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Abstract Multiple gene knockouts play an important role
in metabolic engineering. The flanked homology length,
homologous to the region adjacent to the target gene, of
the knockout fragments has a great effect on the efficiency
of multiple gene knockouts, whereas the existing gene
knockout methods can only supply a very short homology.
This article presents a strategy of easily extending homolo-
gous sequence based on the available strain library through
one-step PCR amplification (the one-step PCR method). In
this approach, the library of single gene mutants was used as
the templates for PCR to amplify knockout fragments. Thus,
the flanked homology can be extended as long as possible
by designing primers upstream and downstream far from the
target gene. Based on the one-step PCR method, we studied
the effect of the homology length and the number of muta-
tions on the efficiency of multiple gene knockouts. Our
results indicated that the one-step PCR method permitted
rapid and efficient construction of multiple mutants continu-
ously or simultaneously, and a length of 200-300 bp homol-
ogous sequence was equal for multiple gene knockouts.

Introduction

Serving as a fundamental molecular biology technique, gene
knockout is widely used in many fields, such as functional
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genomics, reverse genetics, and metabolic engineering.
Many strategies of gene knockout have been developed in
Saccharomyces cerevisiae, Candida albicans, Bacillus sub-
tilis, etc. (Baudin et al. 1993; Vagner et al. 1998; Wilson et
al. 1999). For Escherichia coli, the A Red-mediated homol-
ogous recombination system (Datsenko and Wanner 2000;
Yu et al. 2000) is a general method for single gene disrup-
tion in the wild-type cells. Baba et al. (2006) even con-
structed a single gene mutation library of E. coli K-12
BW25113 of all the deletable genes employing the efficient
single gene knockout approach developed by Datsenko and
Wanner (2000). According to this method, gene knockout
can be realized easily by introducing the DNA fragments
that carry an Flp recombinase target (FRT)-flanked resis-
tance gene and a very short DNA sequence of only 36—
50 bp homologous to the regions adjacent to the target gene
into the cells. Researches on metabolic engineering and
synthetic biology demand global and systematic regulation
of the cell physiology and metabolism. Therefore, it is
usually necessary to generate multiple mutations in the same
strain (Alper et al. 2005; Burgard and Maranas 2001).

The length of flanked DNA sequence, homologous to the
region adjacent to the target gene, of the knockout fragments
has a great effect on the recombination efficiency (Murphy
1998; Yu et al. 2000). Thereby, extending the length of
homology is beneficial to gene deletion, especially to mul-
tiple gene deletions. Based on this, Derbise et al. (2003)
reported a rapid and cloning-free method (the three-step
PCR method) modified from the description of Horton et
al. (1989) and Wach (1996) to extend the homologous
sequence. But this method needs three PCR steps, which
are too niggling, time consuming, and laborious, to con-
struct the knockout fragments. The P1 phage-mediated
transduction method described by Miller (1992) is now a
general choice to inactivate multiple genes successively in
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one strain (Moon et al. 2011; Typas et al. 2008). However,
P1 virus could bring uncertainty of the strains and cause
cross-contamination of the experiments.

Here, we described a strategy for obtaining long enough
homology to inactivate gene efficiently by one-step PCR
amplification (the one-step PCR method). In this strategy,
the single gene mutants were selected as the templates for
PCR to amplify the knockout fragments which consisted of
an antibiotic resistance gene and the flanking homology.
The homology can be extended long enough by designing
primers upstream and downstream far from the desired gene
on one condition that the single gene mutant derived from
the same species with the target strain. Based on the one-
step PCR method, we studied the effect of the homology
length and the number of FRT sites on the efficiency of
multiple gene knockouts using the A Red-mediated recom-
bination method developed by Datsenko and Wanner
(2000).

Materials and methods
Strains, plasmids, and primers

E. coli MG1655 (F 1 ilvG— rfb-50 rph-1) was used as the
host for gene deletion. The single gene mutants derived
from MG1655 stocked in our laboratory (Table 1) were
selected as the templates for PCR to amplify the frag-
ments for multiple gene knockouts. Plasmids pKD46
(Datsenko and Wanner 2000) and pCP20 (Cherepanov and
Wackernagel 1995) used to execute gene disruptions and elim-
inate antibiotic resistance were also stored in our laboratory. All
primers used in this study were summarized in Table 2.

Construction of the knockout fragments

DNA fragments for gene knockout were constructed using
the one-step PCR method as described below. In this strat-
egy, the single gene mutants containing the antibiotic
markers from the Keio collection or other resources were
selected as the PCR templates rather than pKD3 or pKD4,
which were the generally used template plasmids for the
construction of the knockout fragments (Datsenko and
Wanner 2000). A pair of 20-30 bp primers, 200-300 bp
far from upstream and downstream of the target gene, re-
spectively, was designed for the one-step PCR reaction
(Fig. 1). The PCR reaction was performed under the condi-
tion of 1 cycle of pre-denaturation at 94 °C for 5 min, 30
cycles of denaturation at 94 °C for 45 s, annealing at 56 °C
for 45 s, elongation at 72 °C for 2.5 min, and 1 cycle of post-
elongation at 72 °C for 10 min. The obtained PCR product
was an antibiotic resistance gene flanked by about 200—
300 bp homology extensions at the both ends.

@ Springer

Gene disruption

Gene disruption was executed following the A Red recom-
bination method developed by Datsenko and Wanner
(2000). The correct recombinants were verified by colony
PCR, and the recombination efficiency was defined as the
ratio of the correct recombinants to all transformants picked
out randomly (Baba et al. 2006).

Results and discussion

According to our experience, the homologous sequence
length of 36-50 bp is relatively short for multiple gene
deletions as it caused the lower recombination frequency
and the high probability of false recombinants; while com-
plete synthesis of primers containing long homology is
expensive and fallible. Thus, we provided a strategy for
extending long enough homology by one-step PCR method.
With the presented Keio collection of 3,985 single gene
mutants (Baba et al. 2006) or other sources as the templates,
the knockout fragments with long homology can be ampli-
fied easily using the one-step PCR method. By employing
this method, we studied the effect of the homology length
and the number of FRT sites on the recombination efficien-
cy. The plasmid pKD46 was used to supply Red recombi-
nase for gene knockout and the plasmid pCP20 for
eliminating antibiotic resistance.

Effect of the length of homologous sequence
on recombination

By applying the one-step PCR method based on the avail-
able single gene mutant library, a large number of genes
were deleted in the engineered E. coli which already had
multiple FRT sites (Table 1). The statistical results indicated
that the recombination efficiency was greatly improved with
the extension of homologous sequence (Table 3). When 39-
bp homologous sequence was used, the recombination effi-
ciency was only 28.9 % and not stable (depends on the
genes to be knocked out). This may be explained by that
the short extensions increased probability of nonspecial
recombination. The shorter the extensions are, the lower
the specificity homologous to the sequence of the E. coli
genome is. In addition, there are two FRT sites flanking the
antibiotic resistance gene in the knockout fragment, and
they can also recombine with the FRT sites which were left
from previous gene replacement and eliminate antibiotic
resistance in the target strain (Shen and Huang 1986), result-
ing in false recombination. The unstable recombination
efficiency may due to the varied effect of the different gene
to the cell metabolism (Baba et al. 2006). The mean efficien-
cy increased to 70.8 % if we maintained the homologous
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Table 1 Summary of gene knockout about the knockout efficiency, the length of homology, and the number of FRT sites

Target strain Target gene Template strain Knockout Length of homology Number of
efficiency (%) (bp/bp) FRT sites
MG1655 pflB MG1655/ApflB::kan 56.5 39/39 0
MG1655/ApfIB adhE MG1655/AadhE: :kan 20.0 39/39 1
MG1655/ApfIB pisG MG1655/AptsG.:Cm 60.0 39/39 1
MG1655/ApfIB, AadhE ptsG MG1655/AptsG::Cm 14.3 39/39 2
MG1655/AtrpR, AtnaA ptsG MG1655/AptsG.::kan 80.0 39/39 2
MG1655 trpR MG1655/AtrpR: :kan 80.0 120/120 0
MG1655/AtrpR tnaA MG1655/AtnaA: :kan 75.0 117/117 1
MG1655/AptsG,ApoxB, sdhA MG1655/AsdhA::kan 75.0 80/80 4
Apta, AiclR
MG1655/AptsG, ApoxB, Apta, IdhA MG1655/AldhA: :kan 66.7 100/100 6
AiclR, AsdhA, AarcA
MG1655/AptsG, ApoxB, Apta, ldhA MG1655/AldhA: :kan 65.0 100/100 7
AiclR, AsdhA, AarcA, AadhE
MG1655 arcA MG1655/AarcA: :kan 100.0 279/254 0
MG1655 ldhA MG1655/AldhA: :kan 100.0 273/275 0
MG1655 mgsA MG1655/AmgsA::kan 100.0 200/200 0
MG1655 mgsA MG1655/AmgsA::kan 100.0 268/275 0
MG1655 sdhA MG1655/AsdhA: :kan 100.0 275/268 0
MG1655 iclR MG1655/AicIR: :kan 100.0 267/221 0
MG1655 gabD MG1655/AgabD: :kan 100.0 220/246 0
MG1655 adhE MG1655/AadhE: :kan 100.0 241/209 0
MG1655 poxB MG1655/ApoxB: :kan 88.9 200/250 0
MG1655/AptsG poxB MG1655/ApoxB::kan 80.0 200/250 1
MG1655/AptsG, AfadA sdhA MG1655/AsdhA::kan 88.9 275/268 2
MG1655/ApfIB, AldhA poxB MG1655/ApoxB::kan 100.0 200/250 2
MG1655/AtrpR, Atmad, AptsG recA MG1655/ArecA: :kan 89.5 300/286 3
MG1655/ApfiB, AptsG, AadhE, mgsA MG1655/AmgsA: :kan 90.9 200/200 5
AldhA, AiclR
MG1655/AptsG, ApoxB, Apta, arcA MG1655/AarcA::kan 78.6 279/254 5
AiclR, AsdhA
MG1655/AptsG, ApoxB, Apta, adhE MG1655/AadhE::Cm 92.3 241/209 6
AiclR, AsdhA, AarcA
MG1655/AptsG, ApoxB, Apta, ldhA MG1655/AldhA: :kan 100.0 273/275 6
AiclR, AsdhA, AarcA
MG1655/AptsG, ApoxB, Apta, IdhA MG1655/AldhA::kan 75.0 273/275 7

AiclR, AsdhA, AarcA, AadhE

sequence at 100 bp. With the extension of the homology
length to 200-300 bp, the efficiency could reach 85.7 %. In
the meantime, the difference of mutational frequency for
different genes was also diminished apparently. Therefore,
we concluded that the length of homology extensions had a
great effect on recombination; the recombination efficiency
can be easily improved through the extension of homologous
sequence.

Effect of FRT sites of E. coli on recombination
According to the Datsenko method, the number of the FRT

sites remained in the genome DNA reflected the number of
mutations. Our previous study showed that FRT sites left in

E. coli strain may lower the gene knockout efficiency,
especially when short homology extensions were used.
The more FRT sites are left in the genome of E. coli, the
lower knockout efficiency was. Therefore, by using the PCR
products with 200-300 bp homology extensions, which
were generated from the single gene knockout strains, we
compared the gene knockout efficiency with the engineered
E. coli which had different numbers of FRT sites and got
high efficiencies of gene disruption (Table 4). When wild-
type E. coli was used as the host strain, the knockout
efficiency reached to 98.8 %. Despite the recombinant effi-
ciency decrease in the engineered E. coli which had one to
three FRT sites, the knockout efficiency could nearly reach
to 86.9 %. Even in E. coli which had five to seven FRT sites,
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Table 2 The primers designed for PCR amplification

Mutation Template Homology extensions (bp) Primer name Sequence (5'-3")
AptsG MG1655 (AptsG::Cm) 39 ptsG-F ACGTAAAAAAAGCACCCATACTCAGGAGC
MG1655 (AptsG::Kan) 39 ptsG-R AGCCATCTGGCTGCCTTAGTC
AadhE MG1655 (AadhE::Cm) 39 adhE-F ATTCGAGCAGATGATTTACT
39 adhE-R ATCGGCATTGCCCAGAAG
ApfiB MG1655 (ApfiB::Kan) 39 pflB-F CGGCAACATTATCGGTGGTG
39 pflB-R TAGATTGAGTGAAGGTACGA
AsdhA MG1655 (AsdhA::Kan) 80 sdhA- F CGCCTGATGCTGCAACTGGTGAT
80 sdhA-R TCCTGCATACGCGGAGCATCATC
AldhA MG1655 (AldhA::Kan) 100 IdhA- F ATGAATTTTTCAATATCGCC
100 ldhA-R AATTACAGTTTCTGACTCAG
AtrpR MG1655 (AtrpR::Kan) 120 trpR- F GTGAAGAACGTGCTGGC
120 trpR-R AGTCCGTTTCATAATGCCGTG
AtnaA MG1655 (AtnaA::Kan) 117 tnad- F GAGCAGGAAAAAGGCCTGGA
117 tmaAd-R ATAATGAAGTCCATATGTGT
AmgsA MG1655 (AmgsA::Kan) 200 mgsA- F TCTCAGGTGCTCACAGAACAA
200 mgsA-R GCTACTGCCACCGGTTGAGGA
AmgsA MG1655 (AmgsA::Kan) 268 mgsA-F CCACGATGATGGCAGATGACA
275 mgsA-R CGTCATCATCGTTGGCTTGC
AgabD MG1655 (AgabD::Kan) 220 gabD- F GACGATTTTCTGTTTGTCACCACCC
246 gabD-R AAGCAGGTGTGCGACAGTTTTTTCA
AarcA MG1655 (AarcA::Kan) 279 arcA- F AACGAAGCGTAGTTTTATTGGGTGTCCG
254 arcA-R TTGCTGGATGGTGTGATGTGGGGAC
AiclR MG1655 (AiclR::Kan) 267 iclR- F ATACCGCCGTCCAGCACCAGAATA
221 iclR-R CTCAATCTCATAATGCAGCCGT
ArecA MG1655 (ArecA::Kan) 300 recA-F CGGCTCGTGCTGATTATGCC
286 recA-R CGGCTGTCATCGAGATAGC
AsdhA MG1655 (AsdhA::Kan) 275 sdhA-F GTCCTGACGCTCTACATCATTTA
268 sdhA-R GCTGGTTGAGTGCCGAAATC
AldhA MG1655 (AldhA::Kan) 273 ldhA-F CAGCGTCAACGGCACAAGAAT
275 ldhA-R GCTGATTTCTGGCGGATTTTT
ApoxB MG1655 (ApoxB::Kan) 200 poxB-F CCGAAATCGCTGAAGGTT
250 poxB-R GTTCGCAGTGACTGAGCA
AptsG MG1655 (AptsG::Cm) 258 ptsG-F CGAGTAAAGTTCACCGCCG
261 ptsG-R GACGCCGTATGGCACCTT
AadhE MG1655 (AadhE::Cm) 241 adhE-F AAGCGATGCTGAAAGGTG
209 adhE-R AAAGCGTCAGGCAGTGTT
Apta MG1655 (Apta::Cm) 234 pta-F ACTGGGCGTGCTGGGCTTT
235 pta-R 5GCATTGCCCATCTTCTTG

the mean efficiency was still over 85.0 %. This also indicated
that homology extensions of 200-300 bp are enough for the
gene knockout in the multiple gene mutants.

Simultaneous gene knockout using long homology
extensions

The one-step PCR method is not only applicable to
knockout many genes continuously in one strain, but also
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able to knockout two or more genes simultaneously in the
same strain if different selectable markers are used. We
tried to simultaneously knockout genes ic/R and pta in E.
coli MG1655 following the one-step PCR method. Al-
though only five recombinants were grown out on the
double resistant antibiotic-containing plates, all the grown
recombinants performed correct recombination of the two
genes, resulting in a high frequency of the double deletion.
We also tried genes IdhA and ptsG in E. coli MG1655
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Fig. 1 The strategy of easily P1
extending homology flanked
the target gene for gene
replacement. The gene4 mutant
was used as the template for
PCR to amplify knockout
fragment and primers (P1 and
P2) were designed upstream
and downstream far from the
target gene. Step I PCR
amplification for obtaining the
geneA knockout fragment with
the flanking long homology.
Step 2 Homologous
recombination between the
geneA knockout fragment and
the target strain. Step 3
Obtaining of the correct
recombinants with geneA
mutation

gene B

and all the three recombinants obtained were correct
constructs.

Multiple gene knockouts play an important role in met-
abolic engineering and synthetic biology, whereas the Red
homologous recombination method developed by Datsenko
and Wanner (2000) is suitable for single gene knockout in
the wild-type strains. For multiple gene deletions, our results
indicated that the homologous sequence used in this method
was short, and the recombination efficiency was lower and
unstable when short homologous extension was used. For-
tunately, our strategy can solve this problem easily by the
one-step PCR method of extending homologous sequence
based on the single gene mutants.

Table 3 The mean (=SEM) efficiency of gene knockout using different
lengths of flanking homology

[¢-200-300 bp
The knockout fragment of the gene A amplified by PCR

200-300 ba

The gene A mutant from the single-gene mutant library P2

Step 1

Kan

200-300 bp—|

Step 2

200-300 bp—|

gene C

The correct recombinat

Compared with the three-step PCR method and the P1
virus-mediated transduction, our strategy has many advan-
tages: simple, high efficiency, easy to manipulate, more
direct and certain, and suitable for multiple gene deletions
successively or simultaneously in the same strain. Both the
one-step PCR method and the P1 transduction-mediated
multiple gene knockouts method need the single gene
knockout strain to be a template or a donor strain; fortunately,
the Keio collection (Baba et al. 2006) makes it feasible.
However, the P1 transduction-mediated procedure required
that the donor strains and recipients strain should be the
same species; otherwise, mistakes may be brought in. More-
over, the transduction frequencies of different genes are far

Table 4 The mean (+SEM) efficiency of gene deletion for E. coli
MG1655 with different numbers of FRT sites

Length of homology 39 80-120 200-300
sequences (bp)
Mean recombination ~ 28.87+15.56  70.83+11.02  85.68+3.78

efficiency (%)

Number of FRT sites 0 1-3 5-7
left in E. coli

Mean recombination
efficiency (%)

98.77+1.24 86.87+6.80 84.96+5.08
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different, related to the gene position (Cooper and Helmstetter
1968; Masters and Broda 1971). For our strategy, single gene
mutants from different sources can be also used as the
template on one condition that the DNA sequence which
flanked the target gene is homologous. Hence, this strategy
can be also introduced into other microbes as long as there are
available mutants as the templates for PCR. The recombinant
efficiency for our strategy largely lies on the length of the
homology, but it can be extended easily as long as possible
through the one-step PCR method.
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