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In Escherichia coli K-12, 11 fla genes and a hag gene are located between his
and uvrC, making two clusters at map positions 42.5 and 43.0 min. Nondefective
transducing lambda phages for these genes were isolated. Low-frequency-trans-
ducing donors were constructed starting from lysogens of AcI857 in which the
prophage is integrated at a secondary attachment site at 44 min on the E. coli
map. Two strategies were used to delete the region between the prophage and
the fla genes. (i) Deletion mutants of the supD locus between fla and the
prophage were isolated by selecting for loss of Sul*, an allele of supD. (ii) A
strain with a deletion starting within the prophage and ending at a position
close to the fla genes was isolated from heat-resistant derivatives of the lysogen.
A lysogen of \b2 was then constructed in which the prophage had integrated at
the site of the defective prophage by means of recombination with residual
lambda deoxyribonucleic acid. From low-frequency-transducing lysate of the
donor strains thus constructed, either directly or in combination with a proce-
dure that extends the loci transduced, various Apfla’s were isolated. ApflaL1l
carries all nine fla genes at 43 min, and ApflaH14 carries hag and two fla genes

at 42.5 min.

A flagellum is a unique motility apparatus of
bacterial cells consisting of three parts: fila-
ment, hook, and basal body (8, 9). The fila-
ment, which extends into the extracellular
space, is connected by the hook to the basal
body embedded in the cell membrane. The fila-
ment consists of a single kind of protein, flagel-
lin, coded by the hag gene. Hook and basal
body genes have not been defined.

The regulation of the formation and function
of the flagellar apparatus has been subjected to
extensive genetic studies especially in Salmo-
nella typhimurium, S. abortus-equi, and Esche-
richia coli (for reviews, see references 1 and 12).
More than 20 genes have been identified that
are involved in the formation and/or function-
ing of flagella, i.e., fla, hag, mot, and che
genes (1, 12, 14, 16, 26-29, 33, 36). These
genes have been mapped in several regions of
E. coli chromosome (Fig. 1). fla genes in the
his-uvrC region were defined by Silverman and
Simon (16-28) and by Kondoh and Ozeki (16).
Although they can be aligned (Fig. 1), their
correspondences have not been established.

The fla genes are defined by mutants lacking
flagellar filament. Other parts of the flagellum

! Present address: Department of Biochemistry, Univer-
sity of Wisconsin-Madison, Madison, WI 53706.

also may be defective in the fla mutants. How-
ever, the actual role of each fla gene has re-
mained largely unknown. Kondoh and Ozeki
isolated mutants of E. coli that are defective in
the synthesis of various fla gene products (16),
and also attempted to derive specialized trans-
ducing phages that could supply gene products
missing in the mutants. I report here the isola-
tion of lambda transducing phages carrying the
fla genes in the his-uvrC region. These phages
were isolated as nondefective, plaque-forming
phages.

(A preliminary account of this work has been
presented [H. Kondoh and H. Ozeki, Jpn. J.
Genet. 50:473, 1975).)

MATERIALS AND METHODS

Media. Lambda broth containing 1% tryptone
(Difco) and 0.25% NaCl at pH 7.0 was routinely used
for cultivation medium. Minimal medium was that
of Davis and Mingioli (6) supplemented with 1 ug of
thiamine per ml and 0.4% glucose. EMB-maltose
was eosin-methylene blue medium (18) supple-
mented with 0.4% maltose. Solid agar media con-
tained 1.2% agar (Wako), and the top agar contained
0.4% agar. Lambda motility agar was lambda broth
supplemented with 0.3% agar. PCC motility agar
contained 1% peptone (Difco), 0.5% Casamino Acids
(vitamin free, Difco), 0.2% sodium citrate, and
0.28% agar.
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F1G. 1. Genetic map of E. coli (4) with genetic
markers relevant to the present study. Lambda pro-
phage map in parentheses indicates location and ori-
entation of prophages in KS899 and HK548. Arrows
indicate transcriptional units and the direction. (1)
fla genes defined by Kondoh and Ozeki (16; this work
and unpublished data); (2) fla genes defined by Sil-
verman and Simon (26-28).
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Bacteriophages. All of the specialized transduc-
ing phages for fla genes are the derivatives of
lambda carrying a thermosensitive repressor gene
cI857 (30). A mixture of AcI and ¢$80immacl was
used to select the lambda lysogens. Ab2cI857int2 was
employed in the course of the isolation of transduc-
ing phages carrying fla genes at 42.5 min. ¢$80pSu3+
(2) was used to identify the amber mutations.
T4amBU33 (10) was used for scoring Sul* activity.
Plvir (13) was employed for generalized transduc-
tion by the procedure of Kondoh and Ozeki (16).
Other bacteriophages are $80immA\ (34), Ah, T6, and
BF23.

Bacterial strains. The bacterial strains used are
listed in Table 1. All are derivatives of E. coli K-12.
The construction of several of these strains is de-
scribed below.

(i) Strain HK548. An amber mutation in ¢sx, the
gene for the receptor of T6, was introduced in strain
W3623H fla-95 (his~ trp~ flall-) to obtain strain
HK510. This mutant was isolated from the sponta-
neously occurring T6-resistant mutants as one that
exhibited very poor growth on agar medium con-
taining ¢$80pSu3* and T6 as compared with growth
on a medium containing ¢$80pSu3* alone. In the
same way, strain HK511 was prepared as the
bfe~(Am) derivative of HK510. Strain HK521 was
prepared by infecting HK511 with Plvir grown on
CR63, selecting Fla* recombinants on PCC motility
agar, and scoring Sul* activity by cross-streaking
with T4amBU33 on lambda agar. HK521 is a Fla*
Sul* joint transductant and is sensitive to both T6
and BF23 bacteriophages due to the amber suppres-
sor. HK531 was a ¢80imm\ lysogen of HK521 in
which the prophage is integrated at the att site for
$80 closely linked to trp. HK531 [his~ trp~ strr

TABLE 1. Bacterial strains

Genotype®
Strain Prophage Rzi:‘x;er::e/
his| supD fla trp gal tsx | bfe | str Others

W3623Hfla | - | + - - + | +|R - 16
W3623del4| +| A |Alflal-XI)| - - +| +|R - 16
W3623del- | +| A |Alflal-vI) - - +|+|R - 16

92
HK510 - + 95 - - Am| + | R - This paper
HKS511 -1 + 95 - - Am|Am| R - This paper
HK521 — | Sul* + - - Am|Am| R - This paper
HKS531 - | Sul* + - - Am|Am| R $80immA This paper
HK548 + | Sul* + + - Am|Am| R AcI857 at 44 min | This paper
NA12 +| A AlflalIl] | + - Am|Am| R AcI857 at 44 min | This paper
HfrH +| + + + + + | + | + |HffH - From H. Ozeki
KS899 +| + + + | Algal-attz-biol| + | + | + |HfrH AcI857 at 44 min | 16, 23

From K. Shi-
mada

HK900 deld +| A |A[flalIX]| + | Algal-attr-biol| + | + | + |HffH A segment of |16

52 "at 44 min
HK900 del{ +| A |[A[flal-VI]| + | Algal-atta-bio)| + | + | + |HffH - 16

92
HKS562 +| A |Aflal-IX]1| + | Algal-atta-bio]l| + | + | + |HfrH AcI857 at 44 min | This paper
CR63 + | Sul* + + + + | + | + |[lamB - 3; from H. Ozeki
W3110 (P2) | +! + + + + + | + | + P2 From Y. Ryo
W3110polA | +| + + + + + | + | + |polAl — 7; from Y. Ryo
KY1340 -1 + - Am + + | + | +|recA met - 20; from T. Yura

tyr(Am) arg

@ A, Deletion mutation; Am, amber mutation; R, resistance.
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bfe~(Am) tsx~(Am) Sul* ¢$80imm\] was mated with
KS899, an HfrH derivative in which AcI857 is inte-
grated between his and supD (16). His* Trp* recom-
binants were selected on minimal agar containing
250 ug of streptomycin per ml at 32°C. One such
recombinant, lysogenic for AcI857, cured of $80immA
and inheriting Sul*, was designated HK548. Some
of the heat-resistant derivatives from HK548 be-
came resistant to both T6 and BF23 bacteriophages,
presumably because the deletion of the supD locus
leads to loss of Sul* activity. This indicated that
tsx~(Am) and bfe-(Am) mutations are inherited by
strain HK548.

(ii) Deletion mutants of HK548. Deletion muta-
tions were induced in strain HK548 by nitrous acid
mutagenesis according to the procedure of Miller
(18). Cultures of HK548 were treated with 0.05 M
sodium nitrite in 0.1 M acetate buffer (pH 4.6) at
37°C for 15 min (the survival frequency of this treat-
ment was about 10~4). After growth of several gener-
ations at 30°C, a fraction was added to the mixture of
the lysates of T6, BF23, AcI, and $80immcl to give a
multiplicity of infection of more than 1 for each
bacteriophage. These cells were plated in top agar
on lambda agar to yield colonies at a frequency of
about 103, After incubation overnight at 32°C, most
of the colonies were pale and mucoid. Compact colo-
nies were picked, purified on EMB-maltose agar,
and numbered with the prefix NA to be stored as the
presumptive deletion mutants of the supD locus.

(iii) Strain HK552. Strain HK900 del-52 is a heat-
resistant derivative strain KS899 that contains a
deletion starting from the inside of the prophage and
extending through flaIX (16). HK552 was prepared
by infecting HK900 del-52 with Ab2cI857int2 at a
multiplicity of infection of about 10 and selecting
cells immune to AcI and ¢$80immAcl.

Specialized transduction of Fla* character. A
culture of an fla~ recipient strain lysogenic for Ak, to
which MgSO, was added to 10 mM, was mixed with
the lysate of fla-transducing lambda phages. The
mixture was streaked on lambda motility agar and
incubated at 37°C overnight. In some cases, the non-
lysogenic recipient strain was infected simultane-
ously with both transducing phages and AcI857 (at a
multiplicity of 10 for the latter) and incubated at
32°C. Abortive transductants produce “trails,”
whereas complete transductants produce “swarms”
in motility agar. The complete transductants should
consist of different classes: homozygotes in which
the fla allele was replaced with that of the wild type
carried by the transducing phage, heterozygotes in
which transducing phage is inserted in fla genes by
the aid of homologous recombination, and heterozy-
gotes in which the transducing phage has recom-
bined with Ak prophage or AcI857 helper phage.

Assignment of red and gam characters. Red and
gam characters of each lambda-derived phage were
determined by examining the growth on recA-,
polA -, and P2-lysogenic hosts according to the crite-
ria shown in Table 2 (37, 38).

Measurement of buoyant density of phage parti-
cles in CsCl. A 1.4-ml portion of phage suspension
was mixed with 1.5 ml of saturated CsCl solution at
room temperature to give an average density of
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TABLE 2. Assignment of red and gam characters of

transducing lambda phages®
Determination recA polA P2)
Wild type + + -
red- + - -
gam~ + - +
red~ gam~ - - +

“+, Plating efficiency was close to 1 relative to
the case with the wild-type host; —, plating effi-
ciency was less than 0.01.

about 1.50 g/cm?. The mixture was centrifuged in a
Spinco SW50-1 rotor at 21,000 rpm for 18 h at 20°C to
obtain a nearly linear density gradient. Five-drop
fractions collected from tubes punctured at the bot-
tom were assayed for the phage titer. The center of
the peak for each phage population was obtained
from a Gaussian plot. Buoyant density was obtained
from the peak position relative to those of A\h and
$80c added as density references (1.508 and 1.493 g/
cm?, respectively).

Synthesis of bacteriophage-coded proteins in UV-
irradiated cells (11). The procedures for the labeling
of proteins by *C-amino acids and their analysis by
electrophoresis were similar to those of Murialdo
and Siminovitch (19) but with the following modifi-
cations. A culture of strain W3623H was irradiated
by ultraviolet light (UV), infected, and incubated at
40°C. Proteins being synthesized were labeled from
5 to 30 min postinfection, solubilized in the sample
buffer containing 1% sodium dodecyl sulfate by
heating at 100°C for 5 to 20 min, and electrophoreti-
cally analyzed on sodium dodecyl sulfate slab gels.

RESULTS

Transducing phages carrying fla genes lo-
cated at the map position of 43 min. (i) Con-
struction of LFT donors. Deletion mutants of
the region between the lambda prophage site
and the fla genes were constructed to yield
strains carrying fla genes contiguous with the
prophage. One of the secondary attachment
sites for lambda prophage is located at the map
position of about 44 min (16, 23). It has also
been shown that the supD locus is situated
between fla genes at 43 min and the prophage
(16; Fig. 1). Therefore, Sul*, one of the supD
alleles with amber suppressor activity, could be
used as a marker for the isolation of deletion
mutants. Thus, strain HK548 was constructed
with the characteristics Fla* Sul* tsx~(Am)
bfe~(Am) and having the prophage AcI857 inte-
grated at about 44 min. Strain HK548 has am-
ber mutations in the genes for receptors of bac-
teriophages T6 and BF23 [tsx~(Am) and
bfe~(Am)] which are suppressed by Sul*. This
strain is sensitive to both phages but becomes
resistanbwhen it mutates into Sul* by deletion.
HK548 was treated with nitrous acid, a potent
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mutagen for the generation of deletion muta-
tions, and mutants resistant to T6, BF23, AcI,
and ¢80immAcl were selected. The latter two
phages were included to select the deletion
mutants still retaining the prophage.

Three of 30 survivors of the phage infection,
NA1l, NA4, and NA12, yielded lysates that
transduce the Fla* marker as anticipated, sug-
gesting that the inactivation of the amber sup-
pressor was the result of deletion mutations.
The presence of deletions in two of these
strains was confirmed by the fact that the fla
genes I and II, the most proximate to supD,
were deleted in NA4 and NA12. The properties
of these low-frequency-transducing (LFT) do-
nor strains are tabulated in Table 3.

NA12 is remarkable in two respects: lower
burst size upon thermal induction compared
with that of the parental strain HK548, and a
high frequency of transduction of a Fla*
marker by the lysate.

Although the small burst size of HK548 (ca.
1073) is expected since single lysogens at sec-
ondary attachment sites are characterized by
inefficient int-xis functions (23), this factor
alone cannot account for the magnitude of the
observed decrease. It is quite conceivable that
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the deletion mutation starting from the inside
of the flall gene passes through supD and ex-
tends into the b2 region of the prophage, de-
stroying the P-A' structure required for the
int-xis system to function (Fig. 2). In this cir-
cumstance, the prophage should be excised only
through illegitimate recombination, which oc-
curs at a very low frequency. The deletion mu-
tation should have made the prophage and the
remaining fla genes contiguous to each other
(Fig. 2). The presence of the deletion as de-
picted was confirmed by heteroduplex analysis
of the transducing phages (H. Kondoh and H.
Yamagishi, unpublished data). Such a deletion
mutation would also explain the high transduc-
tion efficiency of the lysate from NA12. Dele-
tions of NA1 and NA4, on the other hand,
should have left the P A’ structure intact. We
isolated fla-transducing phages from the lysate
of NA12.

(ii) Isolation of plaque-forming transducing
phages: N-series. When a culture of flalV-
(am75) lysogenic for lambda was infected with
the induced phage lysate from NA12, a number
of trails and swarms due to transductants were
produced on motility agar. The agents that par-
ticipated in the transduction should be hetero-

TABLE 3. Properties of LFT donor strains

Complementation® with fla mutants: Frequency of abor-
Phage yield per tive transduction
LFT donor cell upon thermal of flaIV+ per
fla I I I v VI X induction plaque-forming
unit
HK548 + 2 x 1073 <10-%
NAl + 2 x 1073 2 x 1077
NA4 - - - + + + + 2 x 1073 5 x 1077
NA12 - - - + + + + 2 x 10 5 x 10*

¢ Complementation test was carried out by P1-mediated transduction, as described by Kondoh and Ozeki
(16). Representative fla point mutants were the donors of P1 lysate.

HK548
A fla
AP int—gom-N-cI-R{-A—J-b2-P{&  supD IINNVYVIVIVIIIX
L ]
Deletion
NAI2
fla
—__ A}P“int—gam-N-cI- R4-A—J-b2{II IV ¥ VI VIl VI IX
| U | — e
Apfla (Spit)
- Apfla (SpiT)
-4 [
A\d fla
) ————
AdocL fla

F1G. 2. Mechanisms of the generation of the lysogenic strain NA12 and excision of fla-transducing phages.
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geneous and should consist of Apfla, Adfla, and
MdocL fla (17). Nondefective Apfla’s were pre-
ferred because of the advantages in handling
these phages. The contiguity of the fla genes
and the prophage predicted that a considerable
portion of the nondefective phages in the lysate
would be Apfla. Phages in the lysate of NA12
were plated on the flaIV~ (am75) indicator, and
the cells at the plaque center were picked and
stabbed in the lambda motility agar. One-
eighth of the plaque centers produced trails
and/or swarms, indicating that these plaques
were those of Apfla’s carrying the flaIV gene. In
this way, many transducing phages for the fla
genes very close to the prophage were isolated
as nondefective phages. However, this was not
an efficient procedure to isolate transducing
phages carrying a large number of fla genes.
When a mutant of the flaVII gene (fla-am87)
slightly more distant from the prophage than
flalV was employed as the indicator, only 1%
of the plaques yielded transductants. The Spi
phenomenon (38) was used to enrich for trans-
ducing phages carrying a larger number of fla
genes. Wild-type lambda phage cannot form
plaques on P2 lysogens, whereas gam~ lambda
phages escape from the P2 interference and
form plaques. Transducing phages carrying a
large number of fla genes would arise by substi-
tution of a large area of the lambda genome
including the gam gene (Fig. 2). From the ly-
sate of NA12, several transducing phages
carrying many of the fla genes at 43 min were
isolated as plaques on a P2 lysogen
[W3110(P2)]. One of them, ApflaN120, carried
all of the fla genes at 43 min except for flal and
flall, which had been lost in the original NA12.
(iii) Isolation of ApflaL1l carrying all of the
fla genes at 43 min. The transducing phages
isolated from NA12 carry transducing frag-
ments for fla genes at 43 min with various right
(uvrC side) ends but with a fixed left end point
and lack fla genes I and II. An attempt was
made to add fla genes I and II to the transduc-
ing fragment. An Fla* strain (HfrH) was in-
fected with ApflaN120, and the lysogen occur-
ring at a low frequency was isolated after selec-
tion for immunity to lambda. Since ApflaN120
lack all of the phage-coded recombination func-
tions, ApflaN120 was integrated with the aid of
the host rec function at the site of the host fla
genes homologous to the transducing fragment
on the phage (Fig. 3). The prophage that arose
by integration of ApflaN120 should, therefore,
be bracketed by the duplicated fla genes and
should be excised mainly by the reverse process
of integration. Such processes have been stud-
ied by Oka et al. (21) with ¢80ptrp. Since exci-
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Fi16. 3. Mechanism of the generation of ApflaLl.
The model involves two steps: (1) integration of
ApflaN120 into the chromosome of HfrH; and (2)
excision of A\pflaLl by illegitimate recombination at
the sites indicated by arrows. The broken line indi-
cates the case where the transducing fragment con-
tains duplicated regions.

sion by the rec function is not very efficient, the
lysate from the ApflaN120 lysogen was expected
to contain at a relatively large number of
phages that were excised by illegitimate recom-
bination and that incorporated flal and flall
genes (Fig. 3). In fact, the lysate was active in
transducing flaI* and flall*. A procedure was
devised to select for Apfla’s from a mixture of
Apfla, Adfla, and AdocL fla, which mediate the
transduction. A plate lysate was prepared from
the phages induced in HfrH(ApflaN120) so that
only nondefective phages grew several cycles.
This procedure dilutes and inactivates defective
phages. W3623 del-92, a strain with a deletion
from flal to flaVIl, was then infected with the
plate lysate and with AcI857, which may help
the integration of Apfla’s. An Fla* complete
transductant isolated on lambda motility agar
was thermally induced and plated on an flal-
(am46) indicator. The observation that some of
the plaques yielded Fla* transductants indi-
cated that a novel transducing phage carrying
flal had been constructed. This transducing
phage was denoted as ApflaLl.

If the novel transducing fragment of ApflaL1
was generated by the excision of the prophage
as depicted in Fig. 3, the junction of the right
end of the transducing fragment and the phage
deoxyribonucleic acid (DNA) should be con-
served; all of the fla genes at 43 min, from flal
to flaIX, should be carried by ApflaLl. In fact,
ApflaLl can transduce the Fla* character to a
deletion mutant (del-52) lacking all of the fla
genes at 43 min.

(iv) Construction of M-series transducing
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phages. Once a transducing phage carrying fla
genes I and II was isolated, it was easy to add
the segment of flal and flall to the N-series
transducing phages by recombination within
the transducing fragment. Such recombinants
were denoted by the numbers with prefix M (M-
series transducing phages). For example,
ApflaM1204 was constructed by the following
procedures. An h mutant of ApflaL1 bearing a
mutation in the J gene was isolated as a plaque
on CR63. AlaLlh was then crossed with a
Gam* transducing phage ApflaN204, carrying
flalll and flalV, by mixed infection. Recombi-
nants were isolated as those that could form
plaques not only on CR63, but also on a recA-
indicator strain on which ApflaL1 does not form
plaques. Plaques on CR63 ensure that the left
half of the phage genome originated from
ApflaLlh, and those on a recA ~ strain indicate
that the right half came from ApflaN204 (Fig.
4). Recombinants between the A and gam
markers occurred with a frequency of about 3%,
which was mostly attributed to recombination
within the transducing fragment. This is in
agreement with results of Kondoh and Yama-
gishi (unpublished data) indicating that the left
end of the transducing fragment is very close to
the J gene. Other M-series transducing phages
carrying flal and flall were similarly con-
structed.

Transducing phages carrying fla genes at
42.5 min: H-series. Since deletion mutants iso-
lated from strain HK548 were not useful for the
transduction of fla genes at 42.5 min, another
strategy was used to construct an LFT donor
strain. Deletion mutants of fla genes were iso-
lated as heat-resistant derivatives of KS899 in
which AcI857 is integrated at 44 min as a pro-
phage (16). Some deletions ending at a point
near the fla genes at 42.5 min may start from
the inside of the prophage. This deletion should
remove all of the killing functions of the pro-
phage but not necessarily all of the prophage
genome. Integration of lambda phage into the
chromosome of such deletion mutants will be
directed by the homology of lambda DNA se-
quences (Fig. 5), since the fla-deletion mutants
from KS899 have deleted the primary attach-

Ap flaN204 fla
-A J—b2-{IT IV B red-gom-N-cI——R~{(

v
/\pflaMi204
-A J—31 I IVV VI VIT VIl IX§- N-cI—R<{
ApflaLih (h) fla
Fi1g. 4. Generation of \pflaM1204 as a recombi-

nant between A\pflaN204 and ApflaL1h. A recombi-
nant with Red* and h characters was isolated.
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([~ AIPLint— N-cI—R4-A—J—~PLint-f hag_floX flaXT
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(2) ApflaH2

) )
ApflaH 4

S N J4__J

Fi1c. 5. Mechanism of the generation of \pflaH2
and A\pflaH14. The model involves two steps: (1)
integration of \b2cI857int2 into the chromosome of
HK900 del-52 at the int side of the lambda segment;
and (2) excision of \pflaH2 and \pflaH14 by illegiti-
mate recombination at the sites indicated by arrows.
The broken line indicates the cases where transduc-
ing fragment is interposed between duplicated int-
side lambda segments.

(1)

ment site for lambda as well. Lysogens of
Ab2c1857int2 made from the deletion mutants of
KS899 were examined for the ability to yield
LFT lysates for the flaX gene. The int~ mutant
was used to prevent the integration at the sec-
ondary attachments sites, and the b2 deletion
was used to help incorporation of a large trans-
ducing fragment into phage genome. It was
found that one such lysogen (HK522) originat-
ing from HK900 del-52 yields LFT lysate for the
flaxX marker. Thus, a part of the lambda pro-
phage was retained in HK900 del-52. Consider-
ing the arrangement of prophage genes in
KS899 (Fig. 1), the lambda segments retained
in HK900 del-52 should correspond to the int-
side end. It should be remembered that all of
the fla genes at 43 min are deleted, whereas the
fla genes at 42.5 min remain intact in HK900
del-52.

A heat-induced lysate was prepared from
strain HK552, and the phages were passed
through several cycles of growth to yield a
phage lysate. This procedure, as in the isolation
of ApflaL1, was expected to enrich for nondefec-
tive transducing phages. A culture of the flaX~
(am76) mutant was infected by the phages in
this lysate and by AcI857 added to facilitate the
integration. A number of transductants were
isolated on lambda motility agar. Phages were
induced from the transductants, and the plaque
centers on the flaX~ indicator were examined
for the ability to give rise to Fla* transduc-
tants. In this way, two Apfla’s, H2 and H14,
were isolated. ApflaH2 carries flaX, and
ApflaH14 carries both of the two fla genes, flaX
and flaXI, at 42.5 min.
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Characterization of Apfla’s. The fla-trans-
ducing phages were characterized with respect
to the fla genes that they carry, the phage-
coded general recombination genes, and buoy-
ant density of the phage particles in CsCl. The
results (Table 4) give an insight into the topol-
ogy of the transducing phage genome.

The number of fla genes carried varied from
one to nine depending on the transducing
phage. Assuming that fla genes are incorpo-
rated into the transducing fragment from his-
proximal genes in N- and H-series phages, fla
genes were arranged linearly. Hence the gene
order I-II-III-IV-V-VI-VII-VIII-IX-X-XI was es-
tablished, in which orders III-IV, VI-VII, and
X-XT had not been determined in the previous
study (16). ApflaL1 carries all of the fla genes I
to IX (43 min), whereas ApflaH14 carries both
flaX and flaXI (42.5 min). Introduction of the
both phages into a deletion mutant strain,
W3623 del-4, which lacks all of the fla and hag
genes of the his-uvrC region, restored flagella-
tion and motility. Therefore, the regions trans-
duced by ApflaLl and ApflaH14 include not only
all of the fla genes of the his-uvrC region, but
also the hag gene. In fact, if ApflaH14 was
generated by the mechanism depicted in Fig. 5,
the hag gene should be carried by ApflaH14 and
by ApflaH2.

The general recombination genes red (exo
and bet) and gam are often deleted from the

J. BACTERIOL.

transducing phages, probably because of substi-
tution by the transducing fragment. This is
especially true in cases where a large number
of fla genes are carried. This fact indicates that
the transducing fragment is located in the cen-
tral region of the phage genome. This is consist-
ent with the mechanism of generation of Apfla’s
proposed in Fig. 2 and 5.

The buoyant density of the phage particle
gives an accurate estimate of the transducing
phage genome size (5). Genome size varied from
85.9% (ApflaN111) to 103.3% (ApflaN156,
ApflaN129) relative to wild-type lambda. It is
known that the encapsulation of DNA is ineffi-
cient, and the resultant head is unstable in
lambda-derived phages having genome sizes
outside of this range.

The genome of ApflaN111 is reduced in size
by as much as 14.1% compared with that of
wild-type lambda. The observation that this
transducing phage is red~ gam~ suggests that
the int-gam region is deleted. The reduction in
genome size estimated from deletion of the re-
combination region alone is from 10 to 15% (5,
32). Considering the three fla genes carried,
ApflaN111 should have an additional deletion.
Thus, the deletion of a part of the b2 region in
the prophage of NA12 as proposed in the forego-
ing section is strongly supported.

Phage ApflaN120 carries the largest trans-
ducing fragment among the transducing

TABLE 4. Characteristics of \pfla’s

Recombi-

fla genes carried® at: nation Buoyant G?in or loss
ene density in O genome
Apfla 43 min 42.5 min s CaCl | size relative
(glem®) to wild-type
I O m IV V VI VI vim IXxX X xi "4 gm lambda® (%)
N156 - - + - - - - - _Z + o+ 1.5118 +3.3
N158 - - 4+ o+ - - - - - + + 15023 -4.8
N151 T - - 14930  -125
N203 - -+t 4+ - - - - - ot
M1203 + + + + - - - - - + o+
N111 - - 4+ o+ o+ - - - - - - 1491 ~14.1
N202 - - + + 4+ - - - - + o+ 1.5084 +0.4
N204 - - + + 4+ - - - = + o+
M1204 + + + + + - - - - + +
N201 - - + + + - - - - -+
Ni121 - - + + 4+ + - - - - - 1.4986 -8.0
N125 - - + 4+ o+ o+ 4+ - - - - 1.503 —4.2
N129 - - + + + + + - - - - 1.5118 +3.3
N112 - - + + + + + - - - - 1.5112 +2.7
N120 - - + 4+ 4+ o+ o+ o+ 4 - - 15104 +2.1
L1 + 0+ o+ o+ o+ o+ o+ o+ o+ - - 1.5092 +1.0
H2 + - -+ 1.511 +2.6
H14 + o+ - - 1.5076 -0.3

¢ +, At least a part of the gene is carried as judged by recombinant formation with a mutant of the gene;

—, no recombinant.

® Calculated according to equation 6 of reference (5).
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phages originating from NA12. This phage has
a genome that is 102.1% that of wild-type
lambda and is red~ gam~. The presence of an-
other red~ gam~ phage, ApflaN129, having a
smaller transducing fragment and larger ge-
nome size (103.3%) than ApflaN120 indicates
that the right terminus of the transducing frag-
ment substitution goes beyond the gam gene,
since the gam gene occupies only 1% of the
lambda genome (32). In addition, the deletion of
a portion of the b2 region being considered, the
size of the transducing fragment of ApflaN120 is
estimated to be more than 15% that of the
whole lambda genome.

In case of H-series transducing phages, the
sizes of genomes are close to that of wild-type
lambda, in spite of 52 and additional deletions
in the region of recombination genes. There-
fore, the transducing fragment should be larger
than the 52 deletion.

Proteins synthesized in UV-irradiated cells.
Proteins coded by the genes on the transducing
phages can be labeled specifically with radioac-
tive amino acids after infection of UV-irradi-
ated cells and can be identified by sodium dode-
cyl sulfate-gel electrophoresis (11). Proteins la-
beled after infection of ApflaLl, ApflaH2, and
AcI857 were compared (data not shown). Six
protein bands having apparent molecular
weights of 48,000, 40,000, 38,000, 36,000, 30,000,
and 27,000 were specific to ApflaLl. On the
other hand, two bands having molecular
weights of 60,000 and 26,000 were found with
ApflaH2. The hypothesis that the protein of
molecular weight 60,000 is flagellin is sup-
ported by the observation that heating the
sample at 100°C for more than 10 min created
the three bands characteristic of flagellin (15).

DISCUSSION

A prerequisite for the generation of special-
ized transducing phage from a lysogen is that
the gene to be transduced must be close to the
integration site of the carrier prophage (for a
review, see reference 22). Distant genes can be
made contiguous with the prophage by transpo-
sition of either the genes or prophage. One way
of accomplishing the transposition utilizes the
secondary attachment sites for lambda phage
scattered throughout the chromosome of E. coli
(23). Having failed in an attempt to insert
lambda prophage into fla genes, I utilized the
lysogens in which thermoinducible AcI857 is
integrated at one of the secondary attachment
sites at 44 min near to the fla genes (16; Fig. 1).
The fla genes at 43 and at 42.5 min were, how-
ever, still too distant from the prophage to be
transduced. I, therefore, isolated a mutant with
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a deletion of the region between the prophage
and the fla genes.

Two techniques were used to delete the re-
gion between the prophage and the fla genes.
(i) Deletion mutants of the supD locus between
fla and the prophage were isolated by selecting
for loss of Sul*, an allele of supD. (ii) A strain
with a deletion starting within the prophage
and ending at the position close to the fla genes
was isolated from heat-resistant derivatives of
the lysogen. Then, a lysogen of Ab2 was con-
structed in which the prophage had integrated
at the site of the original prophage by means of
recombination with residual lambda DNA.

From the LFT donors thus constructed, a
number of transducing lambda phages carrying
fla genes were isolated as nondefective phages
(Apfla’s). They carry the fla genes of the two
clusters between his and uvrC. All of the fla
genes in the cluster at the map position of 43
min are carried by ApflaLl, and those in the
cluster at 42.5 min are carried by ApflaH14.
Other transducing phages carry parts of these
clusters.

The essential part of the isolation procedures
of ApflaLl, ApflaH2, and ApflaH14 involves the
two steps: (i) integration of the circular genome
of the infecting phage by a single recombina-
tion event, which is directed by the homology
between the phage and host DNAS; (ii) excision
of a new phage by illegitimate (nonhomolo-
gous) recombination. In the case of ApflaLl, the
first integration process took place by recombi-
nation between the transducing fragment of
ApflaN120 and the homologous region of the
host genome, whereas in the case of A\pflaH2
and ApflaH14, the homology between a seg-
ment of Ab2 and a residual lambda DNA se-
quence in HK900 del-52 provided the site of
recombination. The prophage genome inte-
grated by such a homologous recombination
event should be interposed between the dupli-
cated homologous DNA sequences (Fig. 3 and
5). When the prophage genome is excised by
illegitimate recombination to give rise to a new
nondefective transducing phage, there would
be a chance that the excised phage also includes
the duplicated homologous DNA sequences
(Fig 3 and 5, broken lines). Such transducing
phages should contain a transducing fragment
bracketed by homologous DNA sequences and,
hence, would be genetically unstable in that
they lose the transducing fragment during the
course of phage growth; the transducing frag-
ment would be excised from the phage genome
by homologous recombination. Such a phenom-
enon has been reported for $80pSu3+ (2, 34, 35).

The nondefective transducing phages gener-
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ated as described above and carrying transduc-
ing fragments bracketed by homologous DNA
sequences are characterized by the following
two points. (i) The genome of the new transduc-
ing phage is larger than the genome of the
original phage. (ii) Excision of the transducing
fragment creates a phage genetically identical
to the original phage, except for the possible
exchange of the mutations. The following facts
suggest that ApflaL1, A\pflaH2, and ApflaH14 do
not carry duplicated regions bracketing the
transducing fragment. The genome of ApflaL1
(101.0% of lambda) is smaller than that of
ApflaN120 (102.1% of lambda), whereas
ApflaH2 and ApflaH14, which are red—, do not
segregate Red* phage at a detectable frequency
(less than 10~ in phage stocks). The genome
structures without duplicated regions were con-
firmed by heteroduplex analysis of transducing
phages (Kondoh and Yamagishi, unpublished
data).

More than half of the fla genes are located in
the his-uvrC region (Fig. 1); these have been
subjected to extensive genetic analysis (16, 26—
28). Specialized transducing phages are, of
course, beneficial in the more detailed analysis,
especially of the regulatory elements. The re-
sults of the genetic analysis with Apfla’s will be
presented in another paper.

The importance of the his-uvrC region is em-
phasized by the inclusion of the hag gene, the
structural gene for flagellin. Regulation of fla-
gellin synthesis is complex and must be coordi-
nated with the flagellum morphogenesis. This
is suggested by the observation that flagellin-
specific messenger ribonucleic acid was not de-
tected in mutants of a number of different fla
genes (31). Genetic evidence in this paper ar-
gues that the hag gene is carried by ApflaH2
and ApflaH14. Supporting this is the synthesis
of flagellin-like protein observed in -the UV-
irradiated cells infected with ApflaH2. These
transducing phages could be a powerful tool for
the study of the hag gene by providing specific
hag DNA useful as template for transcription
in vitro and for hybridization experiments.

After this work was completed, papers ap-
peared reporting the construction in vitro of
transducing phages carrying some of the flagel-
lum-related genes (24, 25). Synthesis of flagel-
lins in UV-irradiated cells was also reported.
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