
Vol. 31, No.2INFECTON AND IMMUNITY, Feb. 1981, p. 737-741
0019-9567/81/020737-05$02.00/0

General Transduction in Vibrio cholerae
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Evidence was obtained for general transduction in Vibrio cholerae. Transduc-
tion of three amino acid markers and three antibiotic resistance characters was

demonstrated using strains of biotype eltor and biotype cholerae. Some of the
genetic characters were transduced from a biotype eltor donor (and its mutant
derivatives) to biotype cholerae and eltor recipients. For the genetic traits
examined, the frequencies of transduction ranged between 10-5 and 10-. Maximal
frequencies were obtained with transducing phage lysates that were irradiated
with ultraviolet light. The development of a system of general transduction will
now aid in fine structure analysis and detailed mapping of the chromosome of V.
cholerae.

Plasmid-mediated sexual conjugation has
been the only reported method of gene exchange
and ofchromosome mapping in Vibrio cholerae,
the causative agent of Asiatic cholera (7, 8, 13,
18). More rapid progress could be made on map-
ping the chromosome of this important human
pathogen if gene transfer by transduction were
available. General transduction, which has been
the principal source of data for mapping Esche-
richia coli K-12 (4) and Salmonella typhimu-
rium (19), would permit an accurate analysis of
the fine structure of short genetic segments of
the chromosome of V. cholerae and also make
possible more precise placement of genetic
markers mapped by conjugational analysis.
While investigating antigenic changes result-

ing from infection of a biotype cholerae strain of
V. cholerae with phage from a biotype eltor
lysogen, it was noted that the polymyxin resist-
ance character (a differential characteristic of
biotype eltor) was expressed in some survivors
of a phage-infected culture (17). The results of
those studies suggested transduction of the po-
lymyxin resistance trait from the biotype eltor
donor to the biotype cholerae recipient strain.

In this paper we present evidence for general
transduction of a number of genetic markers
from donor eltor strains to recipient strains of
either biotype eltor or biotype cholerae. Ultra-
violet (UV) irradiation of transducing phage ly-
sates before their absorption by recipient cells
resulted in an increase in the number of trans-
ductants appearing on the selection medium, a
phenomenon reported to occur with other trans-
ducing phage (3, 12). A preliminary report on
the results of transduction of the methionine
marker and the polymyxin resistance character
from a donor biotype eltor strain to recipient
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strains of biotype cholerae was presented pre-
viously (T. L. Timme, J. E. Ogg, M. Alemoham-
mad, Abstr. Annu. Meet. Am. Soc. Microbiol.
1980, D61, p. 48).

MATERLALS AND METHODS

Bacterial strains. The characteristics of the V.
cholerae strains are given in Table 1. The first three
strains listed were described previously (17). The aux-
otrophic mutants and antibiotic-resistant mutants
were derived by mutagenesis with N-methyl-N'-nitro-
N-nitrosoguanidine, according to the general proce-
dure described by Adelberg et al. (2). The stability of
the mutant strains was confirmed through several
passages in broth and plating on selective medium.
Working stocks of the V. cholerae strains and their
mutants were established from single colonies and
maintained on agar slants at room temperature.
Media. The bacteria were normally cultivated at

350C in L broth (14) with the pH adjusted to 7.6 with
NaOH. TlNl broth (20) plus 1.5% agar was used for
the routine plating medium. In preparing an antibiotic
selection medium, TlNl agar was supplemented with
either 200 IU of polymyxin B sulfate, 50 yg of rifampin,
or 100 ,g of streptomycin sulfate per ml of medium. In
the overlay technique (1) for phage titrating, TlNl
agar was used; the overlay consisted of TlNl broth
plus 0.7% agar. M9 minimal glucose broth and agar
(16), supplemented with required amino acids at 40
,ug/ml, were used as the synthetic media. For some
experiments M9 agar contained rifampin.
Preparation of transducing phage. Bacterio-

phage was isolated from the lysogenic strain 1633 by
UV induction and single-plaque purified on strain
1621. The progeny of this plaque was designated CP-
Ti. High-titer transducing phage lysates were pre-
pared by the soft agar overlay technique, using strain
1621 and its mutants. The lysates obtained usually
had titers of about 1010 plaque-forming units per ml.
The phage preserved over chloroform at 40C were

stable for 6 months or longer. The cell-free condition
of the phage was determined by placing samples in L
broth and plating samples onto TlNl agar. For some
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TABLE 1. Characteristics of V. cholerae strains
Strain Biotypea Phenotype" Sourcec

1621 eltor Prototroph Nepal
1633 eltor Prototroph Nepal
029 cholerae Prototroph Nepal

14035 chokrae Prototroph ATCC

903 cholerae Met- Strain 029
904 eltor Str Strain 1621
905 eltor Met- Strain 1621
906 eltor Met- Lys- Strain 905
907 eltor Met- Trp- Strain 905
908 eltor Met- Rif Strain 905

a Biotype eltor strains are resistant to polymyxin B
(200 IU/ml or 50 IU by the disk test); biotype cholerae
strains are sensitive to the same levels of polymyxin
B.

bMet-, auxotroph for methionine; Lys-, auxotroph
for lysine; Trp-, auxotroph for tryptophan; Str, resist-
ance to streptomycin (100 ,g/ml); Rif, resistance to
rifampin (50,g/ml).

c ATCC, American Type Culture Collection; Nepal
strains (17). Strains 903-908 were derived by mutagen-
esis with N-methyl-N'-nitro-N-nitrosoguanidine.

experiments phage CP-T1 was propagated on strains
904 and 908.

UV-irradiated phage suspensions were prepared by
making appropriate dilutions in 0.67 M phosphate
buffer (pH 7.0) and exposing a preparation to doses of
UV calculated to reduce the surviving fraction to
between 10-1 and 10-3.
Procedure for transduction experiments. Re-

cipient strains were grown overnight on a water bath
shaker at 35°C from a small inoculum in L broth to a
concentration of about 2 x 109 to 4 x 109 cells/ml. A
1:2 dilution was made in L broth, and CaCl2 was added
to 2.0 x 10-3 M. The cultures were incubated with
shaking for an additional 30 min. Bacteria were mixed
with suitably diluted unirradiated and UV-irradiated
phage lysates calculated to give a multiplicity of infec-
tion of about 0.1. After incubation for 20 min at 35°C,
the suspensions were chilled in an ice bath. The cells
were sedimented in a centrifuge, and the supernatant
was assayed for free phage to determine the amount
of phage absorbed by the recipient cells. The controls
consisted of phage lysate in L broth to confirm the
cell-free condition of the phage preparation and a tube
with only recipient cells to detect spontaneous muta-
tions. The phage in L broth was incubated for 72 h,
and samples were plated onto TlNl agar.

In screening for auxotrophy to prototrophy trans-
ductants, the pellet of phage-treated cells (and the
untreated cell control) was suspended in saline (0.85%
NaCl). The cells were washed twice with saline, and
samples were spread on M9 minimal glucose agar with
and without the suitable amino acid or antibiotic
supplement. Plates were incubated for 72 h and ex-
amined.
Two methods were used to permit phenotypic

expression when scoring for antibiotic-resistant
markers acquired by recipients from donor strains
through transduction. After centrifugation of the

phage-treated cultures and controls, the cells were
washed twice with saline. An approximation of the
frequency of transduction of a drug-resistant marker
was obtained by the liquid culture method. Cells were
suspended in L broth and incubated with shaking for
90 min. Samples were then spread onto TlNl agar
containing the appropriate antibiotic, and the plates
were incubated for 72 h. Another estimate of trans-
duction frequency of drug-resistant markers was ob-
tained with a modification (9) of the delayed selection
technique (6, 23). Samples of the phage-treated and
control cells in saline were spread onto TlNl agar.
After the surface of the agar was dry, 3.0 ml of TlNl
soft agar was added to a plate. At zero time and after
2.5 h of incubation at 35°C, duplicate plates were
overlaid with a 0.7% agar solution containing either
1,000 ,ug of streptomycin, 2,000 IU of polymyxin B, or
500 jg of rifampin per ml. The plates were held in the
refrigerator for 24 h to permit diffusion of the anti-
biotic, then incubated for 72 h, and scored. Both
methods have limitations (23) in studying the kinetics
of transduction for an antibiotic resistance character
such as streptomycin.
The transduction data given in the tables are cor-

rected for spontaneous mutations (or revertants)
found in the corresponding controls. (In the majority
of experiments no colonies were detected after plating
1 x 108 to 6 x 108 cells of controls of the recipient
strains on selective media.)
Assay for transformation. In some experiments

phage lysates were treated with 400 ug of deoxyribo-
nuclease (DNase) I per ml (Sigma Chemical Co., St.
Louis, Mo.) for 4 h at 37°C in 4 mM MgSO4. The
transducing activities of DNase-treated lysate and un-
treated phage lysate were compared.

RESULTS
The approximate frequencies of transduction

for three amino acid markers and three anti-
biotic resistance characters (calculated on the
basis of phage particles absorbed by recipient
cells) are listed in Tables 2 and 3. Overall, a
higher number of transductants appeared on the
selection plates with recipient cells treated with
UV-irradiated phage lysates compared with
unirradiated phage. As noted for other transduc-
ing phage (3, 12), we found a relationship be-
tween phage UV-inactivation kinetics and the
number of transductants; maximum numbers
were usually obtained with recipient cells
treated with lysates having phage surviving frac-
tions between 0.01 and 0.1.
The two mutant strains auxotrophic solely for

methionine were transduced with phage grown
on the prototrophic biotype eltor donor strain
1621 (Table 2). For the biotype eltor recipient
strain 905, the maximum frequency of transduc-
tion was about 1 x 10-5 using irradiated phage;
for the biotype cholerae recipient strain 903, the
maximum frequency of transduction was ap-
proxiimately 2 x 10-6. Phage CP-T1 propagated
on strain 908 yielded a lysate capable of trans-
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TABLE 2. Frequency of tranduction of auxotrophs using unirradiated and UV-irradiatedphage
Approximate frequency of transduction"

Recipi- Donor Selected
ent strain marker" Irradiated phage (surviving fraction)

8strain sUnirradiated phage
0.46 (± 0.13) 0.10 (± 0.07) 0.02 (± 0.019)

903 1621 Met 5.8 x 10" (±4.3) 1.9 x 10-7c 2.3 x 106 (± 0.3) 2.7 x 10-" (±0.8)
903 904 Met 1.8 X i0-5 (± 1.3) 1.3 x 10-7 ( 0.7) 2.3 x 10-7 ( 1.2) 1.0 x 10-7c
903 908 Met 1.0x10x-8 NDd ND 4.8 x 10-7c
905 1621 Met 3.6 x 10" (± 0.8) 6.6 x 10" (± 1.6) 1.0 x 10- (± 0.1) 1.2 x 10- (± 0.1)
905 904 Met 4.6 X 10-7 ( 1.9) 7.4 x 10-7 ( 1.5) 2.4 x 10" (± 1.9) 2.6 x 10-6 ( 0.8)
906 1621 Met 2.6 x 10" (± 1.8) ND 3.5 X 10-7 ( 2.0) 3.7 x 10-6
906 1621 Lys 8.0 x 10-8 (±4.2) ND 5.4 x 10-7 ( 4.1) 1.8 x 10-6 ( 1.3)
907 1621 Trp 2.0 x 10-7 (± 0.7) ND 1.5 x 106 (± 0.6) 2.3 x 10-6 ( 1.0)
908 1621 Met 1.0 x 10-6 (± 1.8) 4.8 x 10-6¢ ND 4.3 x 10-6 ( 2.7)

"Lys, lysine independence; Met, methionine independence; Trp, tryptophan independence.
b Frequency of transduction per phage absorbed; the standard error, expressed by the figures in parentheses,

was calculated from data from two to five independent experiments, except where indicated. The multiplicity
of infection ranged from 0.05 to 0.35.

c Based on only one experiment.
d ND, Not done.

TABLE 3. Transduction of antibiotic resistance in
V. cholerae

Frqec
Maximum

Recipi- Do Selected Metd with umr- fith mun
ent marker Method' raated di-

pae phage'

903 908 Rif Broth 5.0 x 10- 5.7 x 10-7
904 908 Rif Agar 2.5 x 10-i 4.0 x 10-7
905 908 Rif Broth 1.0 x 10-8 5.1 x 10-7
905 908 Rif Agar 2.0 x 10-5 6.0 x 10-7
905 904 Str Agar 2.0 x 10- 5.0 x 10-7
906 904 Str Agar 5.0 x 10-8 1.3 x 10-7
029 1621 Pmrd Broth 1.3 x 10i" ND'

14035 1621 Pmr Broth 2.8 x 10-8 ND

aDescribed in the text.
bApproximate frequency of transduction per phage ab-

sorbed.
Phage irradiated to yield a surviving fraction ranging

between 10-' and 10-2.
d Pmr, Resistance to polymyxin B (200 IU/ml).
'ND, Not done.

ducing strain 903 to methionine independence
(Table 2, line 3) but, as was expected, it did not
transduce strain 905. This result indicates that
the location of the mutational site for the me-
thionine requirement is different in strains 903
and 905.
The data on the frequency of transduction of

the Lys' and Trp+ characters from donor strain
1621 to auxotrophic mutant recipients of strain
905 are given in Table 2, lines 7 and 8, respec-
tively. Phage-treated populations of strain 906
plated on M9 agar supplemented with lysine to
select Met' transductants provided data (line 6)
for a comparison ofthe efficiency oftransduction
of these three amino acid markers. The fre-
quency of transduction was approximately the
same for the three amino acid markers when

using the double auxotrophic mutant strains
(906 and 907) and irradiated phage lysates.

Counterselection for Met' transductants of
the double mutant strain 908 (Met- Rif) on M9
agar containing rifampin yielded approximately
the same number of methionine-independent
colonies as did recipient strain 905 treated with
the same phage preparation and plated on M9
agar (Table 2, lines 4 and 9). The results of these
experiments rule out the possibility of the
contamination of phage lysates with donor cells,
since the donor strain is sensitive to rifampin.
The frequencies of transduction of the three

antibiotic resistance markers appear in Table 3.
With unirradiated phage, all three were trans-
duced at approximately the same frequency.
With UV-irradiated phage and the delayed se-
lection technique, the estimated highest mean
frequency of transduction of rifampin and strep-
tomycin resistance characters was 6.0 x 10-7 and
5.0 x 10-7, respectively. In general, the maxi-
mum level of transduction of the two antibiotic
resistance markers, using UV-irradiated phage
lysates, was lower than that obtained for the
amino acid markers.
DNase treatment of CP-Ti phage lysates ob-

tained from donor strain 904 did not appear to
influence the transduction of the polymyxin re-
sistance character to recipient strains 029 and
14035. When strains 029 and 14035 were tested
independently, the average frequency of trans-
duction with DNase-treated phage was 1.2 x
10-8 and 1.7 x 10-8, respectively. The average
frequency with the untreated phage was 1.5 x
10-8 and 2.7 x 10-8 for strains 029 and 14035.
These results indicate that the observed changes
to drug resistance in the recipient strains were
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due to the phage and not to free transforming
deoxyribonucleic acid (DNA) that could be pres-
ent in phage lysates.
A limited number of transductants were

screened for cotransduction of an unselected
marker. No cotransduction was found for Met
and Str on scoring the Met' transductants (218
of recipient strain 905 and 137 of strain 903) that
were isolated after treatment with phage grown
on the streptomycin-resistant strain 904. Str
transductants of strains 905 and 906 (Table 3,
lines 5 and 6) retained their respective growth
factor requirement(s), suggesting that there is
no joint transduction of Str and Met or Str and
Lys. These initial results, although not conclu-
sive, indicate no cotransduction for the markers
tested.

DISCUSSION
Phage-mediated transduction of amino acid

and drug resistance characters was demon-
strated in V. cholerae. Since a number of donor
genetic traits could be transferred to suitable
recipients by the temperate phage used in these
experiments, this system would be classified as

general transduction. Also, the frequency of
transfer of the characters tested is of the same

order (10-5 to 10-8) as that reported for genetic
markers in E. coli, using generalized transducing
phage P1, and in S. typhimurium, using phage
P22 (3, 14, 23, 25).
When lysates of phage CP-Ti were irradiated

with UV doses inactivating 90 to 99% of the
plaque-forming ability of the phage, there was

an increase in the frequency of transduction. A
decrease in transduction titer occurred with
heavier doses of radiation. UV irradiation of
phage lysates has been reported to increase the
frequency of transduction for chromosomal
genes with other transducing phage such as P1
(3, 15, 24), P22 (12), PBS1 (22), and SPP1 (11).
The UV effect on transducing phage prepara-

tions has been attributed, in part, to an increase
in the efficiency of stable integration of the
exogenote into the endogenote chromosome (3).
Inactivation of infectious phage genomes by the
UV treatment also may contribute to some in-
crease in the number of transductants appearing
on selection plates.
There was a difference in the maxiimum fre-

quencies of transduction of the antibiotic resist-
ance characters compared with the amino acid
markers. The lower frequency of transduction
for a drug resistance character may be due, in
part, to the recessive nature of many antibiotic
resistance alleles. Thus, a delay in phenotypic
expression and the selective disadvantage of the
drug-resistant, slow-growing transductants (6,

23) would lead to a lower observed frequency. A
mechanism similar to that proposed for phage
P22 also may account for some of the observed
differences in transduction titers between the
amino acid markers and the drug resistance
characters. According to this model, the forma-
tion of transducing DNA fragments by sequen-
tial encapsulation from a small number of pre-
ferred starting points in the host chromosome
(10) could explain the observation that certain
bacterial markers are transduced by wild-type
phage P22 at much higher efficiency than others
(21). Further studies of the transduction mech-
anism with phage CP-Ti must await more detail
on the chromosomal location of genetic markers
in biotype eltor.
The results of preliminary experiments to de-

tect unselected markers in the transductants
indicated no cotransduction for Met and Str or
Lys and Str. However, the results are inconclu-
sive since a limited number of transductants
were scored and we did not use donor and recip-
ient strains carrying several markers, which
would have permitted the scoring of more un-
selected markers in the transductants. It is
noted, however, that the linkage map con-
structed from conjugational analysis of V. chol-
erae biotype cholerae strain 162 designates the
relative distance of the Str locus from the Met
alleles to be about 3.5 and that of Str from Lys
alleles to be about 2.7 (18). The distance between
the Str and Met or Lys markers may exceed the
length of pieces of host DNA that can fit into
the protein coat of phage CP-Ti, assuming the
relative positions of these markers on the chro-
mosome are the same in biotype eltor strains.
Measurement of frequencies of cotransduction
mediated by phage CP-Ti should be an invalu-
able tool for providing better genetic estimates
of the distances between two markers on the
chromosome of V. cholerae.
The ability of biotype cholerae strains (029,

14035, and 903) to be transduced by phage grown
on a biotype eltor strain affirms the close genetic
relationship between strains of these two bio-
types of V. cholerae. Thus, transduction may
play a role in the evolution of strains of V.
cholerae and may be partly responsible for the
appearance of new types being reported in na-
ture. Transduction of genetic material from bio-
type eltor donors to biotype cholerae recipients,
and vice versa, could assist in studies on the
function of the gene(s) determining specific bio-
type characteristics.
Judging from the numerous reports of isola-

tion of lysogenic V. cholerae during the last 50
years, it is likely that other transducing phage
will be isolated from this organism. We believe
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our success in demonstrating transduction in V.
cholerae may have been due to the use of essen-
tially fresh clinical isolates which might have
increased the probability of isolating a transduc-
ing phage. The range of occurrence of transduc-
ing choleraphage may follow a pattern similar to
that reported for Salmonella, where the highest
incidence of transducing phages was among
strains obtained from human sources (5).
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