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Abstract

Recombineering is an in vivo genetic engineering technique involving homologous recombi-

nation mediated by phage recombination proteins. The use of recombineering methodology

is not limited by size and sequence constraints and therefore has enabled the streamlined

construction of bacterial strains and multi-component plasmids. Recombineering applica-

tions commonly utilize singleplex strategies and the parameters are extensively tested.

However, singleplex recombineering is not suitable for the modification of several loci in ge-

nome recoding and strain engineering exercises, which requires a multiplex recombineering

design. Defining the main parameters affecting multiplex efficiency especially the insertion

of multiple large genes is necessary to enable efficient large-scale modification of the ge-

nome. Here, we have tested different recombineering operational parameters of the lambda

phage Red recombination system and compared singleplex and multiplex recombineering

of large gene sized DNA cassettes. We have found that optimal multiplex recombination re-

quired long homology lengths in excess of 120 bp. However, efficient multiplexing was pos-

sible with only 60 bp of homology. Multiplex recombination was more limited by lower

amounts of DNA than singleplex recombineering and was greatly enhanced by use of phos-

phorothioate protection of DNA. Exploring the mechanism of multiplexing revealed that effi-

cient recombination required co-selection of an antibiotic marker and the presence of all

three Red proteins. Building on these results, we substantially increased multiplex efficiency

using an ExoVII deletion strain. Our findings elucidate key differences between singleplex

and multiplex recombineering and provide important clues for further improving multiplex

recombination efficiency.

Introduction

A key tool for genetic engineering in bacteria is recombineering, which involves homologous

recombination mediated by phage encoded proteins [1,2]. Typical recombineering exercises
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like the insertion of a gene cassette (Fig 1A) or subcloning of DNA by gap repair (Fig 1B and

1C) require only short regions of homology to the target and generates high recombination ef-

ficiencies [3–5]. Consequently, recombineering has enabled the introduction of a variety of ge-

netic modifications including seamless changes [6–8] and has helped greatly accelerate

progress in understanding gene function [9–11], isolation of protein complexes [12–14] and

exploitation of synthetic metabolites [15–17]. The recombination functions are provided by

the Red system of the phage lambda or the equivalent RecET system of the E. coli cryptic Rac

prophage [18,19]. The Red system utilizes three different proteins. Redα is an exonuclease that

completely degrades one strand of a double-stranded DNA (dsDNA) and generates a single-

stranded DNA (ssDNA) intermediate, which is concomitantly bound by the Redβ single-

stranded annealing protein (SSAP) [20–23]. Recombination of the beta coated ssDNA occurs

preferentially on the lagging strand of the replication fork and leads to incorporation into

newly replicated molecules by a mechanism termed beta recombination [24–26]. Redγ is the

third member of the Red system, which inhibits the RecBCD exonuclease and is required for ef-

ficient recombination of dsDNA while ssDNA recombination only requires Redβ [27,28].

Standard recombineering practices allow single targets to be modified at a time and can be

termed singleplex recombineering. Whilst singleplex recombineering is de rigueur for strain and

vector construction applications [29–32], this process is not readily amenable to efficiently creat-

ing a more complex set of changes like the introduction of multiple mutations across the genome.

To address these limitations, enhanced multiplex recombineering strategies have been recently

developed [33–36]. Multiplex recombineering has been used in whole genome recoding [37], the

rapid engineering of producer strains [38] and the optimization of metabolite pathways [36].

Thus, overcoming the limitations of singleplex recombineering have opened up exciting avenues

to explore new biological functions [39], produce diverse proteins [34,36,40] and to improve bio-

security [41,42]. Multiplexed automated genome engineering (MAGE) is a primary example of a

multiplex recombineering technique [34]. MAGE involves the multiplex insertion of oligos at dif-

ferent genomic sites in E. coli via a cyclical process that generates a population containing a vast

combinatorial diversity of mutations. Notably, tagging of the entire translational protein complex

for in vitromulti-enzyme catalysis (MEC) [43] and the generation of improved lycopene produc-

er strains [34,44] have been achieved with MAGE. Recently, we have described a novel multiplex

recombineering methodology using large DNA constructs that permits the simultaneous inser-

tion of whole genes at different genomic targets in the same cell (Reddy et al., under review).

Double-stranded DNAmultiplexed recombineering is a key tool for the construction of novel

microbial strains containing complete heterologous metabolic pathways and for the rapid assem-

bly of gene targeting vectors [45]. While the design requirements of MAGE have been well char-

acterized including minimization of oligo secondary structures, mismatch repair evasion and

oligo protection [34,46–48], the parameters affecting double-stranded multiplex recombineering

need to be clearly defined to elucidate the processes that impact multiplex recombination of large

DNA. Here, we have used insertion and gap repair assays to perform a systematic comparison of

the requirements of double-stranded multiplex recombineering with singleplex recombineering.

We have identified homology length, in vivo template availability and co-selection as the main

factors that determine multiplex efficiency. To validate these parameters, we used exonuclease

VII deficient strains to increase multiplex recombination efficiency.

Results

Longer homology lengths allow efficient multiplexing

The effect of homology length on recombination frequency was tested using an insertion re-

combination assay using a Gentamicin cassette containing different lengths of homology (HL)
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identical to a site of the mouse P2rx1 gene on a Bacterial Artificial Chromosome (BAC) (S1

Fig). In parallel, a gap repair assay was performed at the same P2rx1 locus using p15A subclon-

ing plasmids containing a similar set of HLs. Both sets of linear PCR cassettes were asymmetri-

cally modified with two terminal phosphorothioate bonds to protect the strand that could

prime DNA synthesis on the lagging strand near the replication fork. The complementary

strand contained a 5’ phosphate to promote its degradation by λ exonuclease and to help re-

lease the ssDNA recombination intermediate [24]. Efficient insertion required 35 bp of homol-

ogy and the recombination frequency increased with greater homology to a maximal level

observed at 120 bp (Fig 2A). Colony PCR analysis confirmed correct recombination in most

Fig 1. Different types of recombineering processes. (A) Insertional recombination. A selection marker
(sm) containing homology to a target site is inserted during the process of DNA replication (dashed line). Gap
repair cloning. A gapped plasmid with terminal homology regions to a target site is used to subclone a
sequence of interest. (C) Subcloning plus insertion (SPI). Insertion of a cassette occurs simultaneously
during subcloning and generates a targeted subcloned plasmid. The template DNA remains unmodified.

doi:10.1371/journal.pone.0125533.g001
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samples (data not shown). In contrast, gap repair using 35 bp homology showed the correct

subcloned insert in only some of the recombinants (data not shown). However, increasing the

homology length to 60 bp showed correct gap repair in most clones and maximal recombina-

tion frequency was reached with 120 bp homology similar to singleplex

insertion recombination.

Next, the homology requirement of multiplex recombineering was tested. A series of HLs

was tested in a multiplex insertion assay using two different antibiotic cassettes both containing

the same HL and targeting two different sites of the P2rx1 gene. Colony counts (Fig 2C) and

PCR analysis (Fig 2E) showed that efficient multiplex insertion of both the cassettes on the

same BAC DNA required 60 bp of homology. Shorter homologies generated BAC plasmid

mixtures. In contrast to singleplex experiments, maximal multiplex insertion was observed

with a HL greater than 120 bp. We have previously described a multiplex gap repair assay

termed selection for subcloning plus insertion (SPI) that involves the simultaneous insertion of

a selection cassette during subcloning [45]. A SPI assay was performed at the P2rx1 gene using

the same p15A subcloning plasmid with long homologies (230 bp HA) and Gentamicin cas-

settes containing different HLs. SPI assays revealed that whilst correct SPI using one cassette

required 35 bp of homology (Fig 2D and 2F), SPI using two cassettes required 60 bp of homolo-

gy (S2 Fig and Fig 2G), consistent with the requirement of increased homology for multiplex

recombination.

To investigate the differential HL requirement of SPI, different HL combinations were of

the subcloning plasmid and the insertion cassette tested. Efficient SPI recombination required

long homology of both DNA cassettes (S3 Fig). However, SPI recombination was reduced

4 fold when the HL of the subcloning plasmid was shorter than that of the insertion cassette.

Phosphorothioate protection of DNA is required for efficient multiplex
recombination

Template availability is likely to be a key factor in multiplex recombineering due to the lower

mole ratios of the different cassettes in the total DNA used in electroporation and the difficulty

of introducing all the multiple cassettes into the same cell [47]. To investigate the effect of lim-

iting DNA availability, different amounts of the insertion cassettes were tested in singleplex

and multiplex insertion assays (Fig 3A and 3B). Multiplex insertion showed a greater decrease

in recombination frequency than singleplex insertion with lower amounts of DNA (500 fold

lower between 10 ng and 1 ng; compare Fig 3B to 3A), indicating a higher requirement of DNA

multiplexing. PCR analysis revealed correct multiplex recombination in all the cloned

analysed.

To further substantiate these findings, phosphorothioate modification (PTO) was employed

to protect the ends of the linear cassettes and increase the stability of the DNA in vivo. Multi-

plex assays utilized three different cassettes and compared PTO modification to their unmodi-

fied counterparts. As expected, multiplex insertion (> 7 Fold) and SPI (> 14 fold) showed

greater recombination with PTO protected cassettes than with the unmodified DNA (Fig 3C

and 3D).

Co-selection enhancement of multiple recombination

Co-selection has been used in MAGE to increase multiplex allele conversion frequency by si-

multaneously targeting a selectable marker near the oligo annealing sites [40,49]. Selection al-

lows enrichment of a proportion of cells that are more permissible for DNA uptake and

contain an active replication fork near the selection marker. To determine the effect of co-selec-

tion in large construct multiplex recombineering, a multiplex insertion assay was performed
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Fig 2. Effect of homology length on singleplex andmultiplex recombination. (A) Insertion assay. A Gentamicin lagging strand protected cassette was
PCR generated with different homology lengths (20 bp, 35, bp, 60 bp, 90 bp, 120, bp and 180 bp) and inserted at a site of the mouse P2rx1 gene. Data points
represent averages; error bars indicate standard error of mean (n = 3). The recombination frequencies plotted here and in the subsequent figures are shown
in S1 Table. (B) Gap repair assay. Gap repair was performed at the P2rx1 locus using p15A zeo lagging strand protected subcloning plasmids containing
different HLs. Gap repair frequency was calculated using PCR genotyping of 24 clones for each sample (n = 3). The 20 bp homology did not yield any correct
gap repaired plasmids. (C) Multiplex insertion assay. Homology series of two different Zeocin and Gentamicin lagging strand protected cassettes both
containing the same HL were PCR generated and simultaneously inserted at two different sites of the P2rx1 gene (n = 3). (D) SPI assay. A SPI assay was
performed at the P2rx1 gene using a p15A zeo lagging strand protected subcloning plasmid containing 230 bp homology regions and the Gentamicin
cassettes used in (A) (n = 3). (E) PCR analysis of multiplex insertion assay. Recombinants were genotyped with an insertion cassette specific primer and a
homology region flanking primer. Positive clones were used to isolate BAC DNA and long range PCR was performed at each of the insertion sites using both
homology region flanking primers. The presence of the wild-type (wt) band in a sample indicates the presence of mixtures of BAC plasmids denoted by a star
symbol. T, P2rx1 zeo genta BAC (positive control); w, P2rx1wild-type BAC (negative control); M, 1 kb+ ladder (Invitrogen). (F) Restriction enzyme (RE)
analysis of SPI assay with one cassette. Plasmid DNA was digested with EcorV and SspI. Diamond symbol denotes samples containing targeted (T) and
non-targeted (w) p15A plasmids. (G) RE analysis of SPI assay with two insertion cassettes. SPI was performed using a p15A dhfrII lagging strand protected
subcloning plasmid containing 230 bp homology regions and Zeocin and Gentamicin lagging strand protected cassettes containing 35 bp or 60 bp
homologies. Clones were analysed with KpnI.

doi:10.1371/journal.pone.0125533.g002

Fig 3. Multiplex recombination is limited by availability of DNA template. (A) Insertion assay. A Gentamicin lagging strand protected cassette was
inserted at a site of the P2rx1 gene. (B) Multiplex insertion. Two different Gentamicin and Zeocin lagging strand protected cassettes were inserted at two
different sites of the P2rx1 gene. Recombination assays were performed with different amounts of each DNA cassette in the electroporation. Values
represent averages; error bars indicate standard error of mean (n = 4). (C) Multiplex insertion PTO assay. Three different Zeocin, Gentamicin and Blasticidin
resistance cassettes were PTO protected or unmodified and inserted at three different sites of the P2rx1 gene (n = 3). (D) SPI PTO assay. SPI was performed
using a p15A dhfrII subcloning plasmid and the Zeocin and Gentamicin cassettes used in (A) (n = 3).

doi:10.1371/journal.pone.0125533.g003
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using two different antibiotic cassettes and either singly selected or not selected. BAC plasmids

were prepared, re-transformed and then plated with antibiotic selection for both cassettes.

Multiplex insertion of both cassettes was nearly 184 fold higher with single selection than with-

out any selection (Fig 4).

Requirement of the different Red proteins

The requirement of the different proteins of the Red system for singleplex and multiplex re-

combination was assessed by performing recombination assays with expression of different

combinations of the Red proteins. Efficient insertion required Redγ protection of dsDNA and

the lack of Redγ reduced recombination by over 60 fold in beta only expressing cells (Fig 5A).

In contrast, gap repair was less sensitive and recombination was only 10 fold lower (Fig 5B).

However, both multiplex insertion and SPI required Redγ since multiplex recombination was

183 fold and 399 fold less, respectively in beta cells (Fig 5C and 5D). While host exonucleases

could substitute for Redα in singleplex insertion and gap repair assays albeit with slightly re-

duced efficiency (~3 fold), the absence of Redα resulted in a> 6-fold reduction in multiplex in-

sertion and SPI (compare panels Fig 5A, 5C, 5B and 5D).

Strategies to increase recombination efficiency

Recent work by Mosberg and colleagues [47] have identified Exo VII (xseA) as the primary nu-

clease responsible for degrading the ends of phosphorothioated dsDNA cassettes and oligos.

An Exo VII knockout strain showed higher MAGE efficiency suggesting that a similar ap-

proach could increase multiplex recombination frequency of large DNA constructs. Multiplex

insertion (Fig 6A) and SPI (Fig 6B) assays were performed in wt and Exo VII strains with dif-

ferent antibiotic cassettes targeting different sites of the P2rx1 gene. The removal of Exo VII re-

sulted in higher multiplex recombineering efficiencies particularly with increased cassette

numbers (> 10 fold).

Fig 4. Co-selection is required for efficient multiplex recombination.Multiplex insertion was performed
using a pBeloBAC11 plasmid (19.5 kb total size) containing the region of the P2rx1 gene shown in S1 Fig.
The Zeocin and Gentamicin lagging strand protected cassettes were co-transformed with a Kanamycin
resistance plasmid and selected with Zeocin and Kanamycin or Kanamycin only. BAC DNA was prepared
using the QIAquick Spin Miniprep kit (Qiagen) from each selection scheme and 100 ng of DNA was
transformed into HS996 cells and plated with combined Zeocin and Gentamicin selection. Values represent
averages; error bars indicate standard error of mean (n = 3).

doi:10.1371/journal.pone.0125533.g004
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Discussion

The development of recombineering tools in E. coli and other bacteria has enabled the intro-

duction of a wide array of genetic modifications that were previously intractable to convention-

al methodologies [50–55]. In particular, the development of the highly multiplexed oligo

recombineering technique of MAGE has enabled the construction of novel strains for use in

bioprocess applications [34]. We have extended the repertoire of the recombineering

toolbox with the development of multiplex recombineering using large DNA constructs. One

useful application of this technique already is the rapid assembly of complex plasmid con-

structs like gene targeting vectors [45]. Multiplex recombineering could also be leveraged for

the integration of whole genes and operons to construct microorganisms that contain novel

biosynthetic pathways. To determine the key parameters that effect multiplex recombination

efficiency, we have systematically compared singleplex and multiplex recombineering.

A key determinant of recombination is homology length. Biochemical and functional analy-

sis of the mechanism of beta recombination have revealed a minimum requirement of 35 bp of

sequence identity to the target region [4,15,20–22]. Recombination using shorter homologies

Fig 5. Requirement of different Red proteins for singleplex andmultiplex recombination. (A) Insertion. A Gentamicin resistance cassette was inserted
at a site of the P2rx1 gene. (B) Gap repair. A p15A zeo subcloning plasmid was used to subclone a region of the P2rx1 gene. (C) Multiplex insertion. Two
different Gentamicin and Zeocin resistance cassettes were inserted at two different sites of the P2rx1 gene. (D) SPI assay. The p15A zeo subcloning plasmid
was used together with the Gentamicin resistance cassette. Recombination assays were performed using lagging strand protected cassettes and with
expression of different Red proteins. Values represent average; error bars indicate standard error of mean (n = 3 for A, B and D, n = 4 for C).

doi:10.1371/journal.pone.0125533.g005
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involves a Red independent mechanism that is less efficient [56]. We found that both singleplex

and multiplex recombination were most efficient with long homologies (> 120 bp). However,

while insertion of one cassette required a minimum homology of 35 bp, insertion of two cas-

settes required 60 bp. Shorter homologies generated mixtures of targeted and non-targeted

plasmids suggesting that higher recombination efficiency is required for multiplex recombina-

tion on the same DNA. Higher recombineering efficiency may also allow recombination with

lower amounts of the DNA, which is expected in vivo due to the constraints of introducing suf-

ficient quantities of the multiple DNA cassettes into the same cell and the degradation of the

DNA by endogenous exonucleases [47]. Indeed, multiplex recombination was more reduced

than singleplex recombination when lower amounts of the DNA cassettes were used in electro-

poration. Supporting this premise, phosphorothioate protection of DNA substantially in-

creased multiplex recombination frequency.

One of the potential factors responsible for the high efficiency of multiplex recombineering

is co-selection [40,49]. Indeed, multiplex recombination frequency was only ~10 fold reduced

compared to singleplex recombination when selection was applied in both cases (see Fig 5).

Consistent with this data, we observed a greater recovery of multiplex recombinants using co-

selection than without. Co-selection has been previously used in enhanced MAGE termed

CoS-MAGE [40] and a similar implementation could allow MAGE with large dsDNA cassettes

lacking selection markers. Singleplex and multiplex recombination exhibited differential re-

quirements for the Red proteins. Multiplex recombination required all three Red proteins for

efficient recombination. The loss of exo-beta synergy [25,57] due to the lack of Redα had a

greater impact on multiplex recombination than on singleplex recombination. These results

support previous observations that other E. coli or phage encoded exonucleases cannot form a

functional cognate pair with Redβ [20]. The sensitivity of multiplex recombination to template

availability was again demonstrated with the lack of Redγ, which had a more detrimental effect

on multiplex recombination than on singleplex recombination. Exploring strategies to increase

the amount of DNA available in vivo using an ExoVII deletion strain greatly increased multi-

plex recombination. It is likely that optimizing DNA transformation and using the DnaG

Q576A mutant strain that has been previously used in improved MAGE [58] could further im-

prove multiplex cassette insertion. In conclusion, we have identified differential requirements

Fig 6. Multiplex recombination is increased in an Exo VII deletion strain. (A) Multiplex insertion. (B) SPI. Three different Gentamicin, Zeocin and
Blasticidin lagging strand protected cassettes were inserted at three different sites of the P2rx1 gene: 1 cassette, Gentamicin; 2 cassettes, Gentamicin and
Zeocin; 3 cassettes, Gentamicin, Zeocin and Blasticidin. The p15A dhfrII lagging strand protected subcloning plasmid was used in the SPI assays. Data
points represent averages; error bars indicate standard error of mean (n = 3 for A and B).

doi:10.1371/journal.pone.0125533.g006

Multiplex Recombineering of Large DNA Constructs

PLOS ONE | DOI:10.1371/journal.pone.0125533 May 8, 2015 9 / 15



to perform multiplex recombineering (summary in Table 1) that should help guide the applica-

tion of Red recombination in various genetic engineering applications.

Materials and Methods

Plasmids, strains and oligos

The RP24-360O20 BAC clone (E. coli genotype: F–mcrA Δ(mrr-hsdRMS-mcrBC)

F80lacZΔM15 ΔlacX74 recA1 endA1 araD139 Δ(ara leu) 7697 galU galK rpsL nupG λ) con-

taining the full-length mouse P2rx1 gene was used in all the recombination assays. The inser-

tion sites and the subcloning region is shown in S1 Fig. The P2rx1 BAC was transformed with

different pSC101ts recombineering plasmids [8,59] and propagated at 30°C with Tetracycline

selection. Desalted oligos were purchased from IDT or Invitrogen (S2 Table).

Insertion cassettes and subcloning plasmids

The linear DNA cassettes contained homology regions flanking an antibiotic resistance gene

and additionally for subcloning plasmids a replication origin. The homology regions were cho-

sen to avoid repeat sequences. Insertion cassettes were cloned into R6Kγ plasmids using stan-

dard recombineering methods [31]. Subcloning plasmids were constructed from PCR

generated fragments or synthetic gBLOCKS (IDT) using infusion cloning (Clontech). The sub-

cloning plasmids were linearized at a unique restriction site between the homology regions

prior to PCR. The insertion cassettes and subcloning plasmids were PCR amplified with modi-

fied primers using the KOD Hotstart DNA polymerase system (Merck Millipore). Briefly, PCR

reactions were performed in a 50 μl total volume and contained 1X KOD polymerase buffer,

1.5 mMMgSO4, 200 μM of dNTPs, 200 nM of oligos, 1.5M Betaine, 1% DMSO, 1U KOD Hot-

start DNA polymerase and 10–25 ng of the plasmid template. An initial hotstart step of 95°C

for 2 mins was followed by 30 cycles of 92°C for 10 secs, 55°C for 30 secs, 72°C for 30 secs. The

PCR products were analyzed by agarose gel electrophoresis and purified using the MinElute

PCR purification kit (Qiagen). Different dilutions of the purified PCR products were quantified

by agarose gel electrophoresis and comparison to a λ-HindIII digest (Invitrogen).

Table 1. Comparision of parameters affectingmultiplex recombination of oligos and dsDNA
cassettes.

Parametersa ssDNA oligo dsDNA cassettes

Minimum homology lengthb 15 bp 60 bp

Optimal homology length 35–45 bp 180 bp

Phosphorothioate modification Yes Yes

Replication fork target Lagging strand Lagging strand

Co-selection enhancement Yes Yes

Mismatch evasion required Yes (mutS) No

Secondary structure effect Yes (ΔGss < − 12.5 kcal/mol) No

Requirement of Redγα No Yes

Insertion size 30 bp > 1 kb

Oligo or cassette size 70–90 bp 1–3 kb

Amount of each DNA cassette 0.5–1 μM 100–200 ng

Loci effect Small Large

a The parameters are ranked in order of importance.
b The homology length of each of the 5' and 3' ends.

doi:10.1371/journal.pone.0125533.t001
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Recombination assays

An overnight growth of the P2rx1 BAC culture was diluted 50 fold in fresh LB medium, pH

8.0 (Lennox) containing selective antibiotics (10 ml per sample). The culture was grown shak-

ing at 30°C to an OD600 of 0.3. Red proteins were induced with addition of L-Arabinose and/or

L-Rhamnose to 0.2% final concentration and the culture was grown shaking at 37°C for a fur-

ther 45 min. The cells were washed three times each with 1 ml of cold 10% glycerol and centri-

fugation at 17, 949 g for 20 secs at 4°C. The insertion cassettes and subcloning plasmids

(600 ng each) were added to a single cell suspension and the cells were electroporated using a

BioRad Gene Pulser system with a setting of 1.8 kv, 200 O and 25 μF. The cells were then im-

mediately recovered in 950 μl of LB pH 8 and grown for 1 hr at 37°C. Dilutions of the recovered

culture were made in 10 mM Tris, 10 mMMgS04, 0.01% Gelatin (TMG) buffer pH 7.4 and the

cells were plated on LB agar pH 8 plates containing antibiotics or lacking antibiotics to obtain

the viable cell count. The following antibiotic concentrations were used: 100 μg ml-1Ampicillin,

40 μg ml-1Blasticidin, 12.5 μg ml-1 Chloramphenicol, 2 μg ml-1 Gentamicin, 15 μg ml-1 Kana-

mycin, 4 μg ml-1 Tetracycline, 10 μg ml-1 Trimethoprim, 5 μg ml-1 Zeocin. Liquid cultures con-

tained similar antibiotic concentrations except 1 μg ml-1 Gentamicin.

Analysis of recombinants

Single colonies were picked into 200 μl of LB+antibiotics in a 96-well plate and grown over-

night at 37°C. To check correct cassette insertion and subcloning, PCR genotyping was per-

formed using the ReddyMix PCR system (Thermo Scientific). PCR reactions in 20 μl contained

0.97X Reddymix DNA polymerase mastermix, 1 μM each of an insert specific oligo and a ho-

mology region flanking oligo and 2 μl of the saturated overnight culture. Thermal cycling was

performed with an initial incubation at 95°C for 10 mins, followed by 35 cycles of 95°C for

10 secs, 55°C for 30 secs, 72°C for 30 secs, and a final extension step at 72°C for 10 mins. The

PCR products were analysed by agarose gel electrophoresis on a 2% agarose gel.

Recombinants containing inserts were grown in 5 ml cultures and plasmid DNA was pre-

pared using a BAC miniprep protocol [60] or the QIAprep Spin Miniprep kit (Qiagen). Long

range PCR was performed with 2.5 μl of the BAC miniprep to test multiplex recombination on

the same BAC DNA using the KOD Hostart DNA polymerase kit (Merck Millipore). The PCR

conditions were identical as described earlier except PCR was performed in 25 μl, contained

two homology region flanking oligos for each allele, and 35 cycles of PCR were performed.

Multi-copy plasmids were analysed by RE digests. PCR products and RE digests were analysed

on a 1% agarose gel. Gel images were inverted in Adobe Photoshop and were manipulated in

Microsoft Powerpoint to increase brightness and contrast (brightness, -40%; contrast, 40%).

Colony counts

The total number of recombinants were divided by the number of viable cells for each experi-

ment and plotted as the recombination frequency. The gap repair frequency was corrected for

background empty vectors using PCR genotyping as described in the figure legends. Mean and

standard error of mean (s.e.m) were calculated from multiple independent experiments.

Supporting Information

S1 Fig. P2rx1 insertion sites and subcloned region. The closed boxes represent exons (2–14)

and the open box represents the 3’UTR region. Insertion sites are labeled A to D. The sub-

cloned region spans a 12 kb segment of the P2rx1 gene and the intergenic spacer between
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P2rx1 and Camkk genes. Arrow indicates the direction of replication fork movement.

(TIF)

S2 Fig. Effect of homology length on SPI using two different insertion cassettes. A SPI assay

was performed at the P2rx1 gene using a p15A dhfrII lagging strand protected subcloning plas-

mid containing 230 bp homology regions and a homology series (20 bp, 35 bp, 60 bp, 90 bp,

120 bp and 180 bp) of two different Gentamicin and Zeocin lagging strand protected cassettes

both containing the same HL. Data points represent averages; error bars indicate standard

error of mean (n = 3).

(TIF)

S3 Fig. SPI assay using different homology combinations of subcloning plasmid and inser-

tion cassette. SPI was performed at the P2rx1 gene using lagging strand protected cassettes

and plasmids in combination as shown in the table. Values represent averages; error bars indi-

cate standard error of mean (n = 3).

(TIF)

S1 Table. Recombination frequencies of the different assays.

(DOCX)

S2 Table. Insertion cassettes, subcloning plasmids and oligos used in this study.

(DOCX)

Author Contributions

Conceived and designed the experiments: TRR. Performed the experiments: TRR. Analyzed

the data: TRR. Contributed reagents/materials/analysis tools: EJK LMSF SEM SMC. Wrote the

paper: TRR SMC.

References
1. Zhang Y, Buchholz F, Muyrers J, Stewart A. A new logic for DNA engineering using recombination in

Escherichia coli. Nat Genet. 1998; 20:123–128. PMID: 9771703

2. Murphy KC. Use of bacteriophage λ recombination functions to promote gene replacement in Escheri-

chia coli. J Bacteriol. 1998; 180: 2063–2071. PMID: 9555887

3. Zhang Y, Muyrers JPP, Testa G, Stewart AF. DNA cloning by homologous recombination in Escherichia

coli. Nat Biotechnol. 2000; 18: 1314–1317. PMID: 11101815

4. Yu D, Ellis H, Lee E, Jenkins N, Copeland N, Court D. An efficient recombination system for chromo-
some engineering in Escherichia coli. Proc Natl Acad Sci USA. 2000; 97: 5978–5983. PMID: 10811905

5. Lee EC, Yu D, Martinez de Velasco J, Tessarollo L, Swing DA, Court DL, et al. A highly efficient Escher-
ichia coli-based chromosome engineering system adapted for recombinogenic targeting and subclon-
ing of BAC DNA. Genomics. 2001; 73: 56–65. PMID: 11352566

6. Ellis H, Yu D, DiTizio T, Court D. High efficiency mutagenesis repair, and engineering of chromosomal
DNA using single-stranded oligonucleotides. Proc Natl Acad Sci USA. 2001; 98: 6742–6746. PMID:
11381128

7. Zhang Y, Muyrers J, Rientjes J, Stewart A. Phage annealing proteins promote oligonucleotide-directed
mutagenesis in Escherichia coli and mouse ES cells. BMCMol Biol. 2003; 4: 1. PMID: 12530927

8. Bird AW, Erler A, Fu J, Heriche J-K, Maresca M, Zhang Y, et al. High-efficiency counterselection recom-
bineering for site-directed mutagenesis in bacterial artificial chromosomes. Nat Methods. 2012; 9: 103–
109. doi: 10.1038/nmeth.1803 PMID: 22138824

9. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia coli K-12 using
PCR products. Proc Natl Acad Sci USA. 2000; 97: 6640–6645. PMID: 10829079

10. Bubunenko M, Baker T, Court DL. Essentiality of ribosomal and transcription antitermination proteins
analyzed by systematic gene replacement in Escherichia coli. J Bacteriol. 2007; 189: 2844–2853.
PMID: 17277072

Multiplex Recombineering of Large DNA Constructs

PLOS ONE | DOI:10.1371/journal.pone.0125533 May 8, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125533.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125533.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125533.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125533.s005
http://www.ncbi.nlm.nih.gov/pubmed/9771703
http://www.ncbi.nlm.nih.gov/pubmed/9555887
http://www.ncbi.nlm.nih.gov/pubmed/11101815
http://www.ncbi.nlm.nih.gov/pubmed/10811905
http://www.ncbi.nlm.nih.gov/pubmed/11352566
http://www.ncbi.nlm.nih.gov/pubmed/11381128
http://www.ncbi.nlm.nih.gov/pubmed/12530927
http://dx.doi.org/10.1038/nmeth.1803
http://www.ncbi.nlm.nih.gov/pubmed/22138824
http://www.ncbi.nlm.nih.gov/pubmed/10829079
http://www.ncbi.nlm.nih.gov/pubmed/17277072


11. Pósfai G, Plunkett G, Fehér T, Frisch D, Keil GM, Umenhoffer K, et al. Emergent properties of reduced-
genome Escherichia coli. Science. 2006; 312: 1044–1046. PMID: 16645050

12. Sarov M, Schneider S, Pozniakovski A, Roguev A, Ernst S, Zhang Y, et al. A recombineering pipeline
for functional genomics applied toCaenorhabditis elegans. Nat Methods. 2006; 3: 839–844. PMID:
16990816

13. Sarov M, Murray John I, Schanze K, Pozniakovski A, Niu W, Angermann K, et al. A genome-scale re-
source for in vivo tag-based protein function exploration in C. elegans. Cell. 2012; 150: 855–866. doi:
10.1016/j.cell.2012.08.001 PMID: 22901814

14. Poser I, Sarov M, Hutchins J, Heriche J, Toyoda Y, Pozniakovsky A, et al. BAC TransgeneOmics: a
high-throughput method for exploration of protein function in mammals. Nat Methods. 2008; 5: 409–
415. doi: 10.1038/nmeth.1199 PMID: 18391959

15. Fu J, Bian X, Hu S, Wang H, Huang F, Seibert PM, et al. Full-length RecE enhances linear-linear ho-
mologous recombination and facilitates direct cloning for bioprospecting. Nat Biotechnol. 2012; 30:
440–446. doi: 10.1038/nbt.2183 PMID: 22544021

16. Fu J, Wenzel SC, Perlova O, Wang J, Gross F, Tang Z, et al. Efficient transfer of two large secondary
metabolite pathway gene clusters into heterologous hosts by transposition. Nucleic Acids Res. 2008;
36: e113. doi: 10.1093/nar/gkn499 PMID: 18701643

17. Perlova O, Fu J, Kuhlmann S, Krug D, Stewart AF, Zhang Y, et al. Reconstitution of the myxothiazol bio-
synthetic gene cluster by Red/ET recombination and heterologous expression inMyxococcus xanthus.
App Env Microbiol. 2006; 72: 7485–7894.

18. Court D, Sawitzke J, Thomason L. Genetic engineering using homologous recombination. Annu Rev
Genet. 2002; 36: 361–388. PMID: 12429697

19. Copeland N, Jenkins N, Court D. Recombineering: a powerful new tool for mouse functional genomics.
Nat Rev Genet. 2001; 2: 769–779. PMID: 11584293

20. Muyrers JPP, Zhang Y, Buchholz F, Stewart AF. RecE/RecT and Redα/Redβ initiate double-stranded
break repair by specifically interacting with their respective partners. Genes Develop. 2000; 14: 1971–
1982. PMID: 10921910

21. Erler A, Wegmann S, Elie-Caille C, Bradshaw C, Maresca M, Seidel R, et al. Conformational adaptabili-
ty of Redβ during DNA annealing and implications for its structural relationship with Rad52. J Mol Biol.
2009; 391: 586–598. doi: 10.1016/j.jmb.2009.06.030 PMID: 19527729

22. Muniyappa K, Radding CM. The homologous recombination system of phage lambda. Pairing activities
of beta protein. J Biol Chem. 1986; 261: 7472–7478. PMID: 2940241

23. Li Z, Karakousis G, Chiu SK, Reddy G, Radding CM. The beta protein of phage lambda promotes
strand exchange. J Mol Biol. 1998; 276: 733–744. PMID: 9500923

24. Maresca M, Erler A, Fu J, Friedrich A, Zhang Y, Stewart AF. Single-stranded heteroduplex intermedi-
ates in lambda Red homologous recombination. BMCMol Biol. 2010; 11: 54. doi: 10.1186/1471-2199-
11-54 PMID: 20670401

25. Mosberg JA, Lajoie MJ, Church GM. Lambda red recombineering in Escherichia coli occurs through a
fully single-stranded intermediate. Genetics. 2010; 186: 791–799. doi: 10.1534/genetics.110.120782
PMID: 20813883

26. Lim S, Min B, Jung G. Lagging strand-biased initiation of red recombination by linear double-stranded
DNAs. J Mol Biol. 2008; 384: 1098–1105. doi: 10.1016/j.jmb.2008.10.047 PMID: 18983848

27. Murphy KC. The λGam protein inhibits RecBCD binding to dsDNA ends. J Mol Biol. 2007; 371: 19–24.
PMID: 17583735

28. Murphy KC. λGam protein inhibits the helicase and χ-stimulated recombination activities of Escherichia
coli RecBCD enzyme. J Bacteriol. 1991; 173: 5808–5821. PMID: 1653221

29. SkarnesWC, Rosen B, West AP, Koutsourakis M, Bushell W, Iyer V, et al. A conditional knockout re-
source for the genome-wide study of mouse gene function. Nature. 2011; 474: 337–342. doi: 10.1038/
nature10163 PMID: 21677750

30. ChanW, Costantino N, Li R, Lee SC, Su Q, Melvin D, et al. A recombineering based approach for high-
throughput conditional knockout targeting vector construction. Nucleic Acids Res. 2007; 35: e64.
PMID: 17426124

31. Fu J, Teucher M, Anastassiadis K, SkarnesW, Stewart AF. A recombineering pipeline to make condi-
tional targeting constructs. In: Paul MW, Philippe MS, editors. Methods Enzymol. Volume 477: Aca-
demic Press; 2010. pp. 125–144. doi: 10.1016/S0076-6879(10)77008-7 PMID: 20699140

32. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, et al. Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mol Systems Biol. 2006; 2: 2006.0008.

Multiplex Recombineering of Large DNA Constructs

PLOS ONE | DOI:10.1371/journal.pone.0125533 May 8, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16645050
http://www.ncbi.nlm.nih.gov/pubmed/16990816
http://dx.doi.org/10.1016/j.cell.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22901814
http://dx.doi.org/10.1038/nmeth.1199
http://www.ncbi.nlm.nih.gov/pubmed/18391959
http://dx.doi.org/10.1038/nbt.2183
http://www.ncbi.nlm.nih.gov/pubmed/22544021
http://dx.doi.org/10.1093/nar/gkn499
http://www.ncbi.nlm.nih.gov/pubmed/18701643
http://www.ncbi.nlm.nih.gov/pubmed/12429697
http://www.ncbi.nlm.nih.gov/pubmed/11584293
http://www.ncbi.nlm.nih.gov/pubmed/10921910
http://dx.doi.org/10.1016/j.jmb.2009.06.030
http://www.ncbi.nlm.nih.gov/pubmed/19527729
http://www.ncbi.nlm.nih.gov/pubmed/2940241
http://www.ncbi.nlm.nih.gov/pubmed/9500923
http://dx.doi.org/10.1186/1471-2199-11-54
http://dx.doi.org/10.1186/1471-2199-11-54
http://www.ncbi.nlm.nih.gov/pubmed/20670401
http://dx.doi.org/10.1534/genetics.110.120782
http://www.ncbi.nlm.nih.gov/pubmed/20813883
http://dx.doi.org/10.1016/j.jmb.2008.10.047
http://www.ncbi.nlm.nih.gov/pubmed/18983848
http://www.ncbi.nlm.nih.gov/pubmed/17583735
http://www.ncbi.nlm.nih.gov/pubmed/1653221
http://dx.doi.org/10.1038/nature10163
http://dx.doi.org/10.1038/nature10163
http://www.ncbi.nlm.nih.gov/pubmed/21677750
http://www.ncbi.nlm.nih.gov/pubmed/17426124
http://dx.doi.org/10.1016/S0076-6879(10)77008-7
http://www.ncbi.nlm.nih.gov/pubmed/20699140


33. Warner JR, Reeder PJ, Karimpour-Fard A, Woodruff LBA, Gill RT. Rapid profiling of a microbial ge-
nome using mixtures of barcoded oligonucleotides. Nat Biotechnol. 2010; 28: 856–862. doi: 10.1038/
nbt.1653 PMID: 20639866

34. Wang HH, Isaacs FJ, Carr PA, Sun ZZ, Xu G, Forest CR, et al. Programming cells by multiplex genome
engineering and accelerated evolution. Nature. 2009; 460: 894–898. doi: 10.1038/nature08187 PMID:
19633652

35. Sandoval NR, Kim JY, Glebes TY, Reeder PJ, Aucoin HR, Warner JR, et al. Strategy for directing com-
binatorial genome engineering in Escherichia coli. Proc Natl Acad Sci USA. 2012; 109: 10540–10545.
doi: 10.1073/pnas.1206299109 PMID: 22689973

36. Li Y, Gu Q, Lin Z, Wang Z, Chen T, Zhao X. Multiplex iterative plasmid engineering for combinatorial op-
timization of metabolic pathways and diversification of protein coding sequences. ACS Synth Biol.
2013; 2: 651–661. doi: 10.1021/sb400051t PMID: 24041030

37. Isaacs FJ, Carr PA, Wang HH, Lajoie MJ, Sterling B, Kraal L, et al. Precise manipulation of chromo-
somes in vivo enables genome-wide codon replacement. Science. 2011; 333: 348–353. doi: 10.1126/
science.1205822 PMID: 21764749

38. Binder S, Siedler S, Marienhagen J, Bott M, Eggeling L. Recombineering inCorynebacterium glutami-

cum combined with optical nanosensors: a general strategy for fast producer strain generation. Nucleic
Acids Res. 2013; 41: 6360–6369. doi: 10.1093/nar/gkt312 PMID: 23630315

39. Lajoie MJ, Rovner AJ, Goodman DB, Aerni HR, Haimovich AD, Kuznetsov G, et al. Genomically
recoded organisms expand biological functions. Science. 2013; 342: 357–360. doi: 10.1126/science.
1241459 PMID: 24136966

40. Wang HH, Kim H, Cong L, Jeong J, Bang D, Church GM. Genome-scale promoter engineering by cose-
lection MAGE. Nat Methods. 2012; 9: 591–593. doi: 10.1038/nmeth.1971 PMID: 22484848

41. Esvelt KM, Wang HH. Genome-scale engineering for systems and synthetic biology. Mol Sys Biol.
2013; 9: 641.

42. Lajoie MJ, Kosuri S, Mosberg JA, Gregg CJ, Zhang D, Church GM. Probing the limits of genetic recod-
ing in essential genes. Science. 2013; 342: 361–363. doi: 10.1126/science.1241460 PMID: 24136967

43. Wang HH, Huang P-Y, Xu G, HaasW, Marblestone A, Li J, et al. Multiplexed in vivo his-tagging of en-
zyme pathways for in vitro single-pot multienzyme catalysis. ACS Synth Biol. 2012; 1: 43–52. PMID:
22737598

44. Ryu YS, Biswas RK, Shin K, Parisutham V, Kim SM, Lee SK. A Simple and effective method for con-
struction of Escherichia coli strains proficient for genome engineering. PLoS ONE. 2014; 9: e94266.
doi: 10.1371/journal.pone.0094266 PMID: 24747264

45. Reddy TR, Kelsall EJ, Fevat LMS, Munson SE, Cowley SM. Subcloning plus insertion (SPI)—a novel
recombineering method for the rapid construction of gene targeting vectors. J Vis Exp. 2015; 95:
e52155. doi: 10.3791/52155 PMID: 25590226

46. Wang HH, Church GM. Multiplexed genome engineering and genotyping methods applications for syn-
thetic biology and metabolic engineering. In Voigt C, editor. Methods in enzymology. Volume 498: Ac-
ademic Press; 2011. pp 409–426. doi: 10.1016/B978-0-12-385120-8.00018-8 PMID: 21601688

47. Mosberg JA, Gregg CJ, Lajoie MJ, Wang HH, Church GM. Improving lambda red genome engineering
in Escherichia coli via rational removal of endogenous nucleases. PLoS ONE. 2012; 7: e44638. doi: 10.
1371/journal.pone.0044638 PMID: 22957093

48. Wang HH, Xu G, Vonner AJ, Church G. Modified bases enable high-efficiency oligonucleotide-mediat-
ed allelic replacement via mismatch repair evasion. Nucleic Acids Res. 2011; 39: 7336–7347. doi: 10.
1093/nar/gkr183 PMID: 21609953

49. Carr PA, Wang HH, Sterling B, Isaacs FJ, Lajoie MJ, Xu G, et al. Enhanced multiplex genome engineer-
ing through co-operative oligonucleotide co-selection. Nucleic Acids Res. 2012; 40: e132. PMID:
22638574

50. van Kessel JC, Hatfull GF. Recombineering inMycobacterium tuberculosis. Nat Methods. 2007; 4:
147–152. PMID: 17179933

51. Van Kessel JC, Hatfull GF. Efficient point mutagenesis in mycobacteria using single-stranded DNA
recombineering: characterization of antimycobacterial drug targets. Mol Microbiol. 2008; 67: 1094–
1107. doi: 10.1111/j.1365-2958.2008.06109.x PMID: 18221264

52. van Pijkeren J-P, Britton RA. High efficiency recombineering in lactic acid bacteria. Nucleic Acids Res.
2012; 40: e76. doi: 10.1093/nar/gks147 PMID: 22328729

53. Bao Z, Cartinhour S, Swingle B. Substrate and target sequence length influence RecTEPsy recombi-
neering efficiency in Pseudomonas syringae. PLoS ONE. 2012; 7: e50617. doi: 10.1371/journal.pone.
0050617 PMID: 23226333

Multiplex Recombineering of Large DNA Constructs

PLOS ONE | DOI:10.1371/journal.pone.0125533 May 8, 2015 14 / 15

http://dx.doi.org/10.1038/nbt.1653
http://dx.doi.org/10.1038/nbt.1653
http://www.ncbi.nlm.nih.gov/pubmed/20639866
http://dx.doi.org/10.1038/nature08187
http://www.ncbi.nlm.nih.gov/pubmed/19633652
http://dx.doi.org/10.1073/pnas.1206299109
http://www.ncbi.nlm.nih.gov/pubmed/22689973
http://dx.doi.org/10.1021/sb400051t
http://www.ncbi.nlm.nih.gov/pubmed/24041030
http://dx.doi.org/10.1126/science.1205822
http://dx.doi.org/10.1126/science.1205822
http://www.ncbi.nlm.nih.gov/pubmed/21764749
http://dx.doi.org/10.1093/nar/gkt312
http://www.ncbi.nlm.nih.gov/pubmed/23630315
http://dx.doi.org/10.1126/science.1241459
http://dx.doi.org/10.1126/science.1241459
http://www.ncbi.nlm.nih.gov/pubmed/24136966
http://dx.doi.org/10.1038/nmeth.1971
http://www.ncbi.nlm.nih.gov/pubmed/22484848
http://dx.doi.org/10.1126/science.1241460
http://www.ncbi.nlm.nih.gov/pubmed/24136967
http://www.ncbi.nlm.nih.gov/pubmed/22737598
http://dx.doi.org/10.1371/journal.pone.0094266
http://www.ncbi.nlm.nih.gov/pubmed/24747264
http://dx.doi.org/10.3791/52155
http://www.ncbi.nlm.nih.gov/pubmed/25590226
http://dx.doi.org/10.1016/B978-0-12-385120-8.00018-8
http://www.ncbi.nlm.nih.gov/pubmed/21601688
http://dx.doi.org/10.1371/journal.pone.0044638
http://dx.doi.org/10.1371/journal.pone.0044638
http://www.ncbi.nlm.nih.gov/pubmed/22957093
http://dx.doi.org/10.1093/nar/gkr183
http://dx.doi.org/10.1093/nar/gkr183
http://www.ncbi.nlm.nih.gov/pubmed/21609953
http://www.ncbi.nlm.nih.gov/pubmed/22638574
http://www.ncbi.nlm.nih.gov/pubmed/17179933
http://dx.doi.org/10.1111/j.1365-2958.2008.06109.x
http://www.ncbi.nlm.nih.gov/pubmed/18221264
http://dx.doi.org/10.1093/nar/gks147
http://www.ncbi.nlm.nih.gov/pubmed/22328729
http://dx.doi.org/10.1371/journal.pone.0050617
http://dx.doi.org/10.1371/journal.pone.0050617
http://www.ncbi.nlm.nih.gov/pubmed/23226333


54. Wang Y, Weng J, WaseemR, Yin X, Zhang R, Shen Q. Bacillus subtilis genome editing using ssDNA
with short homology regions. Nucleic Acids Res. 2012; 40: e91. doi: 10.1093/nar/gks248 PMID:
22422839

55. Sawitzke JA, Thomason LC, Costantino N, Bubunenko M, Datta S, Court DL. Recombineering: in vivo
genetic engineering in E. coli, S. enterica, and beyond. In: Kelly TH, Stanley RM, editors. Methods in en-
zymology. Volume 421: Academic Press; 2007. pp. 171–199. PMID: 17352923

56. Swingle B, Markel E, Costantino N, Bubunenko MG, Cartinhour S, Court DL. Oligonucleotide recombi-
nation in Gram-negative bacteria. Mol Microbiol. 2010; 75: 138–148. doi: 10.1111/j.1365-2958.2009.
06976.x PMID: 19943907

57. Yu D, Sawitzke J, Ellis H, Court D. Recombineering with overlapping single-stranded DNA oligonucleo-
tides: testing a recombination intermediate. Proc Natl Acad Sci USA. 2003; 100: 7207–7212. PMID:
12771385

58. Lajoie MJ, Gregg CJ, Mosberg JA, Washington GC, Church GM. Manipulating replisome dynamics to
enhance lambda Red-mediated multiplex genome engineering. Nucleic Acids Res. 2012; 40: e170.
doi: 10.1093/nar/gks751 PMID: 22904085

59. Wang J, Sarov M, Rientjes J, Fu J, Hollak H, Kranz H, et al. An improved recombineering approach by
adding RecA to lambda Red recombination. Mol Biotechnol. 2006; 32: 43–53. PMID: 16382181

60. Warming S, Costantino N, Court DL, Jenkins NA, Copeland NG. Simple and highly efficient BAC
recombineering using galK selection. Nucleic Acids Res. 2005; 33: e36. PMID: 15731329

Multiplex Recombineering of Large DNA Constructs

PLOS ONE | DOI:10.1371/journal.pone.0125533 May 8, 2015 15 / 15

http://dx.doi.org/10.1093/nar/gks248
http://www.ncbi.nlm.nih.gov/pubmed/22422839
http://www.ncbi.nlm.nih.gov/pubmed/17352923
http://dx.doi.org/10.1111/j.1365-2958.2009.06976.x
http://dx.doi.org/10.1111/j.1365-2958.2009.06976.x
http://www.ncbi.nlm.nih.gov/pubmed/19943907
http://www.ncbi.nlm.nih.gov/pubmed/12771385
http://dx.doi.org/10.1093/nar/gks751
http://www.ncbi.nlm.nih.gov/pubmed/22904085
http://www.ncbi.nlm.nih.gov/pubmed/16382181
http://www.ncbi.nlm.nih.gov/pubmed/15731329

