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Due to the difficulty of multiple deletions using the Cre/loxP system, a simple, markerless multiple-deletion
method based on a Cre/mutant lox system combining a right-element (RE) mutant lox site with a left-element
(LE) mutant lox site was employed for large-scale genome rearrangements in Corynebacterium glutamicum.
Eight distinct genomic regions that had been identified previously by comparative analysis of C. glutamicum R
and C. glutamicum 13032 genomes were targeted for deletion. By homologous recombination, LE and RE
mutant lox sites were integrated at each end of a target region. Highly efficient and accurate deletions between
the two chromosomal mutant lox sites in the presence of Cre recombinase were realized. A deletion mutant
lacking 190 kb of chromosomal regions, encoding a total of 188 open reading frames (ORFs), was obtained.
These deletions represent the largest genomic excisions in C. glutamicum reported to date. Despite the loss of
numerous predicted ORFs, the mutant exhibited normal growth under standard laboratory conditions. The
Cre/loxP system using a pair of mutant lox sites provides a new, efficient genome rearrangement technique for
C. glutamicum. It should facilitate the understanding of genome functions of microorganisms.

The whole-genome sequences of more than 200 organisms
have been deciphered since the first genome sequence was
determined in 1995. These genome sequences have become an
important resource for a more comprehensive understanding
of cellular life. The availability of whole-genome sequences
allows us to decipher the roles of thousands of genes. Coryne-
bacterium glutamicum is a well-known industrial strain widely
used for the production of amino acids, nucleic acids, and
organic acids (18, 23). It has had two strains sequenced: R
(3,314,179 bp [our unpublished data]) and ATCC 13032
(3,309,401 bp [14] or 3,282,708 bp [17]). Based on whole-ge-
nome sequences, strain reconstruction studies for improved
industrial applications have been initiated (28). In the field of
bacterial genomics and metabolic engineering in the postge-
nome era, the concept of minimum genome factories (MGFs)
has been proposed (16). These can be defined as recombinant
strains whose metabolism has been streamlined to the optimal
minimal subset in order to maximize product formation for
targeted applications. C. glutamicum is one of the most widely
used bacteria for bioindustry, and the improvement of its ge-
nome is important for enhanced production of biochemicals.

To implement the concept of MGFs by the rearrangement
of bacterial genomes, molecular biology tools that make mul-
tiple excisions and insertions possible are a prerequisite. For
Escherichia coli, the development of genomic engineering tech-
niques utilizing bacteriophage recombinases, homologous re-
combination, or transposable elements has been reported re-
cently (6, 10, 12, 20, 39). By use of such techniques, the
construction of a deletion mutant whose genome size was re-
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duced by 1.38 Mb was reported (12). However, despite its indus-
trial usefulness, similarly useful techniques have yet to be de-
veloped for C. glutamicum. In our laboratory, comprehensive
studies on C. glutamicum, including isolation and characteriza-
tion of new transposable elements and development of Cre/
loxP-mediated genome deletion systems, are being undertaken
(7, 16, 32, 33, 35, 38). The utilization of such techniques could
greatly contribute to creation of a C. glutamicum-based MGF.

The Cre/loxP recombination system is a simple two-compo-
nent system currently recognized as a powerful DNA recom-
bination tool (21). Cre recombinase catalyzes reciprocal site-
specific recombination between two loxP sites. It does not
require any host cofactors or accessory proteins (9). When two
loxP sites are in the same orientation on a linear DNA mole-
cule, Cre-mediated intramolecular recombination resolves with
the excision of the loxP-flanking region. Though we have pre-
viously accomplished successful genetic manipulation of C.
glutamicum with this system, one major disadvantage remains.
One loxP site is left on the genome even after recombination
occurs, and it may interfere with subsequent rounds of recom-
bination (32).

Recently, several methods to control the recombination of
Cre/loxP have been reported (1, 2). The loxP site is composed
of an asymmetric 8-bp spacer flanked by 13-bp inverted repeats
(13). Cre protein binds to the 13-bp repeat, mediating the
recombination within the 8-bp spacer (22). In these studies,
nucleotide changes were introduced into the left 13-bp element
(LE mutant lox site) or the right 13-bp element (RE mutant lox
site). Recombination between the LE and RE mutant /ox sites
produces the wild-type loxP site and a mutant /ox site contain-
ing both the LE and the RE (LE+RE mutant lox site) that is
poorly recognized by Cre. By using this LE-and-RE mutant lox
site(s), successful recombination in plant or mouse genomes
was maintained (1, 2). This LE-and-RE mutant system has
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strains
E. coli
JM109 recAl endAl gyrA96 thi hsdR17 supE44 relA1 A(lac-proAB)/F’ TAKARA
[traD36 proAB™ lacl lacZAM15]
SCS110 dam dcm endAl supE44 hsdR17 thi leu rpsL1 lacY galK galT ara tonA thr TOYOBO

A(lac-proAB)[F' [traD36 proAB™ lacl9 lacZAM15]

C. glutamicum
R Wild-type strain

Lab collection

RMD1 R strain with SSI8 deleted This work

RMD(190) R strain with multiple deletions of SSI1 to 3 and SSI6 to 10 This work

13032 Wild-type strain ATCC
C. efficiens YS-314 Wild-type strain NBRC

Plasmids

pMC1871 Tc'; lacZ/MCS; pBR322 ori; cloning vector Accession no. L08936
ploxSp Sp"; MCS (with loxP site); pMB1/M13 ori 33
ploxKm Km"; MCS (with loxP); pMB1/M13 ori 33
pREIlox66Sp Sp"; MCS (with lox66 site); pMB1/M13 ori This work
pREIlox66Spblue Sp"; MCS (with lox66 site) carrying lacP::lacZ; pMB1/M13 ori This work
pLElox71Km Km"; MCS (with lox71); pMB1/M13 ori This work
pCRA405 Cm'; MCS (with Xhol); pMB1/M13 ori; pBL1/coryneform bacterial ori; shuttle vector 32
pCRA406 Cm'; MCS (with Xhol); Cre; pMB1/M13 ori; pBL1/coryneform bacterial ori 32
pCRA418 Km"; MCS (with lox71 site); GR1; pMB1/M13 ori This work
pCRA419 Sp"; MCS (with lox66 site) carrying lacP:lacZ; GR2; pMB1/M13 ori This work

many potential uses, because after the initial recombination,
subsequent rounds of recombination hardly ever occur.

To solve the problem of interference by the remaining loxP site,
we used LE-and-RE mutant [ox sites and successfully developed
a new large-segment deletion method for the C. glutamicum ge-
nome that makes multiple reactions possible. Eleven genomic
regions that were not essential for cell survival were identified,
and successive deletions of eight of these regions were carried out
in the same strain. A total of 190 kb of genomic regions, encoding
188 predicted open reading frames, was deleted. We confirmed
that the lost genomic regions were not essential for cell survival
under normal laboratory conditions.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study are listed in Table 1. E. coli was grown aerobically at 37°C in Luria-Bertani
(LB) medium (31). C. glutamicum R was cultivated at 33°C in complex medium
or minimal medium, each containing 4% glucose (15). Antibiotics were used at
the following concentrations: for E. coli, 50 pg of kanamycin (Km) (Wako Pure
Chemical, Osaka, Japan)/ml, 50 ug of chloramphenicol (Cm) (Wako)/ml, and
200 pg of spectinomycin (Sp) (Sigma-Aldrich, MO)/ml; for C. glutamicum, 50 p.g
of Km/ml, 5 pg of Cm/ml, and 200 ng of Sp/ml.

DNA manipulations. E. coli plasmid DNA was isolated using a Qiaprep spin
kit (QTAGEN, Hilden, Germany) according to the manufacturer’s instructions.
Restriction enzymes and T4 DNA ligase (TAKARA Bio Inc., Shiga, Japan) were
used as recommended by the manufacturer. E. coli was transformed by the CaCl,
method (31). Transformation and integration of C. glutamicum were performed
by electroporation as previously described (37). Purified DNA extracted from E.
coli strain SCS110 with 1 ug of an integrative plasmid or 50 ng of the replicative
plasmid was introduced into C. glutamicum cells using Gene Pulsar (Bio-Rad,
Richmond, CA). After electroporation, cells were incubated at 33°C for 2 hin 1
ml complex medium and then transferred to complex medium plates containing
appropriate reagents. B-Galactosidase activity was detected on complex medium
plates containing 200 pg/ml 5-bromo-4-chloro-3-indolyl-B-galactopyranoside (X-
Gal) (Nacalai Tesque, Kyoto, Japan). DNA concentrations were measured at
260 nm using a Beckman DU640 spectrophotometer (Beckman Coulter, CA).

Plasmids. The plasmids and PCR primers used in this work are listed in Tables
1 and 2, respectively. The 34-bp LE and RE mutant lox sites were introduced into
the genome of C. glutamicum via homologous recombination. For this purpose,
two types of integrative plasmids, pCRA418 and pCRA419, were constructed
(Fig. 1). They are suicide vectors to introduce LE and RE mutant lox sites into
the chromosome. First, ploxSp and ploxKm were linearized by PCR using primer
pairs loxSpF-RElox66R and LElox71F-loxKmR, respectively, and phosphory-
lated. Then they were circularized and used to transform E. coli. The plasmids
extracted from E. coli were designated pREIlox66Sp and pLElox71Km (Fig. 1). A
BamHI fragment containing a lacZ gene derived from pMC1871 was ligated to
the BamHI site of pREIlox66Sp downstream of a lac promoter, resulting in
pRElox66Spblue (Fig. 1). Two kinds of 1-kb DNA fragments, GR1(SSI8) and
GR2(SSIB), were amplified by PCR using C. glutamicum R genomic DNA and
primer pairs GR1-F(SSI8)-GR1-R(SSI8) and GR2-F(SSI8)-GR2-R(SSI8), re-
spectively. GR1(SSI8) was digested with EcoRI and Sall and then ligated to the
corresponding sites of pLElox71Km. GR2(SSI8) was digested with Xhol and
Sphl and then ligated to the corresponding sites of pRElox66Spblue. The re-
sulting plasmids were designated pCRA418(SSI8) and pCRA419(SSI8), respec-
tively. Both plasmids were integrated into C. glutamicum R by electroporation
(32). Cells that integrated both mutant [ox sites into their genomes were selected
with corresponding antibiotics (Km, 50 wg/ml; Sp, 200 pg/ml) and confirmed by
direct cell PCR. For the deletion reaction, the resultant cells were transformed
by the Cre expression plasmid pCRA406 and the transformants were selected
with chloramphenicol (5 pg/ml). For subsequent deletions, short DNA segments
of approximately 1 kb carrying the 5'- and 3’-flanking regions of target regions
were amplified by PCR and were displaced with GR1(SSI8) and GR2(SSIS8) of
pCRE418(SSI8) and pCRE419(SSI8) with Spel and Sall or Xhol and Sphl,
respectively.

Sequencing. Sequencing was performed using an ABI PRISM 3100 Genetic
Analyzer with a BigDye Terminator v3.1 cycle sequencing kit (both from Applied
Biosystems, Foster City, CA) according to the manufacturer’s instructions. DNA
sequence data were analyzed using the Genetyx (Tokyo, Japan) WIN program.

PFGE. Intact Corynebacterium genomic DNA was prepared as follows. A
10-ml volume of overnight culture at an optical density at 610 nm (ODg,) of 7
to 8 was centrifuged at 1,000 X g for 10 min at 4°C. Cells were collected and
washed twice with STE buffer (pH 8.5; 10 mM NaCl, 1 mM EDTA, 20 mM
Tris-HCI). Cells resuspended in 1 ml of STE buffer were digested with 10 mg of
lysozyme (Sigma) and incubated for 3 h at 37°C. A 0.1-ml volume of suspension
was mixed with 0.9 ml of 1% melting agarose in 1X TAE (40 mM Tris-acetate,
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TABLE 2. Oligonucleotide DNA primers used in this study

. “ Position in
Primer Sequence’
chromosome
GR1-F(SSI1) 5'-atactagTAGCTCAGTTGGTAGAGCAC 29090
GR1-R(SSIT) 5'-atgtcgacGGAAAACCGAGACTCCTATC 29860
GR2-F(SSI1) 5'-atctcgaGCCACGCATTCAAGCAATCA 43815
GR2-R(SSI1) 5'-atgcatgcACCTTGCTGTCGAATGTACG 44556
GR1-F(SSI12) 5'-atactAGTCTAACCTGAGTATGGCAAGA 69374
GR1-R(SSI2) 5'-atgtcgacTGTCTAGTACTGCCGATCGA 70347
GR2-F(SSI12) 5'-atctcgagATCAAGAGCAGCCAGTGCAT 81562
GR2-R(SSI2) 5'-atgcaTGCCATTGAAGAACTCGGCCAGT 82583
GR1-F(SSI3) 5'-atactagt AGTCCACGACGCAATTATCG 131135
GR1-R(SSI3) 5'-atgtcgacAGTTTCTAACGGAACGGCAC 132117
GR2-F(SSI3) 5'-atctcgagCGACCCGAATATAGGTCTCA 187812
GR2-R(SSI3) 5'-gcATGCCACCACTTCTACCTC 188719
GR1-F(SSI6) 5'-atactagt AAGATTGCGCAGACTGAGCA 700769
GR1-R(SSI6) 5'-atgtcgacTTCAAGACAGCACTCCAAGCT 701786
GR2-F(SSI6) 5'-atctcgagCGTGCGTGGAATCAAACACT 715258
GR2-R(SSI6) 5'-atgcatgcACGTAGTAGTTCTTGTCGCG 716297
GR1-F(SSI7) 5'-atactagt TAGCTGCCAGGAACACTAGA 792026
GR1-R(SSI7) 5'-atgtcgaCACCCAGCATCATGGCTTTCT 792907
GR2-F(SSI7) 5'-atctcgaGATCAGGCATTGGCTAGTCCT 808304
GR2-R(SSI7) 5'-atgcatgcCTACCTGCACCAATTCCAAC 809341
GR1-F(SSI8) 5'-atgaattcactagTCTTCATCCTCAGCGGAATCA 2067324
GR1-R(SSI8) 5'-atgtcgacTTTCGACAACTATGGGCACG 2068290
GR2-F(SSI8) 5'-atctcgaGATGATGAGATTGCCGACGCA 2111028
GR2-R(SSI8) 5'-atgcatgcAGTCGAGATTCTTGAAGGG 2111942
GR1-F(SSI19) 5'-atactagtGCAATCGTCTGGTTCTCTGT 2523132
GR1-R(SSI9) 5-atgtCGACCTTGACCTCTACTTCTGCTG 2524141
GR2-F(SSI19) 5'-GTTCTCAGCTCTGTCAACAG 2540567
GR2-R(SSI9) 5'-tagcaTGCCATCAGCTGTGGTAGGAAGA 2541696
GR1-F(SSI10) 5'-atactagTAACGGCAGTACCTATGTGGT 2551837
GR1-R(SSI10) 5'-atgtcgacTGCGCAATGACACCACGATA 2552788
GR2-F(SSI10) 5'-atctcgaGCTCACCCAGTGACAACATCA 2570010
GR2-R(SSI10) 5'-atgcatgcCCAGCTGTAGATCTCTACCA 2571014
LElox71F 5'-taccgttcgtatagcatacattatacgaagttat
loxKmR 5'-gtcgactctagaggatccce
loxSpF 5'-ctcgagacctgcaggceatgeaa
REIlox66R 5'-taccgttcgtataatgtatgctatacgaagttat

¢ Capital letters stand for nucleotides representing chromosomal sequences.

1 mM EDTA) buffer. Aliquots of the molten mixture were pipetted and solidified
in a mold. The solid sample blocks were incubated for 15 h in 2 ml of lysis buffer
(1 mg/ml proteinase K, 500 mM EDTA [pH 8.5], 10 mM Tris-HCI [pH 7.5], 1%
N-laurylsarcosine), transferred to 2 ml of 50 mM EDTA (pH 7.5) solution, and
incubated for 12 h at 4°C. Sample blocks were transferred to a new 50 mM
EDTA solution and incubated for 12 h at 4°C. After incubation, samples were
transferred to 1X TAE buffer and preserved. Pulsed-field gel electrophoresis
(PFGE) was performed by using the CHEF-DR II system (Bio-Rad) with 0.8%
SeaKem GTG agarose (Cambrex, NJ) in 1X TAE buffer. The running time was
74 h, the temperature 14°C, the angle 106°, the pulse time 35 min, and the voltage
2 V/em. After electrophoresis, gels were stained with ethidium bromide and
DNA was detected.

RESULTS

Scheme for deletion of the C. glutamicum R genome using
the Cre/mutant lox system. Normally, Cre catalyzes reciprocal
site-specific recombination between two loxP sites (Fig. 2A).
After recombination occurs, one loxP site is left on the genome
and may interfere with subsequent rounds of reaction (Fig.
2B). The Cre/mutant lox system can avoid this problem. The
loxP site is known to be composed of an asymmetric 8-bp
spacer flanked by 13-bp inverted repeats (Fig. 2C). The spacer
is a recombination region, and the inverted repeats are Cre
recombinase binding sites (9). When recombination occurs, the
inverted repeats are exchanged between two loxP sites (9). This

mechanism is also utilized for the Cre/mutant lox system to
avoid interference with subsequent rounds of reaction. One
loxP is mutated in the left inverted repeat (LE mutant /ox71),
and the other loxP is mutated in the right inverted repeat (RE
mutant /ox66). Due to the exchange of inverted repeats, re-
combination between the LE mutant lox71 site and the RE
mutant lox66 site produces a wild-type loxP site and a LE+RE
mutant /ox site (1). This LE+RE mutant site is poorly recog-
nized by Cre recombinase because of the double mutation on
Cre recombinase binding sites. By using this property, successive
deletions of eight 10- to 56-kb genomic regions were achieved in
each strain.

In previous work, we identified 11 strain-specific islands
(SSIs) of C. glutamicum R that are not essential for cell sur-
vival. They were individually deleted using the Cre/loxP system,
and no significantly different phenotype was found for the
deletion mutants (34). In this study, we chose SSII to -3 and
SSI6 to -10, carrying a total of 188 genes, as targets to develop
a multiple-deletion system based on the Cre/mutant lox system
(34). The functions of most of the genes in these regions are
annotated as unknown or hypothetical.

Three plasmids were used to excise each SSI from the ge-
nome. pCRA418 and pCRA419 are suicide plasmids that in-
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FIG. 1. Construction of integrative plasmids for multiple deletion. pPCRA418 and pCRA419 contain the genomic sequences named GR1 and
GR2, respectively. Using them, the 34-bp LE and RE mutant lox sites were introduced into the genome of C. glutamicum via homologous

recombination.

troduce the LE and RE mutant /ox sites into the chromosome
via homologous recombination. pCRA406 is a replicative Cre
recombinase expression plasmid for C. glutamicum. The gen-
eral scheme for deletion is depicted in Fig. 3.

Deletion of SSI8 using the Cre/mutant lox system. First,
both pCRA418(SSI8) and pCRA419(SSI8) were integrated
into 5" and 3’ flanking regions of a target SSI8. Then cells with
corresponding antibiotic resistance were selected, and chromo-
somal modification was verified by direct cell PCR. The result-
ant mutants were transformed with pCRA406 and selected
based on their chloramphenicol resistance. Cre recombinase is
constitutively expressed under the control of the lac promoter
on pCRA406 (5). Successfully deleted strains lost lacZ and
both Sp and Km resistance genes along with each SSI. By
transformation with pCRA406, 300 to 500 yellow colonies were
obtained on complex medium plates containing chloramphen-
icol and X-Gal, indicating the loss of the lacZ gene. Forty-eight
of these colonies were transferred to a new plate and moni-

tored for kanamycin and spectinomycin resistance. All of them
were kanamycin and spectinomycin sensitive (data not shown).
These results suggested that the target region was successfully
deleted. As a control, pCRA405, which has exactly the same
sequences as pCRA406 but does not carry the cre gene, was
also used for transformation. All transformants were blue,
indicating the presence of the lacZ gene. Cells that lost B-ga-
lactosidase activity and antibiotic resistance were selected, and
the deletion of SSI8 was confirmed by PCR using P1(SSI8) and
P2(SSI8). Since the distance between P1(SSI8) and P2(SSI8)
was approximately 52 kb, it was difficult to amplify this region
by PCR. However, the region was easily amplified after the
deletion reaction, because the distance was reduced to only 2
kb. The ~2-kb DNA fragments were successfully amplified,
and no DNA fragments were observed from the Cre™ strain
(Fig. 4). Finally, the PCR products with P1(SSI8) and P2(SSIS8)
were sequenced, and GRI(SSI8) was directly connected to
GR2(SSI8) via a LE+RE mutant Jox site. These results indi-
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FIG. 2. Diagrams of Cre/loxP and Cre/mutant lox systems. (A) Re-
combination between loxP sites. (B) Interference of loxP sites. After a
deletion reaction using the Cre/loxP system, one loxP site remains on
the genome. It interferes with subsequent rounds of Cre/loxP recom-
bination. (C) Recombination between a LE mutant site and a RE
mutant site produces a wild-type loxP site and a double-mutant
(LE+RE) site. The black regions of the triangles represent sites at
which nucleotide sequence changes occurred. Since the LE+RE mu-
tant lox exhibits reduced binding affinity for Cre recombinase, it
scarcely interferes with the other lox sequences. Nucleotide sequences
of loxP and mutant lox sites are given under the diagram of the
Cre/mutant lox system. The gray boxes also indicate sites at which
nucleotide sequences changed.

cated the excision of SSI8 by the Cre/mutant lox system. The
deletion strain was designated RMD1.

Construction of a multiple-deletion strain. Since excision of
SSI8 by the Cre/mutant lox system was successful, multiple
excisions of other SSIs were performed similarly. SSI2 was
chosen as the second deletion target. In order to remove the
plasmid expressing Cre recombinase, RMD1 cells were culti-
vated for 24 h in complex medium without antibiotics and
plated. Approximately 2 to 5% of cells showed chloramphen-
icol sensitivity due to the loss of pCRA406. One of them was

APPL. ENVIRON. MICROBIOL.

used in SSI2 deletion. pCRA418(SSI2) and pCRA419(SSI12)
were constructed by replacement of GR1(SSI8) and GR2(SSIS)
with GR1(SSI2) and GR2(SSI2). Both pCRA418(SSI2) and
pCRA419(SSI2) were integrated into 5" and 3’ flanking re-
gions of a target SSI2, and the resultant mutants were trans-
formed with pCRA406. As a result, 200 to 300 yellow colonies
appeared on a complex medium plate containing chloram-
phenicol and X-Gal, and the 48 colonies transferred to a new
plate completely lost kanamycin and spectinomycin resistance
(data not shown). To confirm the SSI2 deletion, PCR was
carried out. By using P1(SSI2) and P2(SSI2), a DNA fragment
of approximately 2.1 kb was successfully amplified from the
transformant of pCRA406 but not from the transformant of
pCRA405 (Fig. 5A). When P1(SSI8) and P2(SSI8) were used,
amplification of a fragment of approximately 2.0 kb was ob-
served in all samples (Fig. 5A). PCR products amplified with
P1(SSI2) and P2(SSI2) were isolated and sequenced. Sequence
data indicated that GR1(SSI2) was directly connected to
GR2(SSI2) via a mutant LE+RE lox site (data not shown).

Since two genomic regions were deleted within the same
cells by using the Cre/mutant lox system, subsequent dele-
tion of SSI1, -3, -6, -7, -9, and -10 was performed. These SSIs
were deleted with almost equivalent efficiency. The con-
structed multiple-deletion mutant was designated RMD
(190). The lengths of the SSIs are as follows (DDBJ accession
numbers are in parentheses): SSI1 (AB185495), 15.6 kb; SSI2
(AB193029), 11.1 kb; SSI3 (AB193030), 56.2 kb; SSI6
(AB193033), 16.2 kb; SSI7 (AB193034), 16.5 kb; SSI8
(AB193035), 45.1 kb; SSI9 (AB193036), 16.3 kb; and SSI10
(AB193037), 14.6 kb. The total size of the deletion was about
190 kb. DNA fragments of 1.9 to 2.5 kb were amplified by using
strain RMD(190) as the PCR template with P1 and P2 primers
corresponding to each SSI (Fig. 5B). The eight new chromo-
somal joints, formed by SSI deletions, were verified by se-
quencing of PCR products (data not shown). Even though a
predicted total of 188 genes were lost from its genome, strain
RMD(190) formed colonies on plates and showed no signifi-
cant difference from the wild type (data not shown). Micro-
scopic observation also showed no significant differences from
the wild type strain. The genes predicted in the regions are
listed in Table 3.

Comparison of genome sizes. Since the size of the C. glu-
tamicum R genome is approximately 3.31 Mb and strain
RMD(190) lacks a total of 190 kb, the size of the RMD(190)
genome is estimated to be approximately 3.12 Mb. Corynebac-
terium efficiens YS-314 is the closest relative of C. glutamicum,
and its genome size is approximately 3.15 Mb. In the PFGE
analysis, the band position of RMD(190) genomic DNA was
almost the same as that of YS-314, which confirmed the re-
duction of genome size (Fig. 6).

Growth characteristics of RMD(190). The wild type and
RMD(190) were cultivated in minimal medium in which glu-
cose was the sole carbon source. Cells were initially cultured in
1.0 ml minimal medium, centrifuged, and washed twice with 5
ml minimal medium. They were then diluted in approximately
1.5 ml of minimal medium, and 1 ml of each solution was
inoculated in 100 ml minimal medium. Despite the loss of
numerous genes, no significant differences in the growth rate
or the final ODyg;,, were observed between RMD(190) and the
wild type (Fig. 7). However, no competition experiment be-
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FIG. 3. Schematic representation of Cre/mutant lox-mediated deletion of a large segment of the C. glutamicum R genome. Km" and Sp" indicate
kanamycin and spectinomycin resistance genes, respectively; lacZ encodes pB-galactosidase. GR1 and GR2 are short segments of the C. glutamicum
R genome. These segments were amplified by PCR and integrated into plasmids for homologous recombination. Horizontal black arrows (P1 and

P2) under the chromosome represent PCR primers.

tween the 190-kb-deletion strain and the wild type was per-
formed.

DISCUSSION

The Cre/loxP system is a powerful tool for in vivo genome
rearrangement in prokaryotic and eukaryotic cells (2, 3, 29, 32,
36, 39). However, it has the disadvantage that a loxP sequence
is left on the genome after reaction and may interfere with
subsequent rounds of recombination. To overcome this, a new,
simple large-segment-deletion method using LE and RE mu-
tant lox, which is markerless and makes multiple deletions
possible for Corynebacterium glutamicum, was developed. Since
this method is based on the Cre/loxP system, the recombination
efficiency is very high and does not require any host cofactors
Or accessory proteins.

LE and RE mutant lox sites were initially devised to inte-
grate foreign DNA into a plant or mouse genome using Cre

1 2345 678910111213 141516

W e WS e

FIG. 4. Direct cell PCR results for Cre™ and Cre* strains. Eight
colonies each of pCRA405 and pCRA406 transformants were chosen.
Since the lengths of GR1 and GR2 are approximately 1.1 and 0.9 kb,
respectively, the distance between GR1 and GR2 of the deletion strain of
SSI8 is calculated to be about 2 kb but that of the pCRA405 strain is about
52 kb. Lanes 1 to 8, Cre™ strains; lanes 9 to 16, Cre™ strains; lane M,
marker.
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FIG. 5. Direct cell PCR results for the double-deletion strain and
the multiple-deletion strain. (A) LE and RE mutant lox sites were
integrated into RMD1, and pCRA405 or pCRA406 was transformed.
P1 and P2 primers for each SSI were used for direct cell PCR. The fact
that transformants were obtained for pCRA406 only indicates success-
ful amplification of 2-kb DNA fragments derived from SSI2 and SSI8
deletion. Lanes 1 to 8, Cre™ strains; lanes 9 to 16, Cre™ strains; lane M,
marker. (B) By using P1 and P2 primers for each SSI, corresponding
PCR products of eight SSIs were observed with the multiple-deletion
strain only. Lane numbers correspond to SSI numbers; lane M, marker.
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TABLE 3. Genes in deleted regions

NCBI COG* Annotation by KEEG No. of
genes
Information storage  Transcriptional regulator 9
Putative transposase 8
Putative DNA invertase 3
Hypothetical protein 3
Putative regulatory protein 2
Putative antirepressor 1
Putative single-strand binding protein 1
Cellular processes Hypothetical protein 16
Cation-transporting ATPase 5
Putative transferase 2
Two-component system response 2
regulator
Putative two-component sensor 2
kinase
ClpP protease family protein 1
Benzoate dioxygenase large subunit 1
Putative monooxygenase 1
Metabolism Hypothetical protein 10
Putative dehydrogenase 7
Putative transport protein 6
Putative reductase 6
Enoyl-CoA hydratase 2
Putative phenylacetic acid 2
degradation protein PaaB
Polysaccharide deacetylase 1
Aminopeptidase N 1
AMP nucleosidase 1
Probable oligoribonuclease 1
Putative phenylacetate-CoA ligase 1
Putative beta-ketoadipyl CoA thiolase 1
Poorly characterized Hypothetical protein 12
Putative reductase 4
Putative phenylacetic acid 1
degradation protein PaaD
Putative phenylacetic acid 1
degradation protein PaaA
Putative phenylacetic acid 1
degradation protein PaaC
Not in COG Hypothetical protein 67
Putative transposase 3
Putative cadmium resistance protein 2
Putative DNA-binding protein 1
Total 188

“ COG, clusters of orthologous groups of proteins.

recombinase (1, 2). Many types of mutant /ox can be designed.
Albert et al. report a series of experiments which identified
three sets of mutant lox sites that favor the forward over the
reverse direction of recombination (1). We chose and applied
the combination of mutant lox71 and lox66 for the multiple-
deletion method due to the efficiency of targeted recombina-
tion between the mutant lox sites. Both mutant lox71 and lox66
retain the function for DNA recombination, but the recogni-
tion by Cre recombinase is slightly reduced. When loxP sites
with mutations in the LE and RE are used for recombination,
Cre recombinase recombines the DNA between a site with a
mutation in the LE and a site with a mutation in the RE,
producing one wild-type loxP site and one lox site with muta-
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FIG. 6. PFGE of strains. Genomic DNAs of C. glutamicum ATCC
13032, R, and RMD(190) and C. efficiens YS-314 were run on a 0.8%
agarose gel. The genome sizes of ATCC 13032, R, and YS-314 are
3.31, 3.31, and 3.15 Mb, respectively. The calculated genome size of
RMD(190) was predicted as 3.12 Mb. DNAs were visualized by
ethidium bromide staining and UV irradiation after electrophoresis.

tions in both the LE and the RE (LE+RE mutant lox site).
The LE+RE mutant /ox site showed dramatically reduced
binding affinity for Cre recombinase. When mutant /ox71 and
lox66 were used as the LE and RE mutant lox sites, recombi-
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FIG. 7. Growth curves of wild-type C. glutamicum and RMD(190).
Cultures were grown in triplicate in minimal medium. Each 100 ml of
medium inoculated with overnight cultures was grown at 33°C with
shaking. Open and closed circles, wild type and RMD(190), respec-
tively.
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nation between the wild-type site and the LE+RE mutant lox
site was three- to sevenfold less than that of the lox71 and lox66
sites (1). Recombination between the lox71 or lox66 and the
LE+RE mutant Jox site would be much less than that of the
lox71 and lox66 sites. Indeed in this experiment, LE+RE mu-
tant lox sites on the genome did not interfere with lox71 and
lox66 for subsequent rounds of deletion, and precise excision of
the target region only was observed. We successfully used the
Cre/mutant lox system for the recombination of the C. glutami-
cum genome. Since the Cre/loxP system is used to recombine
DNA in many types of cells, this system could be applied to
DNA recombination in various organisms.

As another point, the selection of target regions is important
for the multiple-deletion experiments. Essential or significant
genes are normally scattered in prokaryotic genomes. Large-
segment deletion is accompanied by the loss of numerous
genes. If the mutant lost any essential genes by deletion, it
would be impossible to isolate it. To avoid deleting these es-
sential genes, we used strain-specific regions as deletion tar-
gets. These regions were identified by comparative genomics.
Thousands of these regions (islands) were identified in the
common backbone of the C. glutamicum R genome (32). We
have already identified 11 SSIs larger than 10 kb and desig-
nated them SSI1 to SSI11 (34). The regions were probably
shaped on the genome by integration and deletion through
evolutionary processes. The existence of similar regions in E.
coli is also known (20). Genes found in these regions are often
annotated as encoding antibiotic resistance factors, bacterio-
cins, or proteins with specific metabolic functions (11, 24, 27,
30). These regions are probably deleted with little effect on cell
survival. We have already reported the successful deletion of
11 SSIs individually, and all deletion mutants survived with no
significant phenotypic change (34). However, the effect of mul-
tiple deletions of SSIs was unclear. In this study, multiple
deletion of SSI1 to -3 and SSI6 to -10 was performed, and no
significant phenotypic change was observed under laboratory
conditions. It is an interesting basis for analyzing genomic and
gene functions.

Genomes probably contain many genes that are not essential
for cell survival (4, 25). A popular approach to the identifica-
tion of nonessential genes is to construct gene disruption mu-
tants. For Bacillus subtilis, construction of comprehensive gene
knockouts on a genomic scale is complete (19). For E. coli and
Saccharomyces cerevisiae, libraries of single-gene deletions us-
ing a PCR-based mutagenesis approach are nearly complete
(8, 26). However, although this approach is useful in identify-
ing the roles of various important genes and potentially facil-
itates the understanding of gene function, it requires numerous
deletion experiments. Furthermore, some difficulties in the
study of the effects of multiple gene disruptions remain.

The utilization of multiple-large-segment-deletion methods
should help solve these problems. These methods facilitate the
investigation of unknown gene functions and contribute to the
elucidation of new gene functions that cannot be understood
by individual gene disruption. C. glutamicum is one of the most
widely used bacteria for bioindustry. The utilization of such
large-segment-deletion methods should greatly contribute to
the investigation of gene and genome functions and the cre-
ation of improved cells for bioindustry.
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