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A two-step allele replacement mutagenesis procedure, using a conditionally replicating plasmid, was devel-
oped to allow the creation of targeted, marker-free mutations in Corynebacterium pseudotuberculosis. The
relationship between homologous sequence length and recombination frequency was determined, and en-
hanced plasmid excision was observed due to the rolling-circle replication of the mutagenesis vector. Further-
more, an antibiotic enrichment procedure was applied to improve the recovery of mutants. Subsequently, as
proof of concept, a marker-free, cp40-deficient mutant of C. pseudotuberculosis was constructed.

Corynebacterium pseudotuberculosis is a pathogen of multi-
ple species (1–4, 7, 9–12, 14, 17, 19). To facilitate molecular
studies of this organism, we report here an effective allele
replacement mutagenesis procedure. A ca. 2.7-kb HpaI/StuI
fragment containing the kanamycin resistance gene and 2 open
reading frames not associated with plasmid replication (8) was
excised from the Corynebacterium glutamicum temperature-
sensitive (TS) vector, pSFKT2 (16), which replicates via a
rolling-circle mechanism (6). A ca. 1.1-kb BamHI fragment
from pG�host 9 (15), containing the ermAM (an ermB deriv-
ative) erythromycin resistance gene, was blunt end cloned into
pSFKT2. The resulting 5,666-bp plasmid (Fig. 1), designated
pCARV (for Corynebacterium allele replacement vector), was
introduced into C. pseudotuberculosis strain 3/99-5 (5) by elec-
troporation as described in the supplemental material. Subse-
quently, transformed cells were diluted and plated onto brain
heart infusion (BHI) agar plates containing 50 ng/ml erythro-
mycin (Erm) prior to incubation for 72 h at 26°C (permissive
temperature for plasmid replication). Transformants were un-
able to grow at 37°C.

The relationship between homologous sequence length and
frequency of recombination (chromosomal integration and ex-
cision of plasmid) was determined using different size frag-
ments of the C. pseudotuberculosis cp40 gene (18). All primers
used in this study are presented in Table 1. Fragments of cp40
(224 bp, 432 bp, 750 bp, and 1,020 bp) were amplified by PCR
from C. pseudotuberculosis 3/99-5 genomic DNA using primer
pairs cp40 F (F for forward) plus cp40_0, cp40 F plus cp40_1,
cp40 F plus cp40_2, and cp40 F plus cp40_3, respectively. The
amplicons from these four fragments were cloned into XmaI-
digested pCARV to create recombinant plasmids pCARV001,
pCARV002, pCARV003, and pCARV004, respectively.

Aliquots of BHI broth containing 0.05% (vol/vol) Tween 80
(BHIT) plus Erm were inoculated with individual transfor-
mants. Cultures were incubated at 26°C to an optical density at
600 nm (OD600) of 0.8 and then at 37°C for 6 to 9 generations
(ca. 9 h). The cultures were then diluted and plated onto plates
containing BHI agar plus Erm. Plasmid integrants were able to
grow at 37°C. The integration frequency of each construct was
expressed as the erythromycin-resistant proportion of the total
cell population. Triplicate experiments revealed that plasmid
integration increased linearly with increasing length of homol-
ogous sequences, with average integration frequencies of
1.81 � 10�1, 2.23 � 10�1, 2.80 � 10�1, and 4.75 � 10�1 for
pCARV001, pCARV002, pCARV003, and pCARV004, re-
spectively.

To assess plasmid excision, aliquots of BHIT broth plus Erm
were inoculated with plasmid integrants. Cultures were incu-
bated at 37°C until stationary phase, then diluted 10�5 in BHIT
broth, and incubated at 26°C to stationary phase. Bacteria were
recovered on BHI agar plates at 37°C, and then single colonies
were replica plated onto BHI agar plates with or without Erm.
After incubation at 37°C, colonies unable to grow on plates
containing Erm had undergone plasmid excision. Excision
rates increased with increasing length of homologous se-
quence. However, variability was observed between experi-
ments (Table 2), and the frequency of secondary recombina-
tion (excision) events was higher than anticipated. Previous
studies have assigned high excision rates to the single-stranded
DNA intermediates generated during rolling-circle-type repli-
cation (13).

Recombination decreased with shorter homologous se-
quence lengths, so the bacteriostatic action of erythromycin
was assessed as a means of enriching cultures. Immediately
after plasmid excision, cultures were diluted into BHIT broth
plus Erm and incubated at 37°C briefly to allow growth of
resistant cells (with concurrent inhibition of the growth of
nonresistant cells). The cultures were then supplemented with
ampicillin (to 100 �g/ml) and monitored until the OD600 had
dropped (indicating cell lysis) and become static. Subse-
quently, the cells were washed and diluted, and diluted cells
were replica plated onto BHI agar plates with and without
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erythromycin. The number of colonies derived from cells
that had undergone plasmid excision was then expressed as
a percentage of the total bacterial population (Table 2).
Ampicillin enrichment increased recovery of the desired cell

population and was most evident for the shortest cp40 frag-
ment, where cells that had lost pCARV001 increased from a
maximum of 13% without enrichment to 73% following
enrichment.

FIG. 1. Cloning strategy for the construction of pCARV.

TABLE 1. PCR and sequencing primers used in this study

Primer Sequence (5�–3�)a Targetb

cp40 F CCCGGGGCAACAGTGACCCCCAAGGGA (A) bp 1135–1155
cp40_0 CCCGGGAGAGCGGAAGTTATGCCTA (A) bp 1403–1385
cp40_1 CCCGGGCTGGAGCTTGTCTTTCCAA (A) bp 1608–1590
cp40_2 CCCGGGCGGAGTTCCATGTCTACG (C) bp 1916–1899
cp40_3 CCCGGGCTGGCAGGAATTGATCTTG (A) bp 2199–2181
cp40_SCO_1 CCTTCAGTACCCGGATTAGC bp 114–133
cp40_SCO_2 GAAATCACAGACCCCTGC bp 3573–3556
cpAE1 GTCGACGCGGACTTTGTAAAGTTTGC (B) bp 332–351
cpAE2 CTCGAGGCGTGAGACTGATCGAGG (C) bp 1374–1357
cpAE3 CTCGAGTTCACCACACTCAAACCGAC (C) bp 2380–2399
cpAE4 GTCGACGACCTTTTTGTTACCGTGC (B) bp 3420–3402
�cp40 DCO_F CTTGCCCAGGATTAAATGC bp 1272–1290
�cp40 DCO_R CGCCCGTGAGATTATTTTT bp 2571–2553
cp40_RT_F CTCGATCAGTCTCACGC bp 1358–1374
cp40_RT_R CTGTAGACGATTCGCCG bp 2455–2439
cp40_seq_F CGGCAACATCTAGCTGC bp 1088–1104
cp40_seq_R GCTAAAACAAAACGGCG bp 2739–2723
pCARV_MCS_1 ACACAGGAAACAGCTATGACC pCARV
pCARV_MCS_2 AAACGACGGCCAGTGAAT pCARV

a Restriction endonuclease recognition sites are underlined. The specific restriction endonuclease recognition site is indicated by a capital letter in parentheses after
the sequence as follows: A, XmaI; B, SalI, and C, XhoI.

b Unless otherwise specified, all primers are specific for GenBank accession number JF299259.
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A cp40-deficient mutant of C. pseudotuberculosis was then
created. PCR amplification of the 5� and 3� chromosomal re-
gions flanking the gene was conducted using primer pairs
cpAE1 plus cpAE2 (fragment 1) and cpAE3 plus cpAE4 (frag-
ment 2). Fragment 1 comprised 1,032 bp of upstream flanking
sequence, including the first 30 bp of cp40, while fragment 2
comprised 919 bp of downstream flanking sequence, contain-
ing the last 105 bp of cp40. The two amplicons were digested
with XhoI and ligated, and the ligation product was further
amplified by PCR using primer pair cpAE1 plus cpAE4. The
resulting ca. 2.1-kb fragment (designated �cp40 fragment),
containing an in-frame deletion of 1,041 bp, was then cloned
into SalI-digested pCARV to create pCARV005.

Chromosomal integration of the pCARV005 plasmid was
conducted (Fig. 2), following which 10 plasmid integrants were
further analyzed. Recombination between homologous se-
quences resulted in different integration structures depending

on whether this occurred at the 5� or 3� end of the �cp40
fragment (Fig. 3). To determine the ratio of 5�-end recombi-
nation/3�-end recombination, 2 PCRs were conducted for each
integrant using primer pairs pCARV_MCS_1 (MCS for mul-
tiple-cloning site) plus cp40_SCO_1 (SCO for single crossover)
(upstream PCR) and pCARV_MCS_2 plus cp40_SCO_2
(downstream PCR). Recombination at the 5� end of the �cp40
fragment resulted in fragments of 2,364 bp for the upstream
PCR and 3,295 bp for the downstream PCR, while 3�-end
recombination resulted in fragments of 3,399 bp for the up-
stream PCR and 2,259 bp for the downstream PCR. Analyses
revealed that recombination at the 5� end or 3� end of the
�cp40 fragment occurred at a ratio of 60:40 (data not shown).

Excision of pCARV005 and ampicillin enrichment were con-
ducted, and 10 isolates were further analyzed to determine
whether the two-step recombination process had left wild-type
or mutant cp40 in the chromosome (depending on whether
primary and secondary recombination events had occurred at
the same or different ends of cp40). PCR analysis of genomic
DNA was conducted (Fig. 3) using primer pair �cp40 DCO_F
(DCO for double crossover) plus �cp40 DCO_R (R for re-
verse) (a 1,299-bp or 292-bp product would be amplified from
isolates containing the cp40 gene or �cp40 fragment, respec-
tively). One isolate retained chromosomally integrated
pCARV005, determined by amplification of 1,299-bp and
292-bp bands; this isolate was subsequently found to be Erm
resistant and had been chosen in error. Of the remaining
isolates, 4 retained cp40, while 5 possessed the �cp40 frag-
ment.

The chromosomal region spanning �cp40 in the 5 mutants
was PCR amplified with primer pair cp40_seq_F plus
cp40_seq_R and sequenced in both directions using the same
primers. For each mutant, the sequence was as expected (data
not shown). One mutant was designated 3/99-5_�cp40, and
reverse transcription-PCR (RT-PCR) analysis of mRNA from
log-phase cultures of this mutant and the wild-type parent was
conducted using primer pair cp40_RT_F plus cp40_RT_R. A
full-length transcript of ca. 1.14 kb was amplified from the
wild-type strain, while an amplicon of ca. 0.14 kb was amplified

TABLE 2. Excision rates of pCARV-based constructs

Plasmid Size of
insert (bp)

Excision rate range (%)

Without
enrichment

With
enrichment

pCARV001 224 0–13 25–73
pCARV002 432 0–50 43–97
pCARV003 750 2–54 45–89
pCARV004 1,020 23–69 48–81

FIG. 2. Integration of pCARV005 into the C. pseudotuberculosis
chromosome was driven by recombination between homologous se-
quences (hatched bars) flanking the wild-type (white bar) and mutant
(black bar) cp40 alleles. The plasmid-encoded erythromycin gene
(small gray square) allowed isolation of integrants at 37°C. Recombi-
nation at either the 5� or 3� end of each allele (A or B) affected the
structure of the resulting plasmid integrants, which were elucidated by
PCR with primers (arrows) directed to chromosomal sequence (solid
black line) and vector sequence (gray line).

FIG. 3. PCR analysis of C. pseudotuberculosis secondary-crossover
mutants. Lane L, 1-kb ladder (lane L); lane 1, plasmid integrant; lanes
2, 3, 7, 8, and 9, �cp40 mutant; lanes 4, 5, 6, and 10, wild-type cp40;
lane 12, C. pseudotuberculosis wild-type control.
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from strain 3/99-5_�cp40 (data not shown). The allele replace-
ment system presented here therefore offers the means to
mutate specific C. pseudotuberculosis genes, with a high level of
efficiency, and without requiring the use of chromosomally
located selectable markers.

Nucleotide sequence accession number. The nucleotide se-
quence of the C. pseudotuberculosis chromosomal region con-
taining the cp40 gene has been deposited in GenBank under
accession number JF299259.
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