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A challenge in strain construction is that unmarked deletion and nucleotide substitution alleles generally do
not confer selectable phenotypes. We describe here a rapid and efficient strategy for transferring such alleles
via generalized transduction. The desired allele is first constructed and introduced into the chromosome by
conventional allelic-exchange methods. The suicide vector containing the same allele is then integrated into the
mutant chromosome, generating a tandem duplication homozygous for that allele. The resulting strain is used
as a donor for transductional crosses, and selection is made for a marker carried by the integrated suicide
vector. Segregation of the tandem duplication results in haploid individuals, each of which carries the desired
allele. To demonstrate this mutagenesis strategy, we used bacteriophage P22HTint for generalized transduc-
tion-mediated introduction of unmarked mutations to Salmonella enterica serovar Typhimurium. This method
is applicable to any species for which generalized transduction is established.

Bacterial allelic exchange mediated by recombinant suicide
vectors has been used extensively to introduce recombinant or
mutated alleles into the chromosomes of both gram-positive
and gram-negative bacteria (19, 36). Suicide plasmid vectors
have common characteristics, such as a narrow host range for
replication restricted to a few bacterial strains (19, 22), growth
at a higher temperature in the case of temperature-sensitive
replicons (14), genes inducing antibiotic resistance, and multi-
ple cloning sites. In addition, to facilitate selection for mutated
alleles, many suicide vectors contain genes for counterselec-
tion, such as rpsL by streptomycin sensitivity (35, 38), tetAR by
fusaric acid selection (20), and sacB by sucrose sensitivity (12,
29). Recombinant suicide plasmids can be delivered to recip-
ient strains by transduction, electroporation, or conjugation.

Generalized transduction is a genetic process widely used
for the transfer of bacterial DNA from a donor strain to re-
cipient cells via transducing bacteriophages such as P1 for
Escherichia coli (18, 37) and P22 for Salmonella spp. (37, 40).
The large headful packaging capacity, ca. 100 kb for P1 and 44
kb for P22, facilitates transfer of genomic regions containing
selectable insertions such as transposons, antibiotic resistance
cassettes, and gene operon fusions. The high-frequency trans-
ducing bacteriophage P22HTint (33) is commonly used for
transduction of chromosomal or plasmid DNA in Salmonella
spp. (6, 19, 25). Since the overall probability of generalized
transduction is low, selectable markers are required to identify
and recover transductants. Therefore, generalized transduc-
tion is not practical for the transfer of bacterial alleles contain-
ing unmarked or unselectable mutations to recipient bacteria.
We have developed a new efficient strategy to transfer un-
marked, unselectable defined deletion (A) and point muta-
tions. The strategy combines the use of suicide vector-mediat-
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ed gene replacement and bacteriophage-mediated generalized
transduction. This method is effectively used here to introduce
unmarked mutations into Salmonella enterica servovar Typhi-
murium recipient strains by phage P22HTint-mediated gener-
alized transduction. This mutagenesis strategy can also be
adapted to any species for which generalized transduction is
established.

Table 1 lists the bacterial strains and plasmids used in this
study. Bacteriophage P22HTint (33) was used for generalized
transduction. E. coli and serovar Typhimurium were cultured
at 37°C in Luria-Bertani (LB) broth or on LB agar (2). When
required, antibiotics were added to the culture medium at the
following concentrations: ampicillin, 50 wg/ml; chlorampheni-
col, 12 pl/ml; and tetracycline, 15 pg/ml. Diaminopimelic acid
(DAP) was added (50 pg/ml) for the growth of Asd™ strains
(24). LB agar containing 5% sucrose was used for sacB-based
counterselection in the allelic-exchange experiments (12).
General DNA isolation and enzymatic manipulations were
performed as described by Sambrook et al. (32). Transfer of
recombinant suicide plasmids to Salmonella was accomplished
by conjugation by using E. coli MGN-617 (Asd ™) (30) as the
plasmid donor. Salmonella transconjugants were selected on
LB agar containing appropriate antibiotics. The crude colicin
B extract was prepared from E. coli DM1187 harboring plas-
mid p3Z/ColB by the procedure described by Brickman and
Armstrong (4).

Bacteriophage P22HTint was propagated on Salmonella do-
nor strains by standard methods (19, 27, 37). Plaque assays
were performed to determine phage titers. To eliminate mul-
tiple phage infections, P22HTint was used to infect recipient
serovar Typhimurium strains with a multiplicity of infection of
0.1 (phage/recipient). Transductants were selected on LB agar
containing appropriate antibiotics and EGTA at 10 mM (27).
Green indicator plates (27) and P22 HS (19) were used to
confirm that transductants were phage-free and not P22 lyso-
gens.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics®

Derivation, source, or reference

Strains
E. coli
DM1187 lexAS51 lexA3 23
MGN-617 thi-1 thr-1 leuB6 fhuA21 lacY1 ginV44 AasdA4 recA1 RP4 2-Tc:Mu [Apir], Km* 30
S. enterica serovar Typhimurium
x3339 SL1344 hisG 13
x3761 UK-1 wild-type 8
x4666 SR-11, agfD812 (Agf©) Lab collection
x8505 hisG agfD812 (Agf®) x3339
x8554 hisG AasdA16 x3339
x8680 hisG AasdA16::pMEG-443, Ap" Cm" x8554
x8706 agfD812 (Agt) x3761
x8739 hisG agfD812::pYA3490, Tet" x8505
Plasmids
p3Z/ColB Colicin B expression plasmid, Ap" 4
pYA3342 Asd™ vector, pBR ori Lab collection
PYA3490 pDMS179 (9) derivative recombinant suicide plasmid containing 0.8 kb agfD812 Lab collection
constitutive promoter region of x4666, Tc"
pMEG-443 PMEG-375 derivative recombinant suicide plasmid to generate Salmonella Megan Health, Inc.

AasdA16 mutant, Ap* Cm"

“ Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Tc, tetracycline. Agf<, constitutive expression of aggregative fimbriae.

Generation of a Aasd416 deletion mutation in serovar Ty-
phimurium by conventional allelic exchange. Initial test of the
mutation strategy involved the transfer of the unmarked Aasd
mutation to serovar Typhimurium strains. The asd gene is
essential and codes for B-aspartic semialdehyde dehydroge-
nase; asd mutants require DAP for their growth (11, 24). The
mutagenic recombinant suicide plasmid pMEG-443 (9.7 kb)
has 1,242 bp of the asd region (AasdA16) deleted (Fig. 1). To
construct a serovar Typhimurium AasdA16 mutant, plasmid
PMEG-443 was conjugationally transferred from E. coli x7213
to wild-type strain serovar Typhimurium SL1344 (x3339).
Strains containing single-crossover plasmid insertions (x3339
asd::pMEG-443) were isolated on plates containing ampicillin
and chloramphenicol. Loss of the suicide vector after the sec-
ond recombination between homologous regions (i.e., allelic
exchange) was selected for by using the sacB-based sucrose
sensitivity counterselection system (12). For selection of the
Aasd Salmonella recipient, DAP was added to the medium, and
colicin B extract was used for growth limitation of the E. coli
MGN-617 (Asd™) donor strain (4). From the x3339 asd:
PMEG-443 transconjugant, serovar Typhimurium AasdA16 al-
lelic-exchange mutants requiring DAP for growth were iso-
lated with extremely low frequency. One Aasd416 mutant,
designated x8554 (Table 1), was identified from five indepen-
dent sets of experiments. Relatively short asd-flanking se-
quences, 116 and 314 bp, in pMEG-443 (Fig. 1) may be of
insufficient length for efficient recombination, resulting in ex-
tremely low frequencies of the desired second crossover
events. The presence of the AasdA16 allele in x8554 was con-
firmed by PCR amplification of smaller DNA fragments and
comparison with those amplified from wild-type x3339. An
asd primer set (5'-CGGAAATGATTCCCTTCCTAACG-3
and 5'-TATCTGCGTCGTCCTACCTTCAG-3") amplified
1,564- and 322-bp DNA fragments from the chromosomal
template DNA of x3339 (Asd") and the x8554 (AasdA16)
mutant, respectively (data not shown).

In the general application of the initial suicide plasmid-
based strategy, construction of a pair of recombinant suicide
plasmids may be a practical and convenient means to perform
the overall processes described above. This may be particularly
true when allelic exchange to generate a strain with a mutation
having no selectable phenotype is rare, such as the AasdA16
mutation. In this instance, one plasmid is designed to contain
a selectable marker between two flanking regions involved in
the homologous recombination, whereas another plasmid car-
ries the same recombinant construct without the intervening
selectable marker. Identification of strains with mutations in-
troduced by allelic exchange is most easily achieved by using
selectable markers that are inserted within the recombinant
construct to remain in the chromosome after recombinational
loss of the suicide vector. The introduced selectable marker in
the allele can then be removed by another allelic exchange with
the suicide plasmid containing the recombinant defined dele-
tion construct in which the selectable marker is absent. The
resulting strain bearing the defined markerless deletion can

o 1,564 bp
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chromosome

AasdA16 (1,242 bp deletion)

FIG. 1. Genetic organization of a recombinant construct contain-
ing a defined deletion. The map presents the recombinant AasdA416
(1,242-bp) region deleted from the suicide plasmid pMEG-443. Open
arrow indicates the coding region of the asd gene, and dotted lines
represent the limits of the deleted region. The deletion is shown as an
open triangle, and the sizes of the flanking DNAs adjacent to the
deletion on the suicide vector are indicated. The position and orien-
tation of PCR primers used in this study are indicated by solid arrows
on the map of wild-type DNA. The sizes of the PCR amplified prod-
ucts from the wild-type and Aasd416 DNAs are 1,564 and 322 bp,
respectively.
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FIG. 2. Tllustration of overall processes for transfer of the AasdA416 mutation. Black boxes and gray boxes represent cloned 5’ (left [L]) and 3’
(right [R]) flanking regions, respectively, of the asd gene. (Step a) Using the recombinant suicide plasmid pMEG-443, a AasdA16 mutant was
generated by the routine allelic-exchange method. (Step b) Plasmid pMEG-443 was integrated into the chromosome of the x8554 (AasdA16) strain
by single-crossover insertion. (Step ¢) Phage P22HTint was propagated on the donor strain x8680 (AasdA16::pMEG-443). The AasdAI16::
PMEG-443 complex was transduced to a wild-type recipient strain, and transductants were selected based on the plasmid-encoded antibiotic
resistance markers. (Step d) Excision of the plasmid by homologous recombination between duplicated regions was selected for by using the
plasmid-carried sacB counterselection system to generate the unmarked deletion mutation.

then serve as the unmarked allelic donor for the transduction-
mediated allele transfer approach described below.

Efficient transfer of a Aasd416 deletion mutation by using
generalized transduction. The two allelic-exchange methods
described above illustrate that isolation of a strain with a de-
sired unmarked mutation such as the AasdA416 mutation can be
quite difficult. Introduction of such mutations in different
strain backgrounds would necessitate repetition of this entire
procedure each time for each strain. However, by using a
generalized transduction strategy the problems associated with
transfer of unmarked deletions based solely on the allelic-
exchange procedure can be alleviated. Once deletion mutants
are constructed and identified through conventional allelic-
exchange procedures, the same deletion mutation can then be
transduced efficiently to other strains without the need of ex-
tensive screening procedures. Our simple strategy is described
below.

Suicide plasmid pMEG-443 was integrated into the chro-
mosome of serovar Typhimurium deletion mutant x8554
(AasdA16) as described above. Integration of the suicide plas-
mid generates a tandem duplication homozygous for the Aasd
region, and a single clone designated x8680 (AasdA16:pMEG-

443) was selected for further experiments. Since the parent
strain x8554 already contains the Aasd mutation generated by
using pMEG-443, integration of this plasmid does not change
the nucleotide sequences of the deletion region but results in
duplication of the deletion regions of the strain. This duplica-
tion of the deletion region is the particular advantage of our
new mutagenesis strategy. The integrated suicide vector pro-
vides a closely linked tag within the genetic region of interest
that now contains a selectable marker for transduction and, in
theory, all transduced clones selected for a second-crossover
recombination and loss of the suicide vector should carry the
defined deletion.

We hypothesized that the DNA packaging capacity of bac-
teriophage P22HTint (ca. 44 kb) (19) would permit efficient
transduction of the deletion region containing the integrated
suicide plasmid (9.7 kb) to other serovar Typhimurium recip-
ients. Figure 2 illustrates this sequence of events for transfer
of the AasdA16 mutation to a wild-type strain. The P22HTin¢
lysate was prepared from propagation on serovar Typhimu-
rium strain x8680. To maintain the integrated suicide vector
in cells during phage propagation, Salmonella donors were
grown in medium containing ampicillin and chloramphenicol.
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P22HTint lysates from strain x8680 were used to transduce the
recipient wild-type strain x3339. Salmonella transductants for
AasdA16::pMEG-443 were selected for chlorampenicol and
ampicillin resistance encoded on the suicide vector. When the
DNA region containing the integrated suicide vector was trans-
duced to a recipient strain, all transductants exhibited the
mutant phenotypes as predicted. Loss of the suicide plasmid
was selected for by the sacB-based counterselection system
used in the routine allelic-exchange procedure. All of the su-
crose-resistant and antibiotic-sensitive clones from each of the
transductants demonstrated the Asd™ phenotype, demonstrat-
ing the high-efficiency transfer of the mutation. PCR amplifi-
cation demonstrated identical fragment sizes for Aasd mutants
generated by P22 transduction to those observed for strain
x8554 containing the original AasdA16 mutation (data not
shown). The DAP requirement of serovar Typhimurium
AasdA16 generated by the transduction protocol was comple-
mented by introducing pYA3342 (Table 1), which contains a
functional copy of the asd gene. These results demonstrated
that the AasdA16 chromosomal deletion mutation was effi-
ciently transduced to another strain by integration of a suicide
plasmid carrying an antibiotic resistance gene and the sacB-
mediated counterselection system, permitting selective loss of
the integrated suicide vector after transduction.

Transduction of a single point mutation. By using the same
strategy, we hypothesized that when a suicide vector containing
a gene sequence with a point mutation is integrated into the
chromosomal gene with the point mutation, the antibiotic re-
sistance gene encoded by the recombinant suicide vector would
serve as a marker for transduction-mediated transfer of the
point mutation to a different strain. To illustrate this proce-
dure, we chose a point mutation within the promoter region of
the agfD (csgD) gene, designated agfD812, of serovar Typhi-
murium x4666 (31), resulting in constitutive expression of ag-
gregative fimbriae (Agf©), also known as curli. In contrast to
the smooth morphotype of wild-type salmonellae grown at
37°C, Salmonella strains that carry this point mutation produce
wrinkled colonies on LB agar (5, 31). Strain x4666 carries a
prophage which provides immunity to phage P22, and phage
P22HTint cannot be propagated on x4666 (R. Curtiss III, un-
published data). To obtain a suitable donor for transduction of
the point mutation, we introduced the agfD812 mutation into
serovar Typhimurium x3339 by conventional suicide vector-
mediated allelic exchange by using the recombinant suicide
plasmid pYA3490, which contains the 0.8-kb DNA fragment
encompassing the agfD812 promoter region of x4666 (Table
1). The presence of the agfD812 mutation was confirmed in a
clone designated x8505 (Fig. 3A). Serovar Typhimurium x8505
was used as the allelic donor for transduction-mediated trans-
fer of the agfD812 mutation.

After conjugational transfer of suicide plasmid pYA3490
(6.3 kb) to serovar Typhimurium x8505 (Agf), single-cross-
over transconjugants carrying the integrated suicide vector,
x8505 agfD::pYA3490, were selected in the presence of tetra-
cycline. As with the transduction-mediated transfer of dele-
tion mutations, integration of pYA3490 results in duplicate
agfD812 promoters, both of which contain the point mutation.
One of the single-crossover derivatives of x8505 was desig-
nated x8739 (Table 1). A phage P22HTint lysate was prepared
by propagation on x8739 donor cells grown in the presence of
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FIG. 3. Confirmation of point mutation transductants. (A) Inter-
genic region of divergent operons agfDEFG and agfBAC. The tran-
scriptional orientation of each operon is indicated with arrows. The
transcription start site of agfD is depicted as +1, and the cytosine
residue from the wild type and the adenine residue from x8505 at the
—44 position (31) are indicated in boldface. The Tsp5091 restriction
enzyme site (AATT) created by a transversion is underlined. The gray
bar represents the 0.8-kb agfD812 DNA region of suicide plasmid
pYA3490. (B) DNA fragments were PCR amplified from the whole-
cell lysate templates of the wild-type strain and three randomly picked
transductants. Before (lanes 1 to 4) and after (lanes 5 to 8) DNA
digestion with Tsp5091 enzyme, DNA fragments were separated on a
1.0% agarose gel. Size markers are indicated. Lanes: 1 and 5, wild-type
strain; 2 to 4 and 6 to 8, mutants carrying the point mutation.

tetracycline, and the agfD812::pYA3490 complex was trans-
duced to wild-type serovar Typhimurium UK-1 (x3761). All
transductants of x3761 selected for tetracycline resistance en-
coded by the suicide vector exhibited wrinkled colonies on LB
agar after growth at 37°C. From two single-crossover x3761
agfD812::pY A3490 transductants, loss of the integrated suicide
vector pYA3490 was selected for based on sacB counterselec-
tion. As expected, all tetracycline-sensitive colonies arising
from excision of the suicide plasmid produced Agf and wrin-
kled colonies at 37°C. Since a transversion (C to A) at position
—44 of the agfD812 transcription start site creates a Tsp5S091
restriction enzyme cleavage site (5'-AATT-3"), introduction of
the point mutation was confirmed by nucleotide sequencing
and TspS091 enzyme digestion of the PCR-amplified agfD812
promoter regions from three suicide plasmid-excised recombi-
nants (Fig. 3B). PCR primers were 5'-TGCTCTAGAATTAT
CCTGCCAATAGTGGAT-3" and 5'-TGCGAGCTCAGAA
GATAGTGTATCGCGCAC-3'. A representative strain was
designated x8706. By using an allele with a single-base-pair
transversion in the agfD812 promoter region as an experimen-
tal example, we demonstrated the efficient transfer of a point
mutation to a recipient strain by means of bacteriophage-me-
diated generalized transduction.

The strategy used to generate markerless mutations de-
scribed here presents a distinct advantage for allele transfer.
Once a defined markerless deletion, insertion, or point muta-
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tion has been created by conventional allelic exchange or other
recent methods, including double-strand break gene replace-
ment (26) and phage A Red-mediated recombination (10), this
unmarked allele can be transferred to other strains with high
frequency. The major advantage of this strategy involves the
integration of a recombinant suicide vector within the allele
carrying the defined modification specified by the recombinant
suicide vector. The antibiotic resistance marker encoded by the
suicide vector permits efficient transfer of the mutant allele by
generalized transduction to a recipient strain. Selection for the
markerless defined mutation is then mediated by excision of
the suicide vector based on the counterselection system it en-
codes. After transduction and homologous recombination for
loss of the suicide vector between the duplicated regions, the
desired defined mutation remains in the chromosome at a
frequency of virtually 100%. Another convenient aspect of
using phage to mediate allele replacement is that once a phage
lysate is prepared from a donor strain containing a mutant
allele and the integrated suicide vector specifying the same
mutant allele, the same lysate can be used in consecutive ex-
periments to transfer this mutation to other strains. The strat-
egy used here could also be adapted to efficiently introduce
markerless mutations in other bacterial species which have
generalized transducing bacteriophages. In addition to phage
P22 for serovar Typhimurium, potential phages that could be
used for adaptation of this procedure in other species include
phage P1 for E. coli and other Enterobacteriaceae (37), phage
F116 for Pseudomonas aeruginosa (17), phage phi Cr30T for
Caulobacter crescentus (1), phage N3 for Rhizobium meliloti
(21), phage CTP1 for Xanthomonas campestris pv. campestris
(39), phage Bal for Bordetella avium (34), phage CP-T1 for
Vibrio cholerae (3), phage P35 or U153 for Listeria monocyto-
genes (15), phage 3 M for Serratia marcescens (28), and phage
VSH-1 for Serpulina hyodysenteriae (16).
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