, this heating step is required,
because it results in induction of the red and gam re-
combineering functions. The cells are then placed in an
ice-water bath for 10 min, collected by centrifugation
(6,000 rpm in SS34 Sorvall rotor), and resuspended in
2 ml of ice-cold 10% glycerol. This small volume allows
for easy resuspension of the cells. The mixture is gently
suspended with a 1-ml pipetman (no vortexing) and
diluted with 18 ml of cold 10% glycerol. The cells are
mixed by inverting the tube 3 to 4 times and collected
by centrifugation as described before. The pellet, which
should be handled with care so as not to loosen it, is
collected immediately after centrifugation, resuspended
in 1 ml of 10% glycerol and transferred to a sterile 1.5-ml
microcentrifuge tube. The cells are spun at 10k for 1 min
at 4°C, the supernatant carefully removed, and the pellet
resuspended in 1 ml of 10% glycerol. The wash step is
repeated once more. The cells are finally suspended in
90 μl of ice-cold 10% glycerol, placed on ice and used
immediately. While cells can be frozen at this point for
later use, the highest recombineering efficiencies come
from the use of freshly prepared cells. In a similar pro-
tocol using a strain containing the defective prophage to

produce Red and Gam functions, 3 ml of cells are grown
in LB to 7 × 108, heat shocked at 42°C for 15 min, washed
several times in cold water, and resuspended in 50 μl of
water containing DNA substrates for electroporation
(194, 195).

Electroporation and Plating
Electroporation cuvettes (0.1 cm) are cooled on ice at
least 10 min prior to electroporation. Electrocompetent
cells (50 μl) are mixed with 50 to 300 ng of DNA sub-
strate in a sterile Eppendorf tube, transferred to the
cooled cuvette, and kept on ice for an additional minute.
In some instances, 1 to 20 ng of a circular plasmid con-
trol (containing a drugR marker distinct from the PCR
substrate) is included in the mix as a means to measure
electrocompetence. The cuvette is wiped dry and the cells
are shocked at 1,800 V, 25 mF, and 200 ohms (para-
meters that are often included in a standard profile in
electroporation controllers for E. coli cells using 0.1-cm
cuvettes, e.g., BioRad Genepulser Xcell). The volume of
DNA added to cells should be limited to reduce the salt
content of the mixture. Typically, we use between 1 and
3 μl of DNA (in 10 mM Tris-HCl pH 8.0 or water) per
50 μl of cells. The time constant (τ) is the amount of
time it takes for the initial voltage to drop to 37% of its
initial value, and is an important parameter to monitor.
It typically should be around 5 msec for E. coli cells using
a 0.1-cm cuvette. If the sample is contaminated with
salts, the time constant will typically fall, resulting in
lower numbers of transformants. The volumes of cells
used can be reduced to as much as 25 μl using a 0.1-cm

Table 2 Drug-resistance cassettes used for λ Red recombineering

Antibiotic Gene(s) Primer pair Drug conc.
(μg/ml)

Cassette length
(base pairs)

Ampicillin Tn3 bla 5′-CGCGGAACCCCTATTTGTTT-3′
5′-GGTCTGACAGTTACCAATGC-3′

50 975

Tetracycline Tn10 tetRA 5′-CTCGACATCTTGGTTACCGT-3′
5′-CGCGGAATAACATCATTTGG-3′

7 1,996

Kanamycin Tn903 aph (type I) 5′-CACGTTGTGTCTCAAAATCTC-3′
5′-TACAACCAATTAACCAATTCTG-3′

20 944

Kanamycin Tn5 aph (type II) 5′-TATGGACAGCAAGCGAACCG-3′
5′-TCAGAAGAACTCGTCAAGAAG-3′

20 949

Chloramphenicol Tn9 cat 5′-TGAGACGTTGATCGGCACGT-3′
5′-ATTCAGGCGTAGCACCAGGC-3′

10 822

Spectinomycin Tn21 aadA 5′-AAACGGATGAAGGCACGAA-3′
5′-TTATTTGCCGACTACCTTGG-3′

20 1,080

Gentamicin Tn1696 aacC 5′-CGAATCCATGTGGGAGTTTA-3′
5′-TTAGGTGGCGGTACTTGGGT-3′

10 616
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cuvette. Alternatively, more cells (100 μl or more) can be
used with wider-gap cuvettes (0.2 cm). If used, the 0.2-cm
cuvettes require higher voltage for electroporation (see
manufacturer’s suggestions).

Following the shock, the cells are collected with 0.5 ml
osmotically neutral SOC, diluted into 2.5 ml SOB, and
allowed to recover by rolling at 37°C for 1.5 to 2 h.
We have also used LB (containing 5 mg/ml NaCl) for
this purpose with little difference, although LB con-
taining higher salt concentrations may be detrimental
to survival of electroporated cells. Various aliquots of
the culture (100 to 500 μl) are then plated on drug-
selection plates at 37°C (or 30°C for the defective pro-
phage system). Dilutions of the culture (100 μl of 10−4

and 10−5) are plated on LB plates to determine the total
numbers of survivors. Recombineering frequencies are
reported as recombinants per 108 survivors, or alterna-
tively, as recombinants per competent cell. The compe-
tency of electroporation is determined as the frequency
of recombinants per microgram of closed-circular plas-
mid DNA. The electrocompetence frequency of the cells
should be on the order of 107 transformants per μg of
supercoiled plasmid, or higher. Reported recombineer-
ing frequencies of 0.001 to 0.1% of electrocompetent
cells should thus give rise to 10 to 1,000 recombinants
per 100 ng of a dsDNA (PCR) substrate. The actual
numbers of recombinants in any electroporation will
vary depending on the fraction of total cells that are
electrocompetent, the total numbers of cells that survive
electroporation, and the amount of DNA that is elec-
troporated. In addition, some loci in the chromosome are
more recombinogenic than others, for reasons that are
not completely understood (183).

Recombinant Selection and Verification
Following electroporation, the cells are grown out for a
period of time to allow for in vivo expression of the drugR

marker. This is typically 1 to 2 h, but overnight growth
is sometimes necessary to achieve significant number
of recombinants. One should use a drug concentration
that is low enough for single-copy drug-resistant gene
expression from the chromosome, but high enough to
suppress background growth of nonrecombinants (see
Table 2 for typical drug concentrations used in recom-
bineering). For drug-resistant transformants, restreaking
of the candidates on drug-containing plates is typically
done to verify the resistant phenotype, because false
positives are possible. In cases where one is selecting or

screening for a recessive allele (e.g., sacB− or an auxo-
troph), extended outgrowth (∼4 to 5 h) is required to
segregate the modified chromosome from wild-type
chromosomes.

PCR is typically used to verify the chromosomal structure
of the recombinant. Primers are used that target the
drugR marker and a chromosomal region adjacent to
the gene replacement, but not within the recombineering
substrate (see Fig. 9B). Both the 3′ and 5′ junctions of
the gene replacement should be examined. The primers
should be selected to generate PCR products that are
between 500 and 700 bp. These sizes are generally easy
to generate by PCR and are readily distinguished from
PCR artifacts (e.g., primer dimers). Alternatively (or in
addition), one can use primers that flank the gene re-
placement. The PCR product of a true recombinant
(compared with wild type) can be verified by a difference
in gel mobility, altered restriction enzyme pattern, or
sequencing. Finally, a set of primers amplifying an in-
ternal region of the target gene should be used to verify
its absence in the gene knockout. This test is important
because recombineering can sometimes occur in cells
that have duplicated regions of their chromosomes,
allowing both the target gene and a marked replacement
to be present simultaneously. These duplicated regions
can exist in a subpopulation of the cell culture, or arise
as a consequence of an aberrant recombineering event.
Such events occur rarely in E. coli, but quite often in
M. smegmatis and Mycobacterium tuberculosis using the
Che9c RecET system (unpublished observation).

RECOMBINEERING WITH SINGLE-STRANDED OLIGOS
In λ Red recombination, the role of λ Exo is thought to
generate single-stranded DNA ends for the binding of
the λ Beta protein. Ellis et al. (188) recognized that Beta
alone might anneal a ssDNA substrate without the need
for λ Exo activity. They tested this idea by electropora-
tion of E. coli expressing only Beta and Gam with 70 nt
single-stranded oligo (SSO) targeting an amber muta-
tion within the galK gene. A frequency of 2 × 105 galK+

recombinants per 108 survivors of electroporation was
found using 10 ng of a synthetic oligo. This rate is higher
than that typically found with dsDNA PCR substrates.
Amazingly, Ellis et al. (188) also found that a 70-nt oligo
mediated deletion of a 3.3 kb region of chromosomal
DNA. The deletion frequency occurred at the same fre-
quency as changing a single base pair, a result leading to
interesting speculations regarding the mechanism of Red
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recombineering (see “Mechanisms of Recombineering”
below). Examining the homology length dependency,
they found that when, instead of a 70-mer, a 40- to 60-nt
oligo was used, the recombineering frequency dropped
5-fold, whereas, with a 30-nt oligo, the frequency
dropped 44-fold. This same homology length depen-
dency is also observed for recombineering with dsDNA
substrates, and is consistent with the minimum length
of∼36 bases for efficient λ Beta binding to ssDNA (196).

Another key finding in the study by Ellis et al (188) was
that oligos that targeted the lagging strand template gen-
erated recombinants at a frequency 2- to 50-fold higher
relative to oligos that targeted the leading strand tem-
plate. It was reasoned that the increased single-stranded
nature of the discontinuous lagging strand template
lends itself to more efficient annealing of ssDNA oligos
by the λ Beta protein. The same finding had been seen
earlier with transformation of ssDNA oligos into yeast
cells (197, 198), with similar explanations. While there
is evidence that transcription also may have role in the
strand bias of gene targeting with oligos in yeast (199),
replication is believed to be the predominant factor for
this bias in a number of experimental systems examined
(see reference 200 for review). This lagging strand bias is
also observed in other bacteria, including M. tuberculosis
and P. aeruginosa, when Beta-like functions from en-
dogenous phages are used for SSO-mediated recom-
bineering (201) (Murphy, unpublished). In these cases,
the strand bias can be quite dramatic (103 to 104 fold)
which may reflect a more restricted capability of target-
ing the leading strand template in these strains relative
to E. coli. This strand bias of λ Beta-promoted oligo
annealing led to the proposal that the λ Red proteins
target the replication fork during oligo-mediated recom-
bineering. Such mechanistic models are discussed in
more detail below.

High rates of target gene alteration allow for screening
of unselected mutations, where the mismatch amplifi-
cation mutation assay (MAMA) PCR can be used to
identify candidates that carry a 1-bp change (202, 203).
In this scheme, one of the two primers in a PCR con-
tains two 3′-terminal bases that do not pair with the
wild-type target; no PCR product is generated. With a
mutant target site, the 3′-terminal base anneals, but not
the penultimate base, and a PCR product is produced,
allowing one to identify the presence of the mutant
allele in pools of candidates. When the PCR is performed
with a common temperature for annealing and extension

(60°C) and an extended number of cycles (40), MAMA-
PCR was able to identify the desired change in the Brca2
gene contained on a BAC vector in 11 of 93 pools tested
(203). Similarly, MAMA-PCR was also used to find
single base pair changes in the M. smegmatis chromo-
some following phage Che9c RecET-promoted SSO-
recombineering (121). In this case, positive clones were
enriched by coelectroporation of the oligo with a circular
HygR plasmid. The addition of hygromycin selects for
cells that are electrocompetent within a population, thus
enriching for cells that also take up the oligo. Selecting
first for HygR, MAMA-PCR identified oligo-mediated
changes in 3 to 5% of the M. smegmatis colonies.

When an oligo designed to create a base pair change
anneals to its chromosomal target, it creates a mismatch,
which is a substrate for the mismatch repair (MMR)
system of E. coli (204, 205). Thus, MMR is predicted to be
inhibitory to Red-promoted SSO-mediated recombineer-
ing. This prediction was fulfilled when Constantino and
Court (206) showed that mutants of the E. coli MMR
system increased SSO-mediated recombineering rates
∼100-fold, producing recombinants that approached
25% of the survivors of electroporation. The effect
was dependent on the type of mismatch present. Oligos
that created mismatches that are good substrates for
MMR (G/G, T/C) showed 50- to 300-fold increases in
recombineering rates in MMR-deficient hosts. Mis-
matches that are poorly repaired by the MMR system
(C/C) gave high rates of Red-promoted SSO-mediated
recombineering, whether MMR was defective or not.
Thus, to avoid the use of MMR-deficient hosts, oligos
that create a C/C mismatch can be used to obtain a
very high frequency of oligo-mediated mutagenesis by
Beta-promoted recombineering (206). For instance, an
appropriately positioned tyrosine codon (TAC) or serine
codon (TCA) could be easily converted to stop codons
TAG and TGA, respectively. Alternatively, one can take
advantage of the fact that multiple mismatches in a row
(four to six) are not recognized by the MMR system
(207). In a two-step method to generate a single base
pair change using SSO-mediated recombineering, Yang
and Sharon designed an oligo to make six consecutive
changes in a small region of the target gene at high fre-
quency (208). In the second recombineering step, all of
them are changed back to the original sequence, with the
exception of the desired base pair change. The changes
are made in the wobble position of the coding regions of
the target gene, and are thus silent mutations that do not
alter the protein amino acid sequence.
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Li et al. (209) examined the role of E. coli exonuclease
functions in Red-promoted oligo-mediated recombi-
neering in E. coli. They found that inactivation of the
majority of exonucleases in the cell did not significantly
alter the rate of oligo-mediated recombineering when
saturating levels of the oligo were used (∼100 ng).
However, a mutation that eliminated the 5′-3′ Exo ac-
tivity of Pol I resulted in a 9-fold decrease in recom-
bineering with a lagging strand oligo, and a 5-fold
decrease with a leading strand oligo. By contrast, Poteete
found no effect on Red-promoted oligo-mediated re-
combineering in strains containing either a knockout
of the Pol I 5′-3′ Exo activity, or a strain containing
an inactivation of the Klenow fragment (Pol I poly-
merase and its corresponding 3′-5′ Exo activity) (210).
(However, the Pol I 5′-3′ Exo-deficient strain in this
study did show a 6-fold reduction in recombineering
with a dsDNA substrate.) The differences in the effects
of Pol I 5′-3′ Exo- mutants in these studies is not known,
but may have to do with variabilities of electroporation.
The study by Li et al. reported recombinants as GalK+

transformants per 108 cell survivors, while Poteete re-
ported strepR transformants per electroporated cell, using
a coelectroporated plasmid to determine the transfor-
mation efficiency. Alternatively, the contrasting results
with the Pol I mutants in these studies may have to do
with differences in recombineering efficiencies between
the two different targets sites (perhaps as a result of con-
text effects).

The study by Li et al. (209) also examined the processing
of oligos by cellular exonucleases. By using oligos that
created mismatches in the wobble positions of the galK
gene and employing a mismatch repair-deficient host,
the authors were able to examine the loss of markers at
different positions in the oligo owing to processing of the
ends of the oligo by cellular exonucleases in vivo. (None
of the mutations altered the amino acid residues of the
GalK protein, except for the change that corrects the
amber mutation.) In wild-type cells, markers were lost
in the recombinants from both the 3′ and 5′ ends of the
lagging strand (in 15% and 10% of the recombinants,
respectively). The leading strand oligo experienced a
greater loss of markers from the 3′ end (44% of the re-
combinants), while showing similar rates of loss from the
5′ end (13% of recombinants). With both oligos, a small
percentage of recombinants showed loss of markers from
both ends (2 to 7%). These results show that there is
processing of the oligos in vivo, and, given the differences
between the digestion patterns of lagging and leading

strand oligos, exonucleolytic digestion is likely to occur
while the oligo is annealed to ssDNA regions of the
replication fork.

A host containing mutations of all four known ssDNA
exonuclease functions (ExoI, RecJ, ExoIII, and ExoX) had
only a minor effect on marker loss from the 3′ end of the
leading strand oligo (when saturating levels of oligos
were used); no major effects were observed with the
lagging strand. However, recombinants generated in a
strain mutant for the Pol I 5′-3′ Exo activity showed
complete retention of markers from the 5′ end of the
lagging strand oligo, with no effect on markers from the
3′ end; the rates of markers lost from the leading strand
oligo were the same as wild-type cells. Clearly, among the
exonucleases in vivo, the Pol I 5′-3′ Exo activity has the
greatest effect on processing of oligos at the replication
fork. This result was not unexpected given the role of
Pol I at filling in the ssDNA gaps at the replication fork
(211, 212, 213). The authors also examined mutations
in the 3′-5′ proofreading exonuclease activity of dnaQ,
which is part of the Pol III holoenzyme. Here, instead
of retention of 3′ markers that might be expected, the
authors found an increase in the loss of 5′ markers for
both oligos (the effect was greater on the leading strand).
The authors attributed this effect to the lower pro-
cessivity of Pol III in the dnaQ mutant (214), which
results in increased loading of Pol I (with its 5′-3′ Exo
activity). Pol I would then promote 5′-marker loss as
described for the lagging strand oligo.

Other notable points regarding Red-promoted oligo-
mediated recombineering made by these investigators
are the importance of homology at the ends of the oligos,
especially the 5′ end. It is imagined that exonucleolytic
processing of the 3′ end can be restored by the poly-
merase activity of Pol I. The same cannot be said of 5′
homology, which, when modified by bases to create mis-
matches following annealing, results in much greater loss
of recombinant formation (about 100-fold) relative to the
3′ end. Finally, internal mismatches created by the oligo
after annealing do not interfere with recombination levels
as long as both 3′- and 5′-terminal homologies (∼20 bp)
are present. These studies were all performed in a mis-
match repair-deficient host.

In a study to optimize the conditions for Red-promoted
oligo-mediated recombineering in E. coli, Sawitzke et al.
(215) suggest the following rules: (i) use a 70-base oligo,
(ii) target the lagging strand template, (iii) electroporate
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at least 100 ng of oligo (∼3,000 copies/bacterial cell),
(iv) avoid mismatch repair correction, and (v) keep the
altering base(s) in the center region of the oligo. The
avoidance of MMR can be achieved by the inclusion
of four to six mismatches at the wobble positions in
the oligo surrounding the targeted base(s). These opti-
mized conditions are good starting points for establish-
ing oligo-mediated recombineering in other bacterial
strains.

Recent results with Pseudomonas syringae and Legionella
pneumophila have shown that oligo-mediated recom-
bineering can occur in the absence of an exogenously
expressed SSAP (216). The amount of oligo required is
much higher (50-fold) relative to concentrations used for
Beta-promoted oligo-mediated recombineering, and the
frequencies are significantly lower (10- to 1,000-fold). An
even lower, but measurable level of SSAP-independent
oligo-mediated mutagenesis is evident with E. coli and
Salmonella, demonstrating that oligo-mediated recom-
bination can occur in the absence of any SSAP function
in these bacteria. Interestingly, Dutra et al. (217) have
found that E. coli missing three to four ssDNA exonu-
cleases can easily be transformed with oligos in an SSAP-
independent manner. This result suggests that one of
the roles of the Beta protein in oligo-mediated recom-
bineering (besides its annealing function) is to protect
the oligo from cellular exonucleases. This idea is con-
sistent with the high concentrations of oligos required
for P. syringae oligo-mediated recombination, which
presumably saturate the endogenous exonuclease func-
tions in vivo, allowing SSAP-independent recombina-
tion to take place. In another study, the presence of
carrier DNA (which contained no homology to the E. coli
chromosome) resulted in higher rates of Beta-promoted
recombineering when low concentrations of the tar-
geting oligo were present (215), again suggesting that
endogenous ssDNA exonucleases can interfere with
oligo-mediated recombineering. Consistent with this
interpretation, the carrier DNA effect was not seen in a
strain missing four of its ssDNA exonucleases (RecJ,
ExoI, ExoXII, and ExoX). The frequency of SSAP-
independent oligo-mediated mutagenesis in L. pneumo-
phila also showed an increase in a host deficient for
endogenous nucleases RecJ and ExoVII (218). However,
the lack of an effect on mutagenic frequencies with oligos
that are blocked at their 3′ ends suggest a different
mechanism than that observed with λ Beta-promoted
recombineering (see “Mechanisms of Red Recombi-
neering” below).

SITE-SPECIFIC RECOMBINATION SYSTEMS
The site-specific recombinases Flp and Cre have been
used for the past 20 years to create insertions, deletions,
inversions, and translocations in the chromosomes of
bacteria, yeast, plants, Drosophila, and mammalian cells
(219, 220, 221, 222, 223, 224, 225). These site-specific
recombinases (SSR) act on pairs of their target sites.
When on different DNAs, SSR systems promote inser-
tion of one DNA molecule into the other. When target
sites are on the same DNA, SSR systems can delete the
intervening sequence (if the target sites are direct repeats)
or invert the intervening sequence (if the target sites are
in an inverted orientation). When combined with the
efficiency of recombineering, the use of SSR target sites
to manipulate the bacterial chromosome allows almost
any genetic alteration to be made. In particular, the Cre-
mediated deletion of drugR markers contained between
two direct loxP sites (locus of crossover X in P1) has been
most useful to date to create drugR marker-free gene
deletions in bacterial chromosomes and episomes. The
fact that Cre recombines with loxP at high efficiency,
without the need of any host factors, allows this system to
be used in virtually any cell. In fact, it’s been exploited
most often in mammalian cell systems for the construc-
tion of conditional mouse mutations and knockouts (219,
223, 226). The uses of SSR systems in the generation of
insertions and deletions into bacterial chromosomes are
discussed below.

COUNTERSELECTION SCHEMES
Counterselection schemes (also known as negative selec-
tion) allow one to select for the absence of a gene, and
replace it with virtually any possible modification desired
(insertion, deletion, or substitution) without leaving be-
hind any scar. One of the most popular and useful mar-
kers for this purpose is the sacB gene from Bacillus subtilis.
The SacB protein is a levansucrase that transfers fructo-
syl residues from sucrose to various cellular constituents.
Thus, the expression of sacB is lethal in E. coli (and many
other bacteria) only in the presence of sucrose (191).

The use of sacB in such counterselection schemes has
been used for many years, most often in nonreplicating
plasmid-based classical gene replacement strategies to
select for loss of a cointegrant. With recombineering
technology, it has been used to make precise in-frame
gene deletions in the chromosome, with no exogenous
DNA left behind at the target site (183, 189). In practice,
the sacB gene is typically linked to a drug selection
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marker, for example, the cat gene conferring resistance to
chloramphenicol. The cat-sacB cassette is then used as a
template in a PCR to generate a dsDNA recombineering
substrate, where the cassette is flanked by 50 bp of target
gene sequence (Fig. 10). The sequences can be selected
to either delete the target gene, or to create a simple in-
sertion. Once the recombinant is selected and verified
(CamR and SucS), and demonstrated to still retain the
Red-expressing plasmid (e.g., AmpR), a second recom-
bineering event is performed to replace the cassette
with a dsDNA fragment (or ∼70-mer oligo) that con-
tains the desired mutation (red rectangle in Fig. 10). The
drugR marker-free recombinant is selected on sucrose-
containing plates (the counterselection step), verified by
its sensitivity to chloramphenicol, and the presence of
the modification is verified by sequencing.

Recently, combining sacB into a cassette with tetA has
increased the sensitivity of counterselection (227), elim-
inating the appearance of false positives to a large degree.

Plating cells on plates containing both sucrose and
fusaric acid increased the selectivity of counterselection
by many orders of magnitude.

Other counterselection schemes have also been described.
Wong et al. reported on a well-known scheme where the
thyA gene is used as both a positive and a negative se-
lection marker (228). The thyA gene encodes thymidylate
synthase, an enzyme involved in the synthesis of dTTP
from dUMP; it is essential for the synthesis of DNA.
It requires tetrahydrofolate (THF) as a cofactor. THF is
synthesized from dihydrofolate (DHF) by dihydrofolate
reductase. Working in a thyA null strain, gene knockouts
are generated by the replacement of a gene of interest
with an exogenous thyA gene and selecting for the re-
combinant in growth media lacking thymine. The pre-
sence of a functional thyA exhausts the supply of THF (an
essential cofactor), which cannot be replenished in the
presence of trimethoprim, an inhibitor of dihydrofolate
reductase. Thus, in a counterselection scheme, the loss

Figure 10 The use of sacB as a counterselection marker in recombineering. The cat-sacB cassette is used as a template for PCR to generate an
amplicon that has the cassette flanked by 50 bp of target homology. The recombineering event can either insert the cassette into the target gene, or
replace sequences within the target gene with the cassette. After selection for chloramphenicol resistance and verification of sucrose sensitivity, the
modified strain is electroporated with either a dsDNA substrate or an oligo that contains the desired mutation (red rectangle). The modified strain
is selected by resistance to sucrose and screened for sensitivity to chloramphenicol.
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of thyA is selected for by growth of the cells in the pre-
sence of thymine and trimethoprim. The downside of
this counterselection scheme is the need to work in a
thyA mutant genetic background.

Another useful counterselection scheme employs the
galK gene, which encodes galactokinase, the enzyme
catalyzing the first step in the utilization of galactose as
a carbon source. Galactokinase converts galactose into
galactose 1-phosphate. Warming et al. (229) took ad-
vantage of the fact that 2-deoxygalactose (DOC) is also a
substrate for galactokinase, which when included in the
media of a galK+ strain leads to the buildup of a toxic
dead-end product, 2-deoxy-galactose-phosphate. Thus,
in a ΔgalK genetic background, the galK gene can be used
for both positive selection (growth in minimal media
with galactose as the only carbon source) and counter-
selection (growth in the presence of DOC). This counter-
selection scheme has been used for recombineering of
BACs in E. coli to construct deletions and point muta-
tions (229, 230). The E. coli galK gene has recently been
reported to work as a counterselection marker in myco-
bacteria (231). However, this galK scheme, like the use of
thyA, is limited to cells containing a specific metabolic
defect (in this case, a galK mutant). The ΔthyA or ΔgalK
mutants are most useful as dedicated hosts for the ma-
nipulation of BACs by recombineering (228, 229, 230).

Another disadvantage of the thyA and galK counter-
selection schemes is that they require the use of minimal
media in both the positive and negative selection steps.
Thus, multiple washes of the cells are required before
plating, and extended days of growth (2 to 3 days) are
needed to obtain good-sized colonies. Other counter-
selection schemes have been developed that employ rich
media, allowing for quicker selection of recombinants.
The rpsL gene has been used as a counterselection marker
for many years in classical gene-replacement schemes,
and mostly used for recombineering of point mutations
into BACs (232). This scheme takes advantage of a mu-
tation in the endogenous rpsL locus that confers resis-
tance to streptomycin. Overexpression of the wild-type
rpsL gene from a gene replacement cassette suppresses
streptomycin resistance, whereas loss of the cassette
confers resistance to streptomycin. The rpsL gene is
coexpressed with a drugR marker (typically, either kan or
cat) to allow both positive and negative selection. Inter-
estingly, a cassette containing rpsL and tetA (driven by
the strong ompT promoter) has been reported to act
synergistically for counterselection when residing on a

BAC, exhibiting a negative selection rate on the order of
10−6 (∼20 times better than sacB) (233). This synergistic
effect arises from the observation that overexpression of
tetA alters E. coli membrane permeability, resulting in
increased uptake of streptomycin.

A relatively new counterselection scheme combines the
advantages of using one marker for both selection and
counterselection, and does not require the use of minimal
media. The E. coli tolC gene encodes an outer membrane
pump for exporting toxic compounds from the cell.
Outer surface loops of the TolC protein bind to and
transport bacteriocins, including colicin E1, inside the
cell (234). Mutants in tolC are tolerant to colicin E1.
DeVito (235) demonstrated the use of tolC as both a
selection marker (resistance to SDS) and a counter-
selection marker (resistance to colicin E1); the efficiency
of counterselection with tolC ranged from 77 to 100%.
Using recombineering with this scheme, DeVito se-
quentially and seamlessly deleted six of the seven 23S
rRNA genes in E. coli. The only requirement for use of
this system is that the host must be deleted of its en-
dogenous tolC gene.

In another scheme, mutant version of the pheS gene
(A294S), which codes for the tRNA synthetase for phe-
nylalanine, has also been used as a counterselectable
marker (236, 237). The pheS (A294S) alpha subunit
allows chlorophenylalanine to get incorporated into pro-
teins, which is toxic for E. coli. Thus, the absence of pheS
(A294G) gene can be selected for by the inclusion of
chlorophenylalanine in the selection plates. This counter-
selection method was used by Li and Elledge (238) as a
means to increase the efficiency of recombineering in the
MAGIC method of in vivo cloning of plasmid constructs
(see below).

Finally, a counterselection scheme based on the use of the
E. coli toxin gene ccdB and its antidote gene ccdA has
been used to make precise seamless deletions in E. coli
(239). In this scheme, chromosomal insertions are made
by the use of a ccdB-amp cassette (selecting for AmpR),
while the ccdA antidote gene is supplied on the temper-
ature-sensitive Red-producing plasmid (TetR). After the
second recombineering event to replace the cassette is
performed, the cells are plated at 42°C to select for the
loss of the recombineering plasmid and the presence of
the seamless chromosomal modification (i.e., cells that
have not exchanged the cassette, and still have ccdB, will
die because of the loss of ccdA).
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There has been at least one report where the counter-
selection scheme using rpsL has not worked efficiently
with recombineering. The problem may be associated
with particular target sites, and not the counterselection
scheme itself. Bird et al. (240) have reported that they
attempted to modify BACs using an rpsL-neo cassette,
and that a large portion of the counterselected strepR

transformants (that should have contained a single base
pair change) were instead intermolecular events between
small repeat sequences that deleted the cassette from the
BAC. They reasoned that the λ Red system (Beta + Exo)
was promoting an intermolecular recombination event
between these repeats, using the ssDNA annealing
pathway pictured in Fig. 4B. They then tried using only
the annealing function Beta to promote the second step
(since oligo-mediated recombineering does not require
the λ Exo) to prevent the Red system from promoting this
undesired product. Consistent with their hypothesis, the
intermolecular recombination events were suppressed
when only Beta was used in the second step, and most of
the recombinants were replacement of the cassette with
oligo (i.e., the desired point mutation). Interestingly,
the authors report using 40 pmol of an 100-mer oligo in
their experiments, which is 8-fold higher than what is
considered saturating (215). It may be that high con-
centrations of oligo promote replication fork disruption
and subsequent dsDNA break formation, allowing Red
to promote the intermolecular ssDNA annealing event.
While there have been reports of oligos generating
dsDNA breaks when they were transformed into eu-
karyotic cells (241), no reports of such breaks have been
reported in E. coli.

All of these counterselection schemes can be used to
make precise (seamless) deletions of the E. coli chro-
mosome, BACs, or plasmids. Investigators who are tar-
geting the chromosome and wish to maintain a wild-type
(or pseudo-wild-type) background in their recombi-
neering experiments should take advantage of sacB sys-
tem, because this is a counterselection scheme that does
not require the use of a particular genetic background.
This may explain the wide popularity of sacB as a
counterselection marker (i.e., the use of galK, thyA,
rpsL, and tolC as counterselection markers requires the
knockout or modification of these genes beforehand).
However, for investigators who are targeting BACs or
plasmids, these latter counterselection schemes may be
more useful, given the high rate of spontaneous reversion
of the sacB allele (∼10-4). In this case, strain backgrounds
are used that optimize BAC or plasmid recombineering,

such as DH10B derivatives (242). The genotypes for
these strains include knockouts of recA (to prevent
deleterious rearrangements), endA (for cleaner plasmid
DNA minipreps), and mrr-hsdRMS-mcrABC (for de-
creased restriction activity leading to higher rates of DNA
electroporation and transformation).

RECOMBINEERING PROTOCOLS

SSR-Mediated Markerless Gene Knockouts
The ease of use of recombineering makes it the obvious
approach for the construction of gene (or operon)
knockouts in bacterial chromosomes and BACs. Once
primers arrive, the time required to construct a strain
with a gene knockout can be as short as one day. The
replacement of the target gene with the drugR marker
allows easy selection of the gene replacement event.
Subsequent removal of the drugR marker is often desired
to target a second site in the chromosome with the same
drugR marker, or in cases where the modified bacterium
is to be used for animal studies. The most efficient way to
remove a drugR marker is by flanking the resistance-
encoding cassette with loxP or FRT sites, which allows
one to precisely excise the resistance marker following
gene replacement by expression of Cre or Flp recom-
binase, respectively.

The use of site-specific recombination (SSR) systems in
recombineering is typified by the use of the Cre recom-
binase. One starts with a drugR marker that is flanked
with loxP sites (the marker is said to be “floxed”); PCR
templates have been constructed for these purposes
(182). Alternatively, one could include the 34 bp loxP site
in the 5′ end of the primer (in between the sequences at
the 3′ ends that anneal to the drugR marker, and the 40 bp
at the 5′ ends that contain the target site—see Fig. 11).
After gene replacement, the Cre recombinase is supplied
on either a plasmid with a temperature-sensitive origin of
replication, or one that contains sacB for easy counter-
selection to remove the vector following gene eviction
(see Table 3 for various Cre- and Flp-expressing plas-
mids). The expression of Cre recombinase irreversibly
excises the drugR marker at high efficiency, generating a
high percentage of cells in the population that have lost
the drugR marker.

After drugR marker eviction, there is a “scar” left over at
the site of the excision event. The sequence will contain
one loxP site, and flanking sequences from the template

ASMScience.org/EcoSalPlus 31

λ Recombination and Recombineering

http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10911
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10363
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG11002
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10911
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG11009
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10823
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG11336
www.asmscience.org/EcoSalPlus


that were amplified by PCR. If marker eviction is reit-
erated many times in the same host, the scar becomes
a repeat element that is distributed throughout the
chromosome, which could potentially lead to undesired

Cre-mediated chromosomal rearrangements. Thus, re-
petitive use of loxP sites is not recommended. Another
concern is the polar effect the scar may have on down-
stream genes. It is often worthwhile to design the PCR

Figure 11 Gene replacement and Cre-mediated marker eviction (see text for details).
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primers for the original recombineering substrate so
that, following excision, the scar creates an in-frame
deletion devoid of any stop codons, to minimize effects
on the expression of downstream genes. We have often
designed our initial primers to generate a marked dele-
tion that, following Cre-mediated marker eviction, con-
tains the first and last 3 codons of the gene of interest
interrupted by an in-frame scar. If one suspects a regu-
latory region imbedded in the 5′- and/or 3′-coding re-
gions of the target gene, longer regions of the coding
sequence may be left intact. In other cases, templates
have been constructed that contain a promoter region
within the scar, which allows for expression of down-
stream genes (182). However, if the target gene is within
an operon, this scheme does not preserve the original
strength and regulatory properties of the operon’s orig-
inal promoter(s).

DrugR marker eviction is done by isolating the initial
marked recombinant, transforming with a SSR-produc-
ing plasmid using a drugR marker different from that
of the marked deletion and the Red-producing plas-
mid, allowing the cells to grow out and express the
recombinase, then screening for cells that are sensitive
to the drug. This event usually occurs at high frequency
(because recombination between two direct repeats is
irreversible). Marker-free recombinants can be found
easily by plating an overnight culture for single colo-
nies on drug-free media and stabbing the colonies on
fresh plates (+/– antibiotic). Removal of the marker and
curing of both the Red/ET- and SSR-producing plas-
mids can often be performed in one step. As an example,
we have used the Cre-expressing plasmid (pKM330, a
derivative of pCreSacB containing a zeocin-resistance

marker) that also contains the sacB gene (see Table 3),
to remove both the hygromycin marker in a targeted
gene and the Che9 RecET-producing recombineer-
ing plasmid pJV53 (243) inM. smegmatis (K. C. Murphy,
K. Papavinasasundaram, and C. M. Sassetti, unpublished
data). The plasmid pKM330 contains the same origin
of replication as the KanR RecET-producing plasmid
pJV53, but contains a different drugR marker (ZeoR).
Thus, by transformation with pKM330 and outgrowth
in zeocin, pJV53 is lost via plasmid incompatibility,
while the hygromycin-resistance marker is evicted fol-
lowing Cre-expression. By growing an overnight dilution
of these cells nonselectively and plating on sucrose plates,
cells that have lost the Cre-expressing plasmid (SucR),
pJV53 (KanS), and the drugR marker (HygS) are easily
found.

To create very large deletions in the E. coli chromosome
one can place SSR sites at specific locations in the ge-
nome by recombineering, followed by transformation of
a plasmid expressing the site-specific recombinase. In a
variation of an earlier scheme where the Tn5 transposon
delivered loxP sites randomly to various sites within the
E. coli genome (244), Fukiya et al. (245) targeted loxP
sites to specific regions of the chromosome using λ Red
recombineering. Two different loxP sites (in direct ori-
entation) are placed at genetic loci using two different
drugR markers. The chromosomal positions of the loxP
sites define the endpoints of the intended deletion (see
Fig. 12). The PCR substrates are designed to place the
drugR markers between the loxP sites within the chro-
mosome, such that both markers are deleted follow-
ing the site-specific recombination event (if so desired).
Using this procedure, Fukiya et al. (245) deleted two

Table 3 Cre- and Flp-expressing plasmids

Plasmid Features Reference
pJW168 PlacUV5-Cre, RepAts AmpR 389 (Lucegen)

pBAD75Cre PBAD-Cre, RepAts CamR 390

1921-cICre λ PR-Cre cI857 SpecR 391

pCreSacB PgroEL-Cre, oriE, oriM, sacBR, KanR Adrie J. C. Steyn (Univ. of Alabama)

pKM330 PgroEL-Cre, oriE, oriM, sacBR, ZeoR 392 (www.addgene.com)

pCP20 λ PR-Flp, λ cI857, RepAts, AmpR, CamR 393 (Coli Genetic Stock Center)

pCP20-Gm λ PR-Flp, λ cI857, RepAts, GenR, CamR 394

pE-FLP PE (P2 phage promoter)-Flp, RepAts, AmpR 395 (www.addgene.com )

loxP ATAACTTCGTATA (N)8
TATACGAAGTTAT

FRT site GAAGTTCCTATTC (N)8
GTATAGGAACTTC
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regions of the E. coli chromosome greater that 100 kb in
size with 100% efficiency. As described above for removal
of a drugR marker, a loxP scar is left in place of the deleted
sequence. Such a process allows one to define regions of
chromosomes that contain nonessential functions.

Precise Deletions
It is often desirable to leave no exogenous DNA at the
site of a chromosomal deletion, as is the case when
multiple deletions are to be made in the same strain, to
minimize the effects on expression of downstream genes
in an operon, or when the mutant strain is to be used
for animal studies. The most common method is to use
a counterselection cassette to mark the deletion (e.g.,
cat sacB), then perform a second replacement event
with dsDNA containing the precise deletion (i.e., no
exogenous DNA). If dsDNA substrates are used, the
deletion can be designed ahead of time on a plasmid and
liberated from the vector by restriction digestion (183).
As an alternative, a 70-mer oligo can be used to replace
the counterselection cassette, where 35 bases on each end
of the oligo define the deletion endpoints. It was found
that such oligos provide a high rate of Red-mediated
deletion formation (188), which can be selected for by
loss of the counterselection cassette.

Plasmids have been constructed that place sacB adjacent
to a drugR marker (e.g., the cat-sacB cassette, where cat
confers resistance to chloramphenicol) (246) or the npt-
SacBR cassette (247) combining SacB expression with
kanamycin resistance. Alternatively, the strain XTL298
contains the highly selective tetA-sacB counterselection

cassette integrated into the chromosome at the araD
locus (227). Plasmids (or strains) containing these cas-
settes can be used as templates for PCR to generate
substrates for recombineering. The cat-sacB cassette is
over 2.6 kb in size, so the PCR should be performed with
cycling conditions that favor generation of large ampli-
cons. This is typically done using mixtures of a high-
fidelity polymerase and Taq polymerase (248, 249) and/
or by adding 5 to 10 s to the extension time per cycle. The
substrate is then electroporated into a λ Red-producing
strain and transformants are selected for CamR. After
isolation of the proper CamR SucS transformant, a second
electroporation is performed with DNA containing the
unmarked gene deletion sequence, which often consists
of the first few codons of a gene fused to the last few
codons of a gene. More of the coding sequence should be
left intact if suspected regulatory regions for surround-
ing genes are imbedded within the coding regions of
the target gene. Following electroporation, the cells are
grown out for a longer period of time than usual (5 h or
more, or overnight). In rich medium, E. coli contains
multiple copies (4 to 8) of its chromosome, and only one
of these is likely to be a substrate for recombineering.
Thus, this long outgrowth step is required with sacB (and
with most counterselection markers) to allow segregation
of recombinant chromosomes from the nonrecombinant
chromosomes (i.e., a sacB- chromosome would be lost on
sucrose plates if it resides in the same cell with sacB+
chromosomes). Another consideration for this counter-
selection step is the spontaneous mutation rate of sacB+

to sacB- (SucS to SucR) which occurs at a frequency of
∼10-4. However, recombineering rates typically are equal
to or exceed this reversion rate, and loss of the cat-sacB

Figure 12 Cre-mediated large deletion (see text for details).
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cassette can be easily detected by screening for the loss of
the cat gene (CamS). Alternatively, the recently described
tetA-sacB cassette has a spontaneous resistance rate on
the order of ∼10−7 (227), making precise deletions using
this cassette extremely easy to find.

Another way to create large unmarked deletions of the
E. coli chromosome was first described by Posfai et al.
(250) using suicide plasmids, and later modified by
Kolisnychenko et al. (251) using recombineering. The
key to this procedure is to flank the region to be deleted
with repeat segments, and then induce a dsDNA break
between these regions with the meganuclease I-SceI
restriction enzyme. The I-SceI enzyme is a homing en-
donuclease from the mitochondria of Saccharomyces
cerevisiae that recognizes an 18-bp recognition site,
which does not exist in the E. coli genome sequence
(252). Repair of the break by the host RecA-promoted
recombination system (or λ Red) deletes the chromo-
some segment between the duplicated regions at high
efficiency, because nonrepair is lethal to the cell. In a
more efficient use of this scheme, recombineering is
used to create the initial duplication as shown in Fig. 13.
First, a PCR is performed with a template consisting of a
drugR marker flanked by I-SceI sites. One of the primers
(primer 1) contains a fusion of two 40-bp regions of the
chromosome (regions X and Y in Fig. 13) and was gen-
erated by annealing two overlapping oligos followed by a
DNA Pol I filling-in reaction. Once the drugR marker is
crossed into the chromosome by recombineering, the cell
is cured of the Red-producing plasmid and transformed
with I-SceI-producing plasmid. (In later versions of this
protocol, λ Red and I-SceI-expression were present on
one plasmid under control of PBAD [253], or under con-
trol of different promoters [238, 254, 255]). Cutting of the
I-SceI sites on the chromosome generates a dsDNA break,
which is efficiently repaired by either the RecA homolo-
gous recombination pathway of E. coli or by λ Red. Re-
combination between the “Y” sequences shown in Fig. 13
generates a deletion of the chromosome, the endpoints of
which are defined by the fusion sequence present in primer
1. It is this system that Kolisnychenko et al. (251) used to
generate multiple deletions in the E. coli chromosome to
produce a strain with a reduced genome (see below). This
methodology of introducing a duplication and an I-SceI
recognition site by a recombineering step, followed by an
I-SceI-induced dsDNA break, was used for the construc-
tion of conditional lethal amber mutations, seamless de-
letions, point mutations, fusion tags, and insertion events
in BACs with high efficiencies (253, 254, 256).

Inversions
Inversion of a sequence can be performed in a precise
manner in two steps. In the first step, a counterselecta-
ble marker cassette (e.g., cat-sacB) is placed into the
chromosome (selecting CamR) to replace the sequence
to be inverted. Primers are then used that amplify
the region to be inverted from wild-type DNA, with
50-bp flanks that place the desired sequence into the
chromosome in an inverted orientation. Recombinants
are selected by counterselection methods (e.g., sucrose-
containing plates). In this scheme, an inversion of an
E. coli chromosomal segment can be performed without
the need to include exogenous DNA sequences (e.g., lox P
sites).

Alternatively, inversions of DNA sequences within a
bacterial chromosome can be done with the use of SSR
sites as described above for deletions, with the exception
that the loxP sites are placed in inverted orientation.
In this case, the SSR event will invert the DNA sequence
between the loxP sites. Since the recombinant still con-
tains both loxP sites, the reaction is reversible. Thus,
cells transformed with the Cre recombinase-producing
plasmid will contain a 50% mixture of cells containing
the parental and inverted orientation of the targeted se-
quence. Once the Cre-expressing plasmid is removed,
PCR verification can be used to identify the desired ori-
entation from isolated colonies.

Gap Repair
Schemes have been developed that take advantage of an
increased rate of Red and RecET-promoted gap repair
of transformed linear plasmids. In this repair event, re-
combination occurs between a linear plasmid and either
another linear DNA species (via an annealing event) or
between a linear plasmid and the chromosome (via a
presumed replisome invasion event—see below). When
occurring between two linear species, both the donor and
the recipient possess terminal redundancies. This process
was first described as an in vivo cloning method for
PCR products (257). In this study, it was demonstrated
that PCR products that shared terminal homologies to
linear vectors could be cloned (without the need of re-
striction enzymes) by cotransformation of both species
into cells expressing the RecET recombination system.
Another study had previously suggested that DH5α
hosts (without RecET) could also be used for this type
of cloning (258), but only when chemically competent
cells were employed. Furthermore, in direct comparisons,
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DH5α cells showed a 25-fold lower frequency of cloning
relative to RecET-expressing hosts (257).

Using plasmids that overexpress the RecET and λ Red
systems, Zhang et al. (259) demonstrated multiple ex-
amples of in vivo cloning. PCR primers were designed
to amplify plasmid origins and selection markers, and
contained 47 to 64 bases at the 5′ termini that were ho-
mologous to the intended target. The PCR products were
electroporated into E. coli cells expressing RecET or λ
Red, where the target sequences (ranging in size from

0.8 to 28 kb) resided either within the chromosome or on
a BAC. By simply selecting for the drugR marker on the
vector, between 30 and 100% of the vectors had picked
up the insert via gap repair. Formation of nonrecombi-
nant empty vectors is reduced by making sure there are
no 5 nt or longer direct repeats in the terminal target
homologies to promote their pairwise interaction. The
authors further demonstrated the usefulness of this
technology by coelectroporation of linear PCR-generated
vectors and genomic DNA preparations from E. coli,
yeast, and mammalian cells. While not quite as efficient

Figure 13 I-SceI-induced deletion (see text for details).
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with the more complex DNA samples, the authors still
found in vivo cloning to work with 20 to 30% efficiency
for the cloning of eukaryotic genes. The great advantage
of this technique is that genes can be “levitated” out of
complex mixtures without the need for a PCR. Instead,
once recombined into the vector, the gene is amplified
with high fidelity by the E. coli DNA replication system.

Red-promoted gap repair technology works well to ex-
change drugR markers and origins of replications be-
tween different plasmids. Datta et al. (190) have shown
that different elements can be easily exchanged by elec-
troporation of linearized plasmids into hosts containing
the target sequences. For instance, a PCR is used to
generate a linearized pBR322-based vector without its
origin of replication, but with terminal sequences that
will target a pSC101 ori. After recombineering, plasmid
DNA is isolated and transformed into a polA strain of
E. coli. This strain background does not support growth
of pBR322-based origins (260), and thus colonies that
arise will contain the new pSC101 ori. This manipulation
allows a plasmid to be expressed at a different copy
number relative to the original construct. DrugR markers
can also be easily switched by a similar protocol of gap
repair. Note, however, that the targets in these repair
events are replicating, unlike ones described above for
in vivo cloning, and likely involve a different mechanism
of recombination.

Plasmid Recombineering
Alternatively, resident plasmids can be engineered by
standard recombineering with PCR-based substrates as
is done with the E. coli chromosome, although we have
found, as others have reported (5, 261), that multimers
of the plasmids are typically generated (although not
always) in the recombineering process. It is noteworthy
that these DNA forms are circular dimers, trimers, and
tetramers containing mixed populations of parental and
recombinant markers, and are not the same as the very
large linear multimers observed with colE1 plasmids rep-
licating in a host constitutive for Red, Gam, or Red +
Gam expression (140, 262, 263). The plasmid multimers
were not observed in cells induced for Red + Gam in the
absence of added DNA. In other words, the multimers
were dependent on a recombination event and not simply
generated by the induction of the rolling-circle (sigma)
mode of replication. The DNA substrate for recom-
binogenic multimeric plasmid formation could be either
a dsDNA substrate or an oligo. It may be that, during

outgrowth of the culture, dimers and higher multimers
of the mutant plasmid (among an excess of unmodified
parental plasmids) give the modified plasmid a compet-
itive advantage, even when under selection. Such a phe-
nomenon has been described in detail by Kuzminov
(264). Alternatively, the multimerization may be a direct
consequence of the recombineering event.

Digestion of these multimers with a single base pair
cutter common to both plasmids, religation at low con-
centration, followed by transformation into recA hosts
provides a way to obtain the monomeric recombinant
plasmid with its new drugR marker. Finally, instead of
using a drugR marker as an insert, one scheme to increase
cloning efficiency is to provide the −35 region of a pro-
moter on the ends of the recombineering fragment read-
ing outward, which following recombineering, restores
the expression of a promoterless selectable gene on the
cloning vector, as reported by Yosef et al. (265).

Insertions
The insertion of large regions of foreign DNA into E. coli
is one area of great interest, but until recently, has gen-
erally been performed by methods other than recombi-
neering technology. These procedures take advantage of
integrating large foreign DNA segments into chromo-
somal regions containing phage attachment sites (266),
FRT sites (222), or transposon target sequences (267, 268,
269, 270). Alternatively, foreign DNA flanked by 5-kb
regions of chromosomal DNA is inserted into the E. coli
genome via an endogenous RecA-promoted pathway
of recombination (271), although such a protocol re-
quires construction of a plasmid containing the insertion
flanked by chromosomal sequences beforehand.

Using recombineering, insertions of drugR markers of 1
to 2 kb in size have routinely been performed using λ
Red and RecET. However, it has generally been observed
(although often not reported) that larger sizes of DNA
are less efficiently incorporated, if at all. This notion
has been examined in more detail by Kuhlman and
Cox (272), who measured recombineering efficiency as a
function of insert size. The neo gene (conferring resis-
tance to kanamycin) was embedded within various
amounts of lacZ DNA into substrates containing 50 bp
of flanking homology to a chromosomal target. Recom-
bineering frequencies dropped dramatically when the
insert size increased from 1 kb to 4.5 kb. The same effect
was seen by Maresca et al. (273). Clearly, increased insert
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size does not favor efficient recombineering, which
probably reflects on the mechanism of the process (dis-
cussed further below).

Large insertions using recombineering is most efficiently
done by exploiting an in vivo cloning type of strategy
discussed above, where both the insert and the target are
linearized by digestion with the meganuclease I-SceI re-
striction enzyme. This procedure can be performed with
targets such as plasmids, BACs, or the E. coli chromo-
some. For instance, the λ Red system was exploited by Li
and Elledge (238) to develop an in vivo cloning method
that facilitates the construction of plasmids for bacte-
rial, yeast, and mammalian expression purposes. In this
scheme, a pir-dependent donor plasmid (containing the
insert) is transferred to a strain containing the recipient
plasmid. The recipient host expresses both the I-SceI
restriction enzyme and the λ Red recombination system.
I-SceI cuts both the donor plasmid (liberating the insert)
and the recipient plasmid (linearizing the plasmid at
the target site), generating two linear species that share
terminal homologies. The two linear fragments undergo
Red-promoted in vivo recombination that combines the
insert with the recipient plasmid, with the resulting loss
of the I-SceI sites. To reduce the nonrecombinant back-
ground, the following genetic steps were taken: (i) the cells
continue to express I-SceI (which selects against non-
recombinants), (ii) a pheS counterselection marker, which
is excised following I-SceI-induced cleavage, is employed
in the recipient plasmid, and (iii) a 20-bp lac operator
sequence is added to the insert, which titrates out LacI
repressor in the recipient, inducing a Plac-bla chromo-
somal operon to confer AmpR to a true recombinant.
These genetic measures to ensure insertion efficiency
resulted in ∼106-fold increase in the rate of accurate re-
combinational cloning, and represent a substantial ad-
vance in open reading frame expression technologies for
high-throughput genomic and proteomic studies.

Another in vivo cloning method takes advantage of Red/
RecET promoted repair of dsDNA breaks to integrate
long DNA fragments (5 to 50 kb) into BACs. Rivero-
Muller et al. (255) have described a recombineering
protocol where large DNA fragments can be transferred
between BACs. In the first step, an rpsL-kan counter-
selection module is integrated into a BAC of interest.
Long (120 to 140 nt) primers are used to flank the rpsL-
kan cassette with I-SceI sites, followed by 50 bp of se-
quence that are homologous to the endpoints of a desired
insert sequence. Following this recombineering event, the

BAC is purified and coelectroporated with a linear DNA
containing the insert (a donor BAC that has been line-
arized by restriction digestion). The E. coli host contains
a plasmid expressing both RecET and I-SceI, driven by
PBAD and Ptet, respectively. The recipient BAC is linear-
ized in vivo at the I-SceI site, while RecET promotes in
vivo cloning by combining the two linear DNA species. A
cloning efficiency of 69% is reported using this scheme.
This protocol represented a large increase in cloning
efficiency relative to a scheme where the recipient BAC
was cut in vitro.

Finally, Kuhlman and Cox (272) described a method that
allows site-specific integration of large synthetic con-
structs into the E. coli chromosome using the λ Red
system (Fig. 14). An initial recombineering event inserts
a drugR marker flanked by 25 bp of foreign DNA se-
quences within the E. coli chromosome. These 25 bp
of foreign DNA define the endpoints of the insertion.
Between the drugR marker and the endpoint sequences
are I-SceI recognition sequences, positioned in such a
way that expression of I-SceI endonuclease will release
the drugR marker from the chromosome, leaving behind
a dsDNA break containing foreign DNA at its ends.
Following isolation of a clone containing the I-SceI-
flanked drugR marker, a plasmid that contains the desired
insertion sequence, also flanked by I-SceI sites, is elec-
troporated into the host. In vivo expression of I-SceI and
λ Red recombinase promotes recombination between
the plasmid-liberated insert and the cut in the chromo-
some (Fig. 14). The half-site I-SceI sequences on the
ends of the breaks are presumably trimmed in vivo,
and do not interfere with the Red-promoted homolo-
gous recombination repair. This procedure allowed the
authors to place 7-kb genetic constructs into six unique
locations distributed symmetrically about the origin of
replication.

The authors claim that limited amount of homology for
this event (25 bp) is used here to provide for efficient
Red-promoted annealing event, without allowing for
integration of the plasmid into I-SceI-uncut chromo-
somes. One imagines, however, that even at higher
homologies, the repair of a broken chromosome by
recombineering will proceed at a much higher rate than
integration of the plasmid into the chromosome (an
event not promoted by recombineering), because the cell
will not survive unless the I-SceI-cut chromosome is re-
paired. In addition, continued expression of I-SceI would
select against a simple integration event. Finally, note
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that for all these insertion events, the mechanism for the
integration of these fragments likely does not require a
replisome invasion, but merely annealing between the
ends of the dsDNA breaks in vivo.

Duplications
A proposed strategy of generating a duplication in bac-
terial chromosomes using long homologies and phage
transduction (274) should also be doable using shorter
homologies and the λ Red recombination system. In such
a scenario, a drugR marker is amplified by PCR with
primers, where the location of the targeting sequences is
reversed relative to those that would be expected to
promote a simple insertion (Fig. 15). It is proposed that
both ends of the recombineering fragment recombine
independently with two different arms of a replication
fork (an inherent requirement for annealing of Red-

processed linear dsDNA ends to the template strands of
the fork, given the antiparallel nature of dsDNA duplex).
There are two models offered to explain duplication
formation by λ Red. The first one involves the generation
of new replication forks and is shown in Fig. 15. The first
step is the annealing of a λ Exo-generated ssDNA tail of a
linear dsDNA fragment to ssDNA regions of an invaded
fork (also see Fig. 8). Red-promoted invasion of the se-
quences denoted by “A” in Fig. 15 generates the forma-
tion of a new replication fork (the green fork), which
moves in the opposite direction relative to the original
fork. In the same time frame, a second Red-promoted
invasion event takes place between the other end of the
recombineering fragment and the other arm of the orig-
inal fork. A third replication fork is established (the red
fork) now moving in the same direction as the original
fork. These growing forks traveling in opposite direc-
tions would leave behind (in one of the chromosomes)

Figure 14 Insertion of foreign DNA into the E. coli chromosome (see text for details).
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the drugR marker (grey box) flanked by duplicated re-
gions of the chromosome (blue boxes).

This mechanism involves both arms of the original
fork and takes into account the idea that the replication
fork is the target for Red recombineering. The first rep-
lisome invasion event at “A” in the mechanism depicted
in Fig. 15 would likely occur by annealing of the Red-
processed end (A) of the recombineering fragment to the
lagging strand template, generating a fork that proceeds
in the opposite direction of the original fork. The second
event (by necessity) occurs by annealing to the leading
strand template of the original fork. In this case, the

annealing may require a ssDNA invasion step, because
little ssDNA would be expected to be available for Beta-
promoted annealing to the leading strand template. As
such, this step may require the assistance of the host RecA
protein. Supporting this assumption, Red-promoted du-
plications of E. coli chromosomal regions containing the
lacZ gene were dependent on host recA function (275).
The two events could be temporally reversed without
affecting the final outcome. How these invasions may
occur are shown more explicitly in Fig. 8, and thus are
similar to the discussion above regarding how λ Red may
promote the formation of new forks during phage in-
fections in vivo.

Figure 15 Red-mediated duplication with establishment of new forks (see text for details).
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An alternative to the formation of a new fork, a Red-
promoted recombination event could lead to disruption
of a fork, followed by a resolvase acting on the four-
stranded junction. As seen in Fig. 16, the initial crossover
occurs at position “A” and generates a fusion of the drugR

marker (grey box) to the region to be duplicated (blue
box), and a dsDNA break. A more detailed description of
this proposed event is shown in Fig. 16 (top shaded
panel). The ssDNA tail of the Red-processed end of the

drugR marker (the “A” end) anneals to the lagging strand
template of the replication fork. The four-stranded
structure that forms, a gapped Holliday-type junction, is
cut by a resolvase (e.g., RuvC – red star). Since gaps are
present in the Holliday-type junction, only one cut is
required to resolve this type of recombinational inter-
mediate (see Fig. 16). The duplex invasion and subse-
quent cutting disrupts the replisome, fuses the drugR

marker to the lagging strand (adjacent to the region to

Figure 16 Red-mediated duplication with fork disruption (see text for details).
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be duplicated), and releases a dsDNA break. The other
product of resolvase action is repaired by PolI, which
generates an intact unreplicating chromosome (not
shown).

The dsDNA break formed in the first reaction is then
repaired by a subsequent Red-promoted recombination
event (at site B in Fig. 16), which occurs when another
fork enters this region from the left (the green replisome).
By necessity, the ssDNA tail of the Red-processed end of
the break (the “B” end) would have to anneal to the
leading strand template (see bottom shaded panel in Fig.
16). Again, the four-stranded structure formed could be
resolved by a single cut (red star). Such an event would
allow the incoming duplex to become the new leading
strand of the green replisome. The cutting would also
release the (former) green leading strand as a new
dsDNA break. This break, however, carries extensive
homology with sister chromosomes and could subse-
quently be repaired by the host RecABCD system, akin to
what occurs following replication fork collapse, with
subsequent restoration of the replication fork (276). In
the recombinant, the drugR marker resides between the
duplicated regions and serves as a selection marker for
the presence of the duplication (i.e., a recombination
event that resolves the duplication evicts the drugR

marker). The duplication endpoints are defined by the
sequences chosen for in “A” and “B” in the design of the
primers. The first invasion event in this scheme could
occur on either the leading or lagging strand templates,
but by necessity, the second event must occur on the
template opposite to the one used in the first event. In
either case, the outcome is the same.

Thus, either the Red-promoted New Fork model or the
Fork Disruption model could be used to explain dupli-
cation formation of the lac and dinB regions in an F’
factor described by Slechta et al. (277), the Red-mediated
duplication of a region in lacIZY (278), as well as for the
Red-promoted generation of blue colonies that contained
a drugR marker in the lacZ gene in the study by Poteete
(275). In the latter study, duplications were dependent
on RecA, and curtailed 5- to 10-fold by mutations in
RuvC, in support of the Fork Disruption model of Red-
promoted duplications.

Reporter Fusions
The construction of transcriptional fusions of target
genes to reporter functions is a critical step in the study

of gene regulation in E. coli and other bacteria. Trans-
lational fusions (which create hybrid proteins) allow one
to follow the fate of a particular protein with regard to its
subcellular location, rate of degradation, and/or secre-
tion. Classically, these fusions have been generated on
plasmid constructs (or within plasmid-chromosome co-
integrants) that place a reporter function (typically either
β-galactosidase or luciferase) downstream of the ribo-
some binding site (RBS) for a transcriptional fusion, or
within the reading frame of the target gene for a trans-
lational fusion. Classic methods used for the construction
of reporter fusions typically involve the use of plasmid-
chromosome integrants, phage attachment sites, and
transposons (266, 279, 280, 281, 282, 283). Recombi-
neering has made the construction of such chromosomal
fusions a one-step protocol, and will replace the classical
multistep protocols.

For transcriptional fusions, the basic protocol is to simply
use recombineering to replace the target gene with a
reporter function. For translational fusions, the coding
region of the reporter function is fused to all or part of
the coding region of the target gene. Using λ Red re-
combineering, Uzzau et al. (284) placed the FLAG tag
sequences onto the C-terminal ends of a number of
chromosomal genes in S. enterica serovar Typhimurium.
This was done by incorporating the FLAG sequence into
the primers that were used to amplify the kan or cam
drugR markers by PCR. Ellermeier et al. (285) used re-
combineering to place FRT sites downstream of the
promoters of a number of target genes. Transformation
with a replication-deficient plasmid that contained a
FRT site upstream of promoterless lacZY genes resulted
in fusions of lacZ to the target promoter as a result of
integration of the plasmid into the chromosome by SSR
promoted by FLP, expressed from a helper plasmid with
conditional replication origin. Translational fusions can
also be generated in this way. However, this protocol
requires both a recombineering step and a SSR event, and
the use of a set of specialized nonreplicating plasmids.

The simplest method for the construction of transcrip-
tional and translational fusions by recombineering is to
use a PCR template where the reporter function lies ad-
jacent to a drugR marker. Then, one only needs to per-
form a PCR and judiciously select the 50 bp at the 5′ ends
of the primers to precisely place the reporter function
behind the Shine-Dalgarno sequence (RBS) of the target
gene (for transcriptional fusions), or fused to the coding
sequence of the target gene. The drugR marker is placed
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downstream of the fusion construct and can be left
intact or, if flanked by SSR sites, can be removed by an
SSR-promoted eviction step. Gerlach et al. (286) have
constructed a set of templates where the KanR-conferring
aph gene is linked to a number of reporter functions in-
cluding luciferase, lacZ, green fluorescent protein (GFP),
DsRed, phoA, and HaloTag. The aph gene is flanked by
FRT sites and can be excised with the Flp recombinase.
The authors demonstrate the construction and analysis
of transcriptional fusions of luciferase, β-galactosidase,
and GFP to a number of genes in S. enterica serovar
Typhimurium, as well as a translational fusion of lucif-
erase to sseJ, a type III effector function. Transcriptional
fusions using the luciferase construct were also demon-
strated by recombineering in E. coli, S. enterica serovar
Typhimurium, and Shigella flexneri. The same tech-
niques can also be used with gene sequences cloned into
BACs and cosmids to make transcriptional fusion that
can be recombined back into the chromosomes of the
eukaryotic organisms. Dolphin and Hope used recombi-
neering to construct a marker-free gfp translational fu-
sion in a Caenorhabditis elegans fosmid clone, which
was subsequently used to generate transgenic worms
for expression analysis (287). More recent descriptions
of fosmid recombineering by this group describes the
use of a strain that can induce higher copy numbers of
recombineered BACs and fosmids following recombi-
neering (288), and the use of complementary sets of con-
structs for the two-step generation of genetic fusions in
C. elegans genomic clones (289).

Bacteriophage Recombineering
It goes without saying that the type of construction for
which the λ Red system should work best is the modifi-
cation of the phage chromosomes. This is an important
point because the great diversity and numbers of phages
in the biosphere represent an untapped source of genetic
material for studying viral biology, phage evolution, and
methods to improve food processing (290, 291, 292).
The methodology to modify phage DNA using λ Red
was demonstrated by Oppenheim et al. (293), whereby a
strain expressing the λ Red functions from a heat-in-
ducible defective prophage was grown to mid-log phase,
collected by centrifugation, and infected with the λ phage
to be modified. Following a 15-min absorbance period,
the cells were diluted back into culture and heat shocked
at 42°C to induce the λ recombineering functions. After
15 min, the cells were collected by centrifugation and
prepared for electrocompetence by washing in ice-cold

water. The cells were electroporated with oligos (or PCR
fragments) designed to generate point mutants, deletions,
and gene replacements in the infecting phage chromo-
somes. Following lysis, genetic screens were used to
identify the recombinant phage, which appear in the pop-
ulation at a frequency of approximately 2%. Oppenheim
et al. (293) reported that mutations designed by the oligo
(and genetically selected) were verified by sequencing,
unaccompanied by other mutations. However, when ex-
amining unintended mutations accompanying the de-
sired change in the cI repressor gene, deletions and base
pair changes could be found at a rate 10 to 40 times
higher than the rate expected for spontaneous mutations.
The authors determined that it was not the recombi-
neering process itself that generated these unintended
mutants, but that they were due to errors in the synthe-
sis of the oligos. These inadvertent mutations could be
greatly alleviated by purifying the oligo by polyacryl-
amide gel electrophoresis.

Other phage systems have also been subject to modifi-
cation by recombineering. The Che9c RecET recombi-
neering system developed by van Kessel and Hatfull for
mycobacteria (201) has been shown to promote genetic
modification of phages from these hosts. In a tech-
nique called Bacterial Recombineering of Electroporated
DNA (BRED) (294), phage DNA and recombineering
substrates are coelectroporated into electrocompetent/
recombinogenicM. smegmatis cells. The cells are allowed
to grow for ∼2 h (before lysis) and then plated on a lawn
of M. smegmatis to find infective centers. Plaques are
collected and diagnostic PCR is used to identify those
that contain mixtures of wild-type and recombinant
phage. Mutant-containing plaques were found between 5
and 20% of the time, or higher when more sensitive PCR
techniques were used. Positive signal plaques are replated
to identify pure recombinant phage. Similar to the study
by Oppenheim et al. with phage λ (293), multiple types
of mutations can be generated in mycobacterial phages,
including in-frame gene deletions, base pair changes, and
addition of tags to phage open reading frames (for a
recent review, see Marinelli et al. [294]).

Random Mutagenesis of Chromosomal Genes
Random mutagenesis of genes to find critical amino acid
residues for protein activity or stability is often per-
formed on plasmids. However, characterizations of the
mutant protein produced from multicopy plasmids can
often be misleading, because the copy number of the
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protein is usually higher relative to expression from a
chromosomal (single-copy) locus. Mutant phenotypes
may also be masked by overexpression of the mutant
proteins when expressed in vivo. For this reason, it is best
to characterize mutant phenotypes with genes expressed
from their endogenous chromosomal loci. Mutation of
plasmid-encoded genes, followed by transfer of interest-
ing mutant alleles to the chromosome, can often be quite
time consuming. In addition, the persistence of the mu-
tant phenotype after transfer of the mutant gene to its
chromosomal locus is not guaranteed.

Recombineering offers a way to generate random muta-
tions of genes, and regions of interest, directly in the
chromosome. This protocol has been described by De
Lay and Cronan (295) in the isolation of three temper-
ature-sensitive mutants of the acyl carrier protein (ACP)
gene in E. coli. This protocol allowed the authors to
isolate temperature-sensitive mutants of the gene for
which previous attempts had failed. Mutagenic PCR of
the target gene is carried out by standard protocols, as is a
nonmutagenic PCR of a drugR marker (296) (see Fig. 17).
Primers are selected for the PCRs that create a 20-bp
overlap between the two PCR products, allowing one to
perform overlap PCR with the two products (297). The
overlap PCR product, which contains a mutant version of
the target gene fused to the drugR marker, serves as a
substrate for recombineering (see Fig. 17). Following
transformation of the mutagenized target gene and out-
growth, cells are plated out on drug-supplemented plates
to select for recombinants, and are then simultaneously
(or subsequently) selected or screened for the desired
mutant phenotype. It is best to test different sets of
conditions for the PCRmutagenesis step beforehand, and
employ the one that gives one mutation per targeted
DNA region. This system is best suited for small genes,
considering that the PCR products will typically be in the
range of 2 kb for a 1-kb target gene. For longer genes,
N-terminal or C-terminal regions of the gene could be
targeted specifically, by placing the overlap sequences to
the drugR marker at the 5′ or 3′ ends of the gene, re-
spectively. Care should be taken in the ordering of error-
free oligos, because the overlap sequence might contain
elements of the promoter or termination signals of the
gene of interest.

Genome Reduction
The ease of creating deletions of chromosomal DNA in
bacteria by recombineering has prompted investigators

to identify what may be considered a “core” bacterial
genome, that is, a stably replicating genome that supports
prolific growth of the bacteria under standard laboratory
conditions. Most bacteria have in their genomes by-
products of chromosomal evolution that include inser-
tion sequence (IS) elements, transposons, cryptic pro-
phages, no longer relevant functions, and inactivated
genes. Some regions of the chromosome might be im-
portant for growth in specific environments, although
they might be dispensable for growth in the laboratory. In
addition, any region that encodes a redundant metabolic
or regulatory function should be deletable without any
adverse effects on growth or stability. The question arises:
is it possible to get rid of bacterial junk and/or func-
tionally redundant DNA without sacrificing both the
growth and fitness of the organism? It has been proposed
that bacteria with reduced genomes may be better suited
as hosts for metabolic engineering studies, since unnec-
essary (wasteful) pathways could be avoided, leaving
more energy and resources for the overproduction of a
desired metabolite. Also, purification of a desired protein
would be easier in a strain lacking unnecessary protein
contaminants.

It was these considerations that motivated Blattner and
Posfai to use the recombineering approach to generate a
reduced genome of E. coli strain MG1655 (251, 298).
They first identified genomic regions to delete by com-
paring the genomes of E. coli K-12 with five other E. coli
species. Regions present in E. coli K-12 but absent from
these other bacteria (termed strain-specific islands) were
deleted by using a scheme outlined in Fig. 13. Using such
a scheme, Posfai et al. (298) constructed a multiple de-
letion strain (MDS43) that contains a 15.3% reduction
in genome content, representing a loss of 708,267 bp of
DNA (743 genes). The similarly deleted MDS42 strain
showed growth rates comparable to the parental strain
MG1655, a loss of transposition events, increased elec-
troporation efficiency, and greater stability of plasmids
expressing proteins that would otherwise be unstable in
MG1655. This last effect was due to the loss of IS-related
insertion events in the target plasmid, allowing the
MDS42 strain to express high levels of problematic pro-
teins that could not be achieved in wild-type E. coli. In the
most recent improvement in the endeavor, deletion of
the three error-prone polymerases PolII, PolIV, and PolV
fromMDS42 resulted in a strain that was further reduced
for spontaneous and induced mutagenesis, generating a
high-fidelity strain for the mutation-free production of
toxic proteins (299).
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Mizoguchi et al. (300) generated a reduced genome strain
that was deleted of 1 Mb of DNA (using a similar but
different scheme to select regions for deletion). The re-
duced genome strain in this study (MGF-01) grew well
in M9 minimal medium and reached cell densities 50%
higher relative to the parent strain. MGF-01 and its wild-

type counterpart were then engineered to overproduce
threonine. The authors found that the MGF-01 strain
was able to produce 2.4-fold higher levels of threonine
relative to the parental strain, in large part due to its
higher rate of glucose utilization and decreased produc-
tion of acetate as a by-product.

Figure 17 Chromosomal mutagenesis with λ Red (see text for details).
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The reduced genome strains MDS43 and MGF-01 were
generated by recombineering techniques that allowed the
investigators to precisely delete regions of the genome
that had been previously selected, ones that would be
reasonably assumed to not affect the growth rate or
genomic stability of the bacterium. These efforts are in
contrast to studies where reduced genomes are con-
structed by the manipulation of strains that have been
previously targeted by Tn5 transposons carrying loxP
sites. Once two transposons are residing in the same
cell, the genetic region between them can be deleted
by supplying Cre recombinase (245). However, in this
procedure, the endpoints are generated randomly and
loxP scars sites are left behind in the chromosome, two
features not observed when genome reduction is per-
formed with recombineering, as described above.

Promoter Engineering
Regulatable promoters are critical tools for the study of
gene function. The ability to keep genes silent, yet sub-
sequently turn them on by adding an inducer is critical
for characterization of the role of specific genes in bac-
terial growth and pathogenesis. However, in fields such
as metabolic engineering and synthetic biology, it is often
desirable to have the expression of a given gene within
an operon set at a particular level that optimizes the
performance of a particular pathway or network. These
fine-tuning adjustments can be done by screening a
set of artificial promoters driving expression of a parti-
cular target gene (301). Sets of artificial promoters can
be generated by mutagenic PCR. For instance, artificial
promoters for Lactococcus lactis were generated by
varying the spacer regions between the −10 and −35 re-
gions of a L. lactis promoter consensus sequence; in
addition, some consensus changes were generated as well
(302). A total of 38 promoters were examined by mea-
suring β-galactosidase expression in both L. lactis and
E. coli, resulting in a library of gene expression variants
covering three orders of magnitude in promoter output.
Alper et al. (303) generated a set of 22 promoter mutants
for E. coli, based on reproducible and homogeneous
single-cell fluorescence distributions. They went on to
characterize each of these promoters using three differ-
ent criteria: GFP fluorescence per cell per hour, quan-
titative RT-PCR, and minimal inhibitory concentrations
of chloramphenicol via cat gene expression. There was
a good correlation between all three measurements of
promoter variability, arguing for a valid library where the
differences in gene expression are independent of the

context in which they were measured. While initial char-
acterization of these promoters was done on plasmids,
having these promoters expressed from the chromosome
is necessary to evaluate their effectiveness for use in strain
engineering. However, transferring a library of promoters
on plasmids to the chromosome by plasmid-integration
techniques can be quite laborious (304).

Recombineering techniques have made feasible the gen-
eration and targeting of promoter libraries to particular
genes on the chromosome. Alper et al. (303) transferred
particular members of their promoter library to the E. coli
chromosome by generating PCRs of both the neo gene
(KanR) and particular promoter mutant constructs, and
used overlap PCR to generate the recombineering cas-
sette. The protocol is similar to the scheme shown in
Fig. 17 (but without the use of mutagenic conditions in
their initial PCR step). In some cases, they included
the target gene as a third PCR to create a cassette with
even longer homology. Meynial-Salles et al. (305) also
employed the λ Red system to transfer a set of defined
promoters to the E. coli chromosome driving expression
of lacZ, but at the same time made further modifications
to mRNA-stabilizing regions, the Shine-Dalgarno se-
quence (RBS), and the start codon. A diagram of their
scheme is shown in Fig. 18. Using this technique, the
authors found that five randomly selected colonies gen-
erated by recombineering varied in lacZ expression be-
tween 0.03 and 5.7 units/mg protein. These schemes to
generate a defined promoter library within the chromo-
some at the target gene enable investigators to test a
number of selected constructs, and then employ the
optimized strain for production purposes without further
manipulations.

Increasing the Editing Efficiency of
Recombineering with CRISPR-Cas9
In cases where recombineering is used to modify the
chromosome without selection, the challenge has been to
increase the frequency of the gene alteration to such a
high level so that nonrecombinants (and/or escape mu-
tants) represent a small percentage of the total number of
colonies on the outgrowth plate. This has been achieved,
for example, with oligo-mediated recombineering by the
use of mismatch-repair-deficient hosts that increases the
frequency of obtaining the directed mutation to virtually
the theoretical limit (206) (as described above in “Recom-
bineering with Single-Stranded Oligos”), albeit with the
caveat that one is now working in a highly mutagenic
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background. A more recent solution to this problem has
been the use of the CRISPR-Cas9 system, so widespread
for the manipulation of mammalian chromosomes, which
has been shown to increase the editing efficiency of
recombineering by targeting nonrecombinants for de-
struction. While cutting mammalian chromosomes with
RNA-guided Cas9 endonuclease allow the dsDNA break
to be repaired by nonhomologous end joining (NHEJ),
such repair mechanisms are not present (for the most
part) in bacterial cells. Cutting all the chromosomes in

E. coli, which leaves no uncut chromosome for recom-
binational repair, results in death of the cell. As such,
CRISPR-Cas9 systems have been employed to increase
the percentage of recombineering-promoted events by
targeting the unmodified chromosomes. Jiang et al. (306)
have shown that oligo-mediated recombineering events,
targeting the rpsL gene in E. coli, resulted in 65% of the
outgrowth colonies showing streptomycin resistance
when the CRISPR-Cas9 system was employed to cut the
unmodified rpsL gene. In addition, their results suggest

Figure 18 Regulatory region engineering (see text for details).
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that cutting at the rpsL locus resulted in a modest increase
in the recombination rate (6.7%), suggesting that two
mechanisms are in play to increase the editing efficiency:
preventing outgrowth of nonrecombinants and dsDNA
breaks stimulating Red recombination, which has been
previously demonstrated (307). Other studies have shown
that the combination of recombineering and CRISPR-
Cas9 has allowed for high-frequency unmarked large
deletions close to 20 kb and insertions up to 3 kb (308),
as well as multigene editing without selection (309).
These procedures, while requiring the generation and
implementation of the CRISPR-CAS9 system, allow for
markerless gene alterations without the use of antibiotic
markers or counterselection schemes.

IMPACT OF RECOMBINEERING

E. coli Genomics
Not unexpectedly, one of the first genome-wide appli-
cations of recombineering has been construction of a
library of gene knockouts of every nonessential function
in E. coli (also known as the Keio collection) (193, 310).
This collection followed the paradigm of the Saccharo-
myces Genome Deletion Project to create a single gene
knockout collection for yeast (311, 312). This construc-
tion of the E. coli library was made feasible after the
Red system was found to induce in E. coli a “yeast-like”
proficiency of recombination with linear PCR products
(23, 182, 184). In turn, the existence of this collection
has enabled investigators to use genetics to begin to
develop an interaction map of the E. coli proteome.
By transferring members of a second library of CamR

gene deletions into the KanR Keio collection by conju-
gational recombination, Typas et al. (313) screened for
gene pairs that, when combined, generated a lethal
phenotype, suggesting that the two genes are involved in
redundant pathways, or that they represent avoidance-
repair couples. Such a high-throughput genetic inter-
action assay had been previously performed with S.
cerevisiae, but not for any prokaryotic cell.

Likewise, the use of recombineering technology allowed
tandem affinity purification (TAP) or sequential pro-
tein affinity (SPA) tags to be fused to the C termini of 857
open reading frames in E. coli, enabling the Greenblatt
and Emili laboratories to perform a large-scale analysis
of protein interactions in vivo using affinity chroma-
tography and mass spectrometry (314). The technol-
ogy has been applied to the more than 1,000 orphaned

(functionally unannotated) genes in E. coli to create a
protein interaction network of nearly 6,000 physical in-
teractions, with the putative assignment of many of these
genes to functional classes (315). Chromosomal tagging
of E. coli genes was also done by Watt et al. (316) who
fused fluorescently labeled reporter functions to 23 genes
using recombineering, then visually observed the cellular
distribution of the corresponding proteins in live E. coli
cells using fluorescence microscopy. Other examples of
the application of recombineering technology to genomic
analysis include the development of a systematic muta-
genesis scheme for E. coli (317), a pipeline for the cloning
and tagging of worm genes for genomic analysis of
C. elegans (318), and a multiplex automated genome
engineering technology for programming and accelerated
evolution of E. coli (194). Clearly, besides the simplicity
of creating single-gene knockouts or modifications, re-
combineering has enabled investigators to study E. coli
on a genome-wide scale that was not previously possible.

Mouse Genetics
Over the past two decades, the use of the Cre-promoted
site-specific recombination system of phage P1 has allowed
investigators to manipulate mammalian genomes to insert,
invert, or delete segments of chromosomal DNA with high
specificity (219, 226, 319, 320, 321). This groundbreaking
technology was followed by the addition of yet another
innovative technology offered by bacteriophages for the
manipulation of eukaryotic genomes—recombineering.
The phage lambda Red and Rac prophage RecET systems
have been employed to manipulate segments of mamma-
lian genomes in BACs (189, 322, 323), allowing mouse
gene replacement constructs to be generated in a shorter
amount of time, with greater specificity, and without the
need for restriction enzymes or ligation reactions. Re-
striction sites, promoters, terminators, loxP sites, or any
other genetic element, incorporated into PCR products
(either as part of a primer or amplified from the template),
can be precisely recombined into specific regions of kilo-
base-sized mammalian DNA targets within BACs. The
combination of both phage site-specific and homologous
recombination systems has given the mouse geneticist the
capability of assembling of virtually any type of construct
desired. Most of the technical details described in this re-
view for recombineering of BACs and chromosomes have
been also applied in the modification of BACs used in the
construction of eukaryotic targeting vectors. Recent tech-
nical reviews are currently available on the details of using
recombineering for the construction of gene-targeting
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vectors (324), on recombineering-based procedures for the
creation of Cre/loxP conditional knockouts (325), and on
the construction of Cre-recombinase-expressing trans-
genic mice (326).

Microbial Pathogenesis
Moving the recombinogenic potential of the Red system
to other bacterial species was one of the original goals in
developing this system. Not surprisingly, recombineering
with PCR-generated substrates with short flanking ho-
mologies has worked well in closely related species, like
S. enterica serovar Typhimurium (327, 328, 329, 330,
331, 332, 333) and other Salmonella species (284, 334).
Red recombineering with short homologies has also
worked well in S. flexneri (335, 336) where its use for
vaccine development has been instrumental (337, 338).
Red-promoted gene replacement has also been reported
for Klebsiella aerogenes (339). Pathogenic strains of
E. coli, such as enterohemorrhagic E. coli (EHEC), en-
teropathogenic E. coli (EPEC), and uropathogenic E. coli
(UPEC), are all amenable to Red-promoted PCR-medi-
ated gene replacement (183, 340, 341, 342, 343). Further
improvements for the engineering of deletions and fusion
tags of pathogenic species of E. coli have recently been
reported by Lee et al. (344). The use of I-SceI to liberate
the recombineering fragment from a plasmid in vivo,
together with the addition of a counterselectable marker
(sacB) to that plasmid, promoted high efficiencies of
Red recombineering for the modification of a number of
pathogenic species of E. coli. The use of λ Red has also
been reported for modification of chromosomal genes
in P. aeruginosa (345), although a 3-step PCR to generate
a recombineering substrate containing between 400 and
600 bp of homologous flanks is required. More recently,
Liang and Liu have reported the use of the λ Red proteins
in P. aeruginosa (PA) driven from a PBAD promoter in
plasmid pKaraRed (346). They constructed seamless
deletions by first replacing the chromosomal target with
a sacB-bla cassette using small homology flanks (50 bp),
followed by electroporation with PA chromosomal DNA
that included a 1-kb homologous flank. The authors were
able to construct seamless knockouts of numerous PA
genes with efficiencies of approximately 90%.

The usefulness of the λ Red system for genetic engi-
neering of the strains mentioned above relies on their
relatedness to E. coli. In more distantly related bac-
teria, where the use of PCR products containing short
flanking homologies is not very efficient, λ Red-driven

recombineering of substrates containing longer flanking
homologies (∼500 bp), generated by plasmid restriction
digestion or overlap PCR, have successfully been used
to construct gene replacements. Examples of organisms
where such substrates have been used for gene targeting
include Yersinia pestis (347, 348), Serratia marcescens
(349), and Vibrio cholerae (350). It is possible that such
recombination in these hosts is initiated by λ Red pro-
teins at dsDNA ends, but carried to completion by the
RecA-promoted host pathway.

Ultimately, to achieve high levels of PCR-mediated gene
replacement in non-E. coli hosts, phage recombination
systems from phage endogenous to those species will
likely be required. This concept encouraged van Kessel
and Hatfull (243) to examine the genomes of more than
3,000 mycobacterial phages for functions homologous to
the λ Red and/or the Rac prophage recET functions. They
found predicted recombination proteins to occur rarely
in these genomes, but did find two phages (Che9c and
Halo) to encode RecE-like homologs; Che9c also encoded
a RecT homolog. The C terminus of the Che9c RecE
homolog (gp-60) shares 28% identity with a RecB family
nuclease domain, and the N-terminal two-thirds of
Che9c RecT (gp-61) are 29% identical to RecT of Rac
prophage. Che9c RecT also possesses a motif common
to the RecT superfamily of ssDNA annealing pro-
teins. Overproduction and characterization of the Che9c
RecET proteins found RecE to contain a dsDNA exo-
nuclease activity and RecT to bind preferentially to
ssDNA, similar to λ Exo and Beta, respectively. Unlike
λ, Che9c does not encode a Gam-like anti-RecBCD
function. This may be important for development of
high-frequency recombineering in mycobacteria, as M.
smegmatis and M. tuberculosis encode two RecBCD-like
functions (351). Knockout of one of them (MSMEG_1325,
MSMEG_1327 and MSMEG_1328) in M. smegmatis
resulted in a 10-fold increase in recombineering (Murphy,
unpublished).

van Kessel and Hatfull (243) found that overexpres-
sion of the Che9c RecET proteins in M. smegmatis and
M. tuberculosis (MTb) allowed the cells to be trans-
formed with linear substrates containing drugR markers
with ∼500 bases of flanking homology. PCR-generated
substrates, containing a drugR marker flanked by 50 bp of
target DNA, often give rise to drugR transformants of
MTb, but not with an accuracy that makes it a reliable
substrate for making gene replacements. We have found
that the limited number of colonies obtained in MTb
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following transformation with small homology substrates
is often the result of an illegitimate recombination event,
yielding cells that contain the hygromycin resistance
marker but still retain the wild-type locus of the target
gene. Such illegitimate recombination events have been
the hallmark of gene replacement schemes in MTb using
suicide vectors as delivery vehicles. However, with the
increased frequency of the Che9c RecET system acting
on substrates containing 500-bp flanks, between 30 and
100% of the colonies are true gene replacements (Murphy
et al., unpublished), verified by PCR analysis of the
resulting DNA junctions between the drugR marker and
the chromosome, and by the absence of the wild-type
gene. The system has been used to place reporter tags on
the C termini of chromosomal genes (352) and replace
endogenous promoters with the controllable Ptet pro-
moter (unpublished results). The Che9c RecT protein
can also promote recombineering of M. smegmatis and
M. tuberculosis with ssDNA oligos (121), making it a
useful system for the verification of single-nucleotide
polymorphisms (SNPs) that have been identified in drug-
resistant MTb strains (353). One of the significant dif-
ferences between Che9c RecT-promoted oligo-mediated
recombineering and that promoted by λ Beta in E. coli is
the very large difference in recombineering frequencies
between oligos that target the leading versus the lagging
strand template of the replication fork. In E. coli, this
difference is typically between 3- and 50-fold, but it can
reach 10,000-fold in M. smegmatis. The reasons for this
large bias targeting one or the other strands of the rep-
lication fork in mycobacteria is not known, but may be a
reflection of a mechanistic difference between the Beta
and Che9c RecT functions.

In efforts to develop a recombineering system from
Pseudomonas phages, Swingle et al. (354) have identified
sequences in the chromosome of P. syringae B728a that
are similar to the λ Red and RecET functions in E. coli.
The authors found that the Pseudomonas RecT function
promoted recombineering of an oligo targeting the rpsL
allele at a frequency of 2.4 × 104 recombinants per 108

viable cells. They used 5 μg of the oligo, which contained
three additional base pair changes adjacent to the one
that conferred streptomycin resistance to avoid correc-
tion by the mismatch repair system. This rate is 25-fold
higher that the RecT-independent rate, and 105-fold
higher than the rate of spontaneous streptomycin re-
sistance. The system can also promote recombineering
of dsDNA substrates containing long homology flanks
(∼500 bp), but not small (50 bp) flanks.

We have found similar results using the Orf-52 protein
(a homolog of phage P22 Erf) from the D3 phage
of P. aeruginosa (355). Targeting the rpsL allele with
100 ng of an oligo containing a 1-bp change, we obtained
103 streptomycin-resistant mutants per 108 viable cells
(Murphy, unpublished). In the absence of Orf-52, no
StrepR cells were found. Interestingly, similar to myco-
bacteria, the complementary oligo targeting the leading
strand template gave no recombinants, indicating at
least of 500-fold bias toward oligos that target the lagging
strand template. We also found an accompanying exo-
nuclease function, orf-51, which when expressed with
orf-52, complemented the growth of λ gam red phage
in recA host, indicating the presence of a bona fide
recombination system. It failed, however, to promote
recombineering of PCR substrates containing short
(50 bp) regions of flanking homology. Thus, at this point,
the Red functions expressed from pKaraRed seem to be
best suited for recombineering in Pseudomonas species
(346). Overall, however, as more phage genomes are se-
quenced and analyzed, phage SSAPs and exonucleases
are likely to be identified to allow the manipulation of
the genomes of pathogenic bacteria to create gene knock-
outs, identify critical virulence factors, and promote the
development of vaccine strains.

Metabolic Engineering
Metabolic engineering is another discipline that recom-
bineering technology has impacted in recent years. The
metabolic engineer seeks to modify bacterial or yeast cells
for the efficient overproduction of particular metabolites,
to enhance the fitness of an organism, and/or to prevent
the production of inhibitory side-products generated
during the fermentation process. Genome reduction
(discussed above) produced a strain that is highly trans-
formable, genetically trimmed, and physically fit for
metabolic engineering purposes. In other applications,
recombineering has been used to knock out biosynthetic
genes involved in the synthesis of natural products. These
procedures often involve transfer of chromosomal DNA
from species like Streptomyces or Mycobacteria into
cosmids or BACs, followed by manipulation of DNA by
recombineering (see Fig. 19 for the paradigm of recom-
bineering in non-E. coli microbes). Modifications can
include the addition of origins of transfer and phage
attachment sites, allowing for the transfer and integra-
tion of the modified vector back into the original host
(or a different species). For instance, a report by Gust
et al. (356) describes recombineering of a Streptomyces
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coelicolor cosmid library in E. coli where the investiga-
tors identified a gene involved in geosmin biosynthesis.
They replaced a segment of S. coelicolor DNA with an
antibiotic resistance marker (flanked by FRT sites) and
an oriTRK2 origin to allow transfer from E. coli back to
S. coelicolor by conjugation. Once transferred, the cosmid
clone, which cannot replicate in S. coelicolor, undergoes
a double-crossover recombination event to generate a
gene replacement in the S. coelicolor chromosome. The
procedure has been used many times to make over 100
gene replacements in S. coelicolor.

In another example of the use of λ Red in metabolic
engineering, Wenzel et al. (357) rebuilt a biosynthetic
gene cluster from myxobacterium Stigmatella aurantiaca
using recombineering in E. coli. Myxobacteria are soil
bacteria that are a rich source of natural products used
for drug development. The modified myxobacterial gene
cluster encodes a set of nonribosomal peptide synthe-
tases (NPS) and a polyketide synthase (PKS) module that
governs the synthesis of myxochromide S, a group of
cyclic peptides with polyketide side chains. These inves-
tigators used recombineering to add a thioesterase do-
main to one NPS and inserted a toluic-acid-inducible
promoter to drive expression of the gene cluster. To
transfer the gene construct to Pseudomonas putida, they
also incorporated an origin of transfer, a tetracycline
resistance gene for selection purposes, and the trpE gene
as a source of homology for integration into the P. putida
chromosome. The engineered P. putida strain was
found to produce a maximum yield of myxochromide
S cyclic peptides that was five times greater than the

original S. aurantiaca host from which the gene clus-
ter was derived. More recently, Fu et al. (358) showed
that the 30-kbp myxochromide S gene cluster, as
well as the larger 58-kbp epothilone gene cluster from
Sorangium cellulosum, could be modified for expres-
sion and transferred to heterologous hosts by transposi-
tion. By using recombineering to introduce components
of the MycoMar transposase to the gene-cluster con-
structs, the authors report efficient transposition of both
these large gene clusters to Myxococcus xanthus and
P. putida.

It is expected that similar recombineering-based recon-
structions like this one will become standard practice,
where natural product genes and operons are combined
into a single large DNA construct in E. coli, modified as
needed, and combined with the elements to mobilize
them to an alternative host by conjugation and trans-
position. In some cases, the λ Red functions may work
directly in non-E. coli bacteria that may be useful for
metabolic engineering, as was recently shown for the
acid-tolerant Pantoea ananatis (359) and Agrobacterium
tumefaciens (360). In other cases, RecT-like genes can be
isolated from non-E. coli bacterial species, as was recently
done for Lactobacillus reuteri and B. subtilis (361, 362).
The L. reuteri RecT protein was used for development of
an oligo-based recombineering protocol for lactic acid
bacteria, which are commonly used for fermentation
processes in the food and beverage industries. Likewise,
Dong et al. (363) found a RecT-like function in Clos-
tridium perfringens in an effort to develop a recom-
bineering system for Clostridium acetobutylicum, a
bacterium used for the production of organic solvents.
An analysis of a number of different Beta- and RecT-
like proteins from a variety of bacterial species shows
they all can work in E. coli to promote oligo-mediated
recombineering, albeit with varying degrees of success
(364). Those phage annealases from bacteria more
closely related to E. coli worked better than those from
more divergent species, although there were excep-
tions, e.g., the EF2132* annealase from the Gram-positive
Enterococcus faecalis worked as well as the λ Beta pro-
tein for oligo-mediated recombineering in E. coli. These
data suggest that recombineering has the potential to be
developed in many types of bacterial species. Consistent
with this idea, recombineering systems for Photorhabdus
luminescens and Xenorhabdus stockiae, lethal pathogens
for insects, have recently been established by the utili-
zation of phage genes within P. luminescens that are
homologous to the λ red system (365).

Figure 19 λ Red Recombineering of non-E. coli sequences. Exoge-
nous DNAs (e.g., mycobacteria, mouse, or human DNA) are cloned
into bacterial artificial chromosomes (BACs) for modifications,
additions, or deletions. Schemes to recover the modified DNA for
sending it back into the exogenous hosts are discussed in the text. ES
cells, embryonic stem cells.
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Red recombineering has also been used to develop a
laboratory-based methodology for accelerated evolution
of E. coli (194). Multiplex Automated Genome Engi-
neering (MAGE) is a process whereby cells expressing
Red and Gam are electroporated with sets of degenerate
oligos targeting multiple regions of the chromosome.
As an example, Wang et al. (194) targeted the ribosome
binding sites of 24 genes involved in the synthesis
of lycopene. The oligos were designed to increase the
translational efficiency of 20 genes previously implicated
in lycopene synthesis, by modification of their ribosome
binding sites. In addition, to increase flux through the
targeted pathway, 4 genes in secondary pathways were
targeted for inactivation by the insertion of a stop codon
in their open reading frames. By repeated rounds of
electroporation with the 24 oligos and subsequent out-
growth, MAGE was calculated to generate all the genetic
variants predicted (∼15 billion). The recombineering
with the oligos was performed in an E. coli mutS strain
that expressed the λ Red and Gam functions from a
prophage, and a plasmid (pAC-LYC) expressing a cya-
nobacterium lycopene cyclase (366), an enzyme re-
quired for the final steps of lycopene production. By
screening colonies following 5 to 35 cycles of MAGE,
the authors identified strains that contained higher
concentrations of lycopene (as evidenced by the red color
of the colonies); some of these strains showed a 5-fold
increase in lycopene synthesis relative to the starting
strain.

By coselecting for markers situated at different regions
of the chromosome, Wang et al. (367) have shown that
higher rates of oligo-mediated changes (in this case,
the insertion of the 20 bp T7 promoter [5′-TAATACG
ACTCACTATAGGG-3′] at 12 different operons) could
be obtained by coselection of a selectable marker (e.g.,
CamR) whose loci is near or within the chromosomal
region of the targeted operon(s). With coselection, T7
promoter insertion events occurred within 25% of the
cells after one round of MAGE, but only in 2 to 3%
of the cells without coselection. The use of this meth-
odology (called CoS-MAGE) resulted in the insertion
of the T7 promoter in front of all 12 targeted operons,
as well as 80 different strains containing different com-
binations of targeted operons. Some of these promoter
insertions resulted in an increase in production of
the desired metabolite (indole), while other combina-
tions resulted in lower amounts relative to the starting
strain. Promoter libraries such as these can be used to
study epistatic interactions in gene networks. Overall,

these recombineering-based approaches in metabolic
engineering should continue to drive the synthesis of
novel secondary metabolites, and the subsequent devel-
opment of interesting new compounds and therapeutic
agents. This coselection strategy has recently been ap-
plied to BAC recombineering, where the coelectropora-
tion of a dsDNA substrate containing a selectable marker
(KanR), and an unselectable oligo carrying a loxP site,
was used to reduce the number of steps required to
construct a conditional knockout gene-targeting vector
(368).

MECHANISMS OF λ RED RECOMBINEERING

Recombineering with ssDNA Oligos
The difference in the frequencies of recombination when
one uses an oligo that targets the lagging strand versus
the leading strand of a replication fork indicates that the
replication fork itself is the target of the Red-promoted
oligo-mediated recombineering. This was noted by Ellis
et al. (188), who proposed that the higher frequencies
of recombineering with oligos containing the lagging
strand sequence is a reflection of the higher amount of
ssDNA target available on the lagging strand template.
A model based on this observation has been described
and is shown in Fig. 20. As shown in Fig. 20A to C, Beta
is proposed to anneal the oligo to the lagging strand
template between Okazaki fragments. Once annealed,
the oligo is proposed to become incorporated into the
lagging strand by the normal mechanisms that extend
and ligate the Okazaki fragments via the actions of DNA
polymerase I and ligase. The physical incorporation of
the oligo into a target DNA was shown by Huen et al.
(369) using a biotinylated oligo and isolating the recom-
binant plasmid with streptavidin-conjugated magnetic
agarose beads. This assay had previously been employed
by Radecke et al. (370) to demonstrate oligo uptake into
plasmids during targeted gene alteration in eukaryotic
cells.

While recombineering by oligos targeting the leading
strand occurs at lower frequency, it does happen, and a
model to address this eventuality is shown in Fig. 20D
to F. In this scheme, Beta anneals the oligo to the leading
strand template just ahead of the leading strand poly-
merase. Once Pol III reaches the 5′ end of the oligo, the
polymerase is proposed to disengage from the template
and to renew polymerization downstream by using the 3′
end of the oligo as the priming site. There are precedents
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for this model. Both leading and lagging strand poly-
merases are thought to be able to reinitiate polymeriza-
tion downstream on their templates, since gaps can be
found in both strands following encounters with lesions
in their respective templates (reviewed by Wang [371]).
Also, like the lagging strand polymerase, the leading
strand polymerase (green pentagon in Fig. 20) is tethered
to the clamp loader (372, 373), and, as a result, should
have the capability to reengage its template following
dissociation on encounter of the oligo. The annealing of
the oligo to ssDNA regions of the replication fork is con-
sistent with recent evidence (209) on the effects of Pol I
5′-3′ Exo- mutants on recombineering rates, and the
differential processing of the 5′ ends of the oligos when
annealed to either lagging or leading strand substrates
in vivo (described above).

In an effort to increase the frequency of mutations in-
troduced by oligos in the accelerated evolution process
known as MAGE (see “Metabolic Engineering” section
above), the Church laboratory has examined altera-
tions in the protocol that increased the frequencies of

oligo-mediated mutagenesis. They found that the use
of an E. coli strain deleted of four ssDNA exonucle-
ases (RecJ, ExoI, ExoVII, and ExoX) resulted in higher
amounts of mean allele conversions using the Co-MAGE
protocol (374). The implication is that more oligos were
surviving the threat of degradation by these exonucleases
prior to being annealed to the replication fork. While
previous studies using a single oligo had shown that using
large amounts of it precludes the need for this Exo-
deficient strain (215), Mosberg et al. (374) believe that
the benefit of having saturating levels of oligos is offset
by the increased competition among many different
oligos entering the cell during electroporation. Another
improvement in the frequency of oligo-mediated re-
combineering was also seen by this group when they
employed a dnaG mutant strain that possessed a de-
creased rate of priming (375), resulting in longer Okazaki
fragments and increased accessibility of ssDNA on the
lagging strand template. The combination of both the
Exo-deficient strain and the DnaG mutant resulted in
the highest levels of allelic conversion using the Co-
MAGE technique.

Figure 20 Beta-promoted Recombineering with ssDNA oligos. (A–C) Targeting of the lagging strand template. Beta promotes annealing of the
oligo to a ssDNA region of the lagging strand template. Pol I and ligase promote filling in of the oligo and joining it with the surrounding Okazaki
fragments to produce heteroduplex DNA (red asterisk). (D–F) Targeting of the leading strand template. Beta promotes annealing of the oligo to a
ssDNA region of the leading strand template just ahead of the leading strand 3′ end. The leading strand polymerase (not shown) dissociates from
its template, and because it is tethered to the clamp loader (green pentagon) of the replisome (denoted by yellow oval), it can reinitiate
downstream at the 3′ end of the oligo. Annealing of the oligo creates either a mismatch, a small deletion, or small insertion (denoted by red
asterisk), which must escape repair by the Mismatch Repair System of E. coli. The mutation is fixed via subsequent replication of the heteroduplex
region.
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Recombineering with dsDNA (PCR) Substrates
Little has shown that λ Exo acting on dsDNA digested
the 5′ strand, leading to 3′-ssDNA overhangs that were
proposed to be key intermediates in Red-promoted re-
combination (41). Given the role that dsDNA ends play
in RecA-mediated dsDNA break repair events (20), one
might imagine that λ Red might act on both ends of a
linear dsDNA substrate to promote a double crossover
event at its target site. A test of this idea came from a
study designed to evaluate these 3′ overhangs in a Red-
promoted dsDNA-mediated recombineering event. Yu
et al. (376) generated dsDNA substrates (from over-
lapping oligos) that contained 3′-ssDNA overhangs.
It was thought that a dsDNA substrate with 3′-ssDNA
overhangs might mimic a λ Exo-generated intermediate
(given the 5′-3′ exonuclease activity of the enzyme) and
would thus require only the action of λ Beta to recom-
bine. The assay was designed so that each oligo could
not act alone to promote recombination, requiring the
formation of dsDNA intermediate to promote recombi-
nation. As expected, this substrate did not require (and
was not stimulated by) the action of λ Exo, and was active
for recombineering. However, the rates of recombina-
tion were quite low (3 × 102 recombinants/108 survivors),
suggesting this is not a major intermediate for Red-
promoted recombineering of dsDNA substrates. As sug-
gested by the authors, the low frequency of recombina-
tion with this substrate may be due to the absence of
an Exo-promoted loading of Beta protein onto ssDNA. λ
Exo may load Beta onto the ssDNA it generates in a
quantitatively (or qualitatively) different way compared
with Beta binding to a preformed substrate containing
3′-ssDNA overhangs. While this may not be a critical
step for short sequences (ssDNA oligos), it may have a
greater role for recombinogenic processing of dsDNA
substrates. These experiments, however, could not ad-
dress this question.

In the same study, when substrates containing 5′ over-
hangs were used, recombineering rates were elevated
500-fold, and the increase was dependent on the presence
of both λ Exo and Beta. This result was unexpected given
the 5′-3′ polarity of λ Exo digestion. The authors ex-
plained this observation by surmising that substrates
with 5′ overhangs could be “filled-in” in vivo by DNA
polymerase I. The blunt-ended dsDNA species would
then be the preferred substrate for the action of λ
Exo and Beta. Yu et al. (376) noted that one possibility
for this observation is that the loading of λ Beta on to
ssDNA generated by λ Exo would preclude any problems

associated with ssDNA secondary structures that might
interfere with efficient annealing of the ssDNA to target
sites. Alternatively, the authors suggested that perhaps
Exo acted on only one end of the dsDNA to generate
full-length ssDNA, which would then anneal to ssDNA
regions of the replication fork in the same manner as
proposed earlier for oligos (188). Such a mechanism has
recently been supported by other studies from the
Church laboratory (see below). Overall, however, these
studies did not lend much support to a model involving
annealing of dsDNA substrates containing 3′ overhangs
to their target molecules (i.e., replication forks) during
recombineering events.

In a similar study, Muyrers et al. (377) generated dsDNA
substrates containing 3′-ssDNA overhangs (the pre-
sumed intermediate) by presecting linear dsDNA sub-
strates with T7 gene 6 exonuclease (a 5′-3′ exonuclease)
or by treating substrates containing a triplet of phos-
phorothiolated nucleotides with RecE. The phosphoro-
thiolated nucleotides were situated in such a way as to
prevent extended digestion of the DNA by RecE beyond
the region of homology, thus generating substrates with
precise 3′-ssDNA overhangs. Neither of these substrates
could be recombined in the presence of an annealing
function (either RecT or λ Beta) in the absence of their
cognate 5′-3′ exonucleases (RecE and λ Exo, respectively),
suggesting that processing of both ends of a dsDNA
substrate was not the major mechanism of Red or RecET
recombineering. These studies also showed that the com-
bined expression of individual components of λ Red or
RecET recombineering systems (i.e., expression of RecE
with λ Beta, or λ Exo with RecT) did not promote re-
combineering. Thus, both the λ Red and RecET recom-
bination systems require interactions between their
orthologous partners, again arguing for some critical
interaction between the partners during recombination
(e.g., loading of the SSAP on to ssDNA by the exonu-
clease function).

Red Recombineering via a ssDNA Intermediate
Recent work has given support to a model whereby λ Exo
binds to only one end of the dsDNA substrate and
processively degrades one of the ssDNAs of the duplex.
Such an event would generate a ssDNA that could con-
ceivably behave as a large oligo to anneal to ssDNA re-
gions of the replication fork, as described above for short
oligos. Mosberg et al. (378) generated a 1.2-kb lacZ::kan
ssDNA substrate by using biotin capture and a DNA

54 ASMScience.org/EcoSalPlus

Murphy

www.asmscience.org/EcoSalPlus


melting protocol, and demonstrated that this ssDNA
species was capable of promoting recombineering at
∼15% of the rate of the corresponding dsDNA substrate.
The authors speculated that the lower amounts of re-
combineering with ssDNA substrates of this size might
be due to the presence of inhibitory secondary structure
in the substrate, or the lack of Exo-assisted loading of
Beta protein onto the ssDNA. They also performed
ssDNA recombineering in a strain expressing only the
λ Beta protein. While the rate with a dsDNA substrate
fell 200-fold in this strain (relative to a Red-expressing
strain), the ssDNA substrate remained highly recom-
binogenic, indicating that recombinants formed in this
experiment with the purified ssDNA were not the result
of contaminating dsDNA. In further support of the
model, when these authors used a dsDNA substrate
bearing mismatched bases in the flanking regions (where
both bases differed from the wild-type sequence), 80%
of the recombinants inherited mismatches from only one
of the two strands of the DNA duplex. This result is best
explained by a model encompassing a ssDNA interme-
diate as shown in Fig. 21.

The ssDNA intermediate model involves Exo-promoted
digestion of only one of the two strands of a dsDNA
substrate, the annealing of the ends of the ssDNA to the
lagging strand template, and the presence of unpaired
regions of ssDNA containing the drugR marker. A similar
type of structure would be expected of an oligo designed
to create a large deletion, with the exception that the
large intervening unpaired region would be created in the
template strand of a replication fork. Such structures with
large unpaired regions are presumed to be stable long
enough so that a subsequent replication fork would re-
solve the structure and form the recombinant via normal
DNA synthesis.

This ssDNA intermediate model is also supported by
observations of Maresca et al. (273), who took advantage
of the fact that λ Exo requires a 5′-phosphate to efficiently
degrade linear dsDNA. By generating PCR products
that contain a 5′-phosphate on one end and a 5′-hydroxyl
(or thiophosphate, which also makes ends resistant to λ
Exo ) on the other, they ensured that λ Exo would effi-
ciently degrade only one of the two strands of a dsDNA
molecule (i.e., the one containing the 5′-phosphate).
They show that, following electroporation into cells ex-
pressing λ Red and Gam functions, dsDNA molecules
that generate a ssDNA species that can anneal to a lag-
ging strand template are highly recombinogenic, whereas

dsDNA substrates that generate ssDNA targeting the
leading strand template are down 4- to 10-fold. These
results, which are consistent with those of Mosberg et al.
(378), suggest that λ Exo acts progressively on one of the
two strands of a dsDNA substrate in vivo, generating a
ssDNA intermediate that proceeds through a mechanism
similar to that described for oligos. Maresca et al. (273)
also showed that recombineering decreases dramatically
when dsDNA insertions are increased from 1 to 4.5 kb,
consistent with the limited processivity reported for λ
Exo of ∼ 3 kb (43). The ssDNA intermediate model is
also consistent with the experiments described by Lim
et al. (379). In this study, substrates were constructed that
contained flanking homology on either side of two drugR

Figure 21 Red-promoted dsDNA recombineering via ssDNA inter-
mediates. λ Exo binds to one end of a dsDNA substrate and degrades
the 5′-ending strand. The long ssDNA generated by Exo is bound by
Beta (exactly how and to what extent is not known). Beta then
promotes annealing to ssDNA regions of the replication fork, much
like the model in Fig. 20 for DNA oligos. The large nonhomologous
ssDNA region encoding the drugR marker (brown line) is presumably
stabilized by Beta bound to regions flanking the nonhomology. When
the next replication fork passes through, the gene replacement is
completed. This model was originally proposed by Yu et al. (376), and
corroborated by the studies of Mosberg et al. (378).
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markers, and, in addition, between the two drugR markers.
The authors show that recombinants most often retained
only one of the two drugR markers, with only 10% of
recombinants picking up both markers. Thus, homology
internal to the dsDNA substrate was used more often
than sequences at the ends of the DNA, consistent with a
mechanism involving a ssDNA intermediate.

Finally, support for a ssDNA intermediate in Red-mediated
recombineering of dsDNA comes from studies with phos-
phorothioate linkages incorporated into PCR substrates.
Double-stranded DNA with phosphorothioate linkages are
resistant to digestion by λ Exonuclease (380). Therefore, a
PCR substrate containing phosphorothioates at the 5′ ends
should be resistant to λ Exo, and be a poor substrate for
recombineering. This is not the case. Mosberg et al. (374)
have shown that the ssDNA exonuclease ExoVII can re-
move the terminal phosphorothioates, which then allows λ
Exo to bind to the 5′-phosphate ends thus generated to
initiate 5′-3′ degradation and promote recombineering.
However, when the phosphorothioates were placed inter-
nally, in a region between the homologous ends and the
drugR marker, neither wild-type E. coli or the xseA mutant
(ExoVII deficient) could promote recombineering. Thus,
while ExoVII can remove terminal phosphorothioates, it
may not be able to gain access to λ Exo stalled at an internal
phosphorothioate in vivo. In agreement with earlier results
discussed above, internal phosphorothioates (in one strand
only) were placed in such a way as to generate a full-length
ssDNA intermediate (i.e., the other strand). This strand,
which annealed to the lagging strand template of the rep-
lication fork, generated recombinants at a rate equivalent to
unmodified substrates. On the other hand, internal phos-
phorothioates placed in such a way as to allow the survival
of the strand that anneals to the leading strand template did
not produce recombinants. These results are inconsistent
with a model that degradation of both ends of linear
dsDNA substrates is the principal mechanism of Red-
promoted recombineering of PCR substrates. This con-
clusion applies to substrates with small regions of flanking
homology (40 to 50 bp). Substrates containing longer re-
gions of flanking homologies (e.g., 0.5 to 1 kb), which show
a large RecA dependency, have not been tested using this
type of methodology.

Red Recombineering with dsDNA with
Single (or Limited) Base Pair Changes
The studies by Mosberg and Maresca (273, 378) show
that recombineering principally follows through a ssDNA

intermediate, although their data suggest at some low
frequency, the mechanism may involve the presence of
5′-resected DNA at each end of a long dsDNA substrate.
While these events may involve a combination of exo-
nucleolytic processing of the ssDNA in vivo, and/or a
primary recombination followed by a secondary event
with the opposite strand in the same cell, other expla-
nations are worth noting. One is offered by Court et al.
(381), who provided a model of recombineering with
dsDNA substrates that do not possess a large region
of heterology relative to the target site (i.e., that do not
include ∼1 kb drugR markers). The model is depicted in
Fig. 22 and suggests an alternate (perhaps less favored)
mechanism to that involving an ssDNA intermediate. In
this scenario (Fig. 22A), the λ Exo-generated 3′-ssDNA
region at one end of the DNA duplex is annealed by
Beta to ssDNA regions of the lagging strand template
of a replication fork. (This step was first suggested by
Kuzminov, in his description of how the λ Red system
could promote transduction in E. coli recAmutants [20]).
This event causes the fork to stall, followed by fork re-
gression that leads to the creation of the “chicken foot”
structure (Fig. 22B). As the fork reverses, it is driven by
a branch migration, which promotes annealing of the
leading strand to the ssDNA of the recombineering
substrate (that had previously been annealed to the lag-
ging strand template). Extension of the leading strand
by DNA polymerase I fills in the gap and ligase com-
pletes the formation of the chicken foot. Beta bound to
the uninvolved end of the recombineering substrate
protects this end from degradation by cellular nucleases
(Fig. 22C). Reabsorption of the chicken foot reestab-
lishes the replication fork structure, which should occur
readily in the absence of any large heterology between
the substrate and the chromosome, producing small
mismatched regions in both arms of the fork (Fig. 22D).
Upon subsequent replication of the chromosomal region,
the changes encoded by the dsDNA substrate are stably
incorporated into the chromosome, provided they are
resistant to (or escape from) the mismatch repair system
of E. coli. A region containing a long heterology (e.g., a
drugR resistance marker) is not expected to branch mi-
grate, and thus would not be able to proceed through the
mechanism depicted in Fig. 22.

RedRecombineering via the TemplateSwitchModel
The template switch model of λ phage recombination
presented by Poteete (depicted in Fig. 6) suggests that
Beta anneals the incoming ssDNA tail of a Red-processed
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dsDNA end to the replication fork and, in addition,
repositions the incoming ssDNA to be used as a template
by a redirected leading strand DNA polymerase, as seen
in Court’s model (see Fig. 22). In the template switch
model, however, a ssDNA nick occurs in the leading
strand template (by an unspecified endonuclease) leading
to a splicing event between the incoming DNA and one
prong of the replication fork; the fork is then redirected
(Fig. 6). To apply this model to the recombineering of
PCR substrates, the template switch model would require
a second invasion event of the dsDNA end not involved in
the primary replisome invasion, as suggested by Poteete
(3). A recombinant in this case would inherit information
from the 3′ overhangs generated by λ Exo at each end
(that is, would acquire information from both strands)
since the polymerase switch (at each end) copies the se-
quence from the 3′ overhangs in the process of generating
the recombinant. This result, however, would be at odds

with the data of Mosberg et al. (378), who found that the
information from only one strand of a dsDNA substrate is
found in 80% of their recombinants, consistent with a
model involving a ssDNA intermediate.

However, the template switch model could be modified
for recombineering of a PCR substrate as described in
Fig. 23. In this scenario, the template switch and nick in
the leading strand template take place, but the redirected
polymerase promotes complete synthesis of the incoming
ssDNA, regenerating a dsDNA end that can now be used
in a second replisome invasion event. In effect, an ssDNA
intermediate is involved, but it is incorporated differ-
ently than simply being annealed to the lagging strand
template. λ Exo is expected to carry out the complete
processing of a typical 1-kb PCR substrate in vivo given
its processivity. Furthermore, this size DNA is similar to
the amount of heteroduplex DNA that is generated by

Figure 22 Proposed model for integration of dsDNA substrate with limited nonhomology into a replication fork. (A) Red-processed dsDNA end
(Beta bound to a ssDNA overhang generated by Exo) invades a replication fork and promotes annealing to the lagging strand template. (B) The
leading strand switches to the incoming duplex. Stalling and reversal of the fork generates a “chicken-foot” structure. (C) The leading strand
polymerase fills in the gap previously generated by λ Exo, while DNA ligase connects the strands. (D) The Holliday junction branch migrates to
the right and is reabsorbed, reestablishing a replication fork framework. The mutant base(s) form heteroduplexes (green boxes). Model taken
from Court et al. (381).
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lambda recombination during a phage infection (180).
In this scenario, since the incoming strand is copied,
information from only the invading strand will be pres-
ent in the recombinant, consistent with the data from
Mosberg et al. (378).

The RecA Independence of Recombineering
The recombineering mechanisms described here, either
with an oligo or a Red-processed dsDNA substrate, in-
volve annealing of these substrates to ssDNA regions
of a replication fork. As such, they do not require a
RecA-mediated ssDNA invasion into duplex DNA

chromosomal target sites. This is consistent with the
RecA independence of recombineering reported for both
oligos and PCR substrates with short regions of flanking
homology (50 to 60 bp), as well as the RecA indepen-
dence observed with lambda recombination in the pre-
sence of phage DNA replication. However, the original
report on the use of λ Red for gene replacement, which
used drugR markers containing ∼1 kb of flanking ho-
mology, showed a ∼50-fold dependence on RecA for
efficient recombination (Murphy [23]), as have studies
by Poteete et al. using similar sized substrates (149). The
RecA dependence of recombineering in these studies
may reflect both the larger size of the recombineering

Figure 23 Template switch model of recombineering. (A) As before, a Red-processed dsDNA end (Beta bound to a ssDNA overhang generated
by Exo) invades a replication fork and promotes annealing to the lagging strand template. (B) Beta captures the leading strand and promotes a
template switch, such that the leading strand polymerase now uses the incoming strand as a template. A nick is introduced in the leading strand
template by an unspecified nuclease. (C) The redirected polymerase completely resynthesizes the incoming strand, reestablishing a dsDNA end.
The 3′ end of the invading strand is filled in and ligated to complete the recombination event. (D) The products of the reaction are an intact
chromosome (after filling in and ligation) and the broken end containing the incoming substrate. This dsDNA end could be acted upon by the λ
Red system and invade the leading strand template of another replisome (for small homology substrates), or by the RecA-dependent pathway for
recombination (for long homology substrates) to complete the gene replacement.
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substrate and the higher level of homology with the target
site. RecA-independent recombineering decreases with
increasing size of the linear DNA (273), probably a re-
flection of the limited ability of λ Exo to make a com-
plete ssDNA intermediate for dsDNA substrates 3 kb
and greater in vivo. Perhaps the limited processing by λ
Exo of substrates with 1-kb flanks, together with the
greater amount of homology typical of RecA-mediated
events, drive Red-promoted recombination of these sub-
strates into the RecA-dependent pathway, as described in
Fig. 4A.

As an alternative hypothesis, the longer recombineer-
ing substrates (∼3 kb) might involve a Red-promoted
invasion of one end of the substrate, but perhaps a
RecA-promoted event at the other end. In this scenario,
diagrammed in Fig. 23, the first event involves a Red-
promoted annealing of the λ Exo-processed end to the
lagging strand template of a replication fork (a favored
event as suggested by oligos that target the lagging strand
template). This step is followed by a template switch to
fill in the ssDNA gap created by λ. The other end of a
long linear substrate (after processing by Red) would
have to (by necessity) anneal to the leading strand tem-
plate of a second replication fork (a disfavored event
perhaps, due to the lack of ssDNA regions within this
target, or the lack of nearby fork). Instead, because of the
longer homologies available (e.g., 0.5 to 1 kb), this end
may proceed via the RecA-promoted “salvage pathway”
described by Poteete (116), which does not required a
fork invasion event (Fig. 4A). In accordance with this
model, the physical recombinant assay used to demon-
strate the replisome invasion model (as seen in Fig. 6),
where only one end is necessary to achieve a recombi-
nant product, was totally RecA independent. On the
other hand, as mentioned above, the Red-promoted du-
plication event of chromosomal regions containing the
lacZ region, requiring both ends of a 3.5-kb linear DNA
substrate, was largely RecA dependent (275).

SUMMARY
When Esther Lederberg discovered phage λ in 1950
(382), it was impossible for her to know how this phage
would lend its recombination system to the manipulation
of bacterial and mammalian DNA for so many purposes
60 years later. Recombineering technology has allowed
investigators to make DNA constructs that otherwise
would in many ways be impossible to piece together with
restriction enzymes and ligases. Different schemes for

generating altered chromosomes and BACs with λ Red
and RecET, with the help of Cre/loxP, counterselection
markers, and the I-SceI enzyme have been developed,
with more advances likely forthcoming.

What is less understood is the mechanism of annealing
that is so central to this process. While λ Exo’s ability to
generate ssDNA in vivo seems an important first step in
recombineering, it is still unclear how the SSAP binds
ssDNA, how it finds the replication fork, and what the
molecular details of the interactions are that position the
processed ssDNA in the heart of a replication fork with
such precision. Also, can the mechanism of recombi-
neering help us decipher the mechanism of recombina-
tion that goes on during phage infection? These are
questions to be addressed by further studies of a phage
recombination system, still the best model for unraveling
such molecular details. Besides the technology develop-
ment purposes, the continued understanding of a system
like λ Red is all the more relevant considering that its
eukaryotic analog, the Rad52 protein, is an important
component of most of the recombination pathways in
yeast and human cells (71, 72, 383, 384, 385).
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