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Specialized transducing phages for gluconate 6-phosphate deOydrogenase
(gnd), a constitutive enzyme in Escherichia coli, have been isolated using a
method previously described for other genes. The gnd-his region, carried on an F'
episome, was first transposed to tonB. Rare phages carrying gnd were selected,
by transduction, from 080 lysogens of these strains; one phage also carried his
(480gndhis). From the transductants, high-frequency transducing lysates were
obtained; low multiplicity of infection then yielded defective lysogens. tonB dele-
tion analysis of the 480dgndhis lysogen shows the order of genes in the prophage
to be imm80... hisOGD... gnd; according to a marker rescue experiment
most phage late genes have been replaced by bacterial deoxyribonucleic acid. A
heat-inducible, lysis-defective X-080 hybrid derivative of 480dgndhis has been
prepared.

We have been interested in the mechanism of
expression of genes for "constitutive" enzymes
in Escherichia coli, particularly those of glycol-
ysis and the hexose monophosphate shunt (D.
G. Fraenkel and R. T. Vinopal, Annu. Rev.
Microbiol, in press). For studying this problem,
certain types of experiments require deoxyribo-
nucleic acid (DNA) enriched for the gene in
question. Such a reagent (usually obtained from
specialized transducing phage) would facilitate
specific assay of messenger ribonucleic acid and
of its in vivo half-life, as well as in vitro
experiments on transcription and translation.

In this paper we report the isolation of spe-
cialized transducing phages carrying the gene,
gnd, for gluconate 6-phosphate dehydrogenase
(6-phospho-D-gluconate: nicotinamide adenine
dinucleotide phosphate oxidoreductase
[decarboxylating], EC 1.1.1.44), a constitutive
enzyme of the hexose monophosphate shunt
(see Fig. 1); one of the phages also carries the
histidine operon (his). A preliminary report of
this work appeared previously (R. E. Wolf, Jr.,
and D. G. Fraenkel, Fed. Proc. 1972, p. 444).
Independent isolations of histidine transducing
phages carrying similar regions of the Sal-
monella typhimurium (31) and E. coli (2) chro-
mosome have been reported.

MATERIALS AND METHODS
Media and growth conditions. Minimal medium

63 (25) was supplemented with the carbon source (4

mg/ml), thiamine-hydrochloride (1 zg/ml), and, as
specified, amino acids and uracil (each 25 pg/ml),
streptomycin sulfate (100 ,g/ml), rifampin (Schwarz-
Mann Co., 100 Ag/ml), citrate (1.25 mg/ml), and agar
(2%). F top agar (7.5 g of agar per liter, 8 g of NaCl per
liter [16]) was used in transductions. Gluconate
tetrazolium indicator plates were described earlier
(8). The standard broth was medium 63 supple-
mented with 1% tryptone (Difco) and 0.4% yeast
extract (Difco). The standard rich plate was tryptone-
yeast extract (TYE) agar (9). LB broth (16) was used
for growing 480 lysogens prior to phage induction.
LBC broth (LB broth supplemented with 2.5 mM
CaCl2 [13]) and plates (1.5% agar) were used for
preparing and titering lysates of Plkc. H plates and H
top agar (9) were used for N80 phage titrations. Ly-
sates of colicins V and B were made from cells grown
in B broth (23). Growth conditions were aerobic and
at 37 C unless otherwise specified.

Scoring and selection of gnd. Gluconate 6-phos-
phate is metabolized in two ways (Fig. 1): viagnd and
the hexose monophosphate shunt, and also via gluco-
nate 6-phosphate dehydrase (edd) and the inducible
Entner-Doudoroff pathway (D. G. Fraenkel and R. T.
Vinopal, Annu. Rev. Microbiol., in press). Thus,
selection and scoring of gnd is done most easily in
edd- strains. With gluconate as carbon source, gnd,
edd+ strains grow at almost wild-type rate, gnd+,
edd- strains grow slowly, and gnd , edd- strains do
not grow. Gluconate tetrazolium indicator plates can
be used to distinguish gnd+ edd-, gnd- edd-, and
edd+ strains (18).

Bacterial strains. Bacterial strains are listed in
Table 1, and the positions of relevant markers on the
E. coli genetic map are shown in Fig. 2.
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FIG. 1. Pathways of metabolism. Abl
pgi, phosphoglucose isomerase; gnd, glu
dehydrogenase; edd, gluconate 6-P dehy
2-keto-3-deoxygluconate 6-P (KDGP) aldi

RW10, an edd-, gnd-, ¢80-sensitive
prepared as follows. An eductant (dele
gnd-his region [12]) was selected from stri
the resulting gluconate-negative (edd-,g
was, like its parent, resistant to 480. It
that the strain carried a tonA mutation, bi
also some uncertainty about the tonB reg
fore, both regions were replaced. First, a

was done with a (tonB-trp)V derivativ
CA8000, with selection of pyrD+,strr and
colVcolBr, 080hz, trp- (i.e., tonA+, tonB-
tonB region was repaired by P1 transdi
strain CA8000 by selection of trp+. All re

(e.g., strain RW10) were sensitive to 080t
colicins (i.e., tonB+).
The F't,his+402 episome of strain TM13

ferred to strain RW10 by conjugation, for
with selection of his+ F-ductants (e.g., st
on lactose minimal medium containing
30 C (lactose counterselected the donor st
is S. typhimurium).
RW75 and its derivatives (e.g., strain

RW84) were nonreverting, gluconate-negs
(gnd deleted and two mutations in the E
doroff pathway [gnd -, edd -, eda-]) used i
of the rare gnd + transducing phages. First
on gluconate (edd , eda-, see reference
lected from strain DF1671 (edaj); then a

was introduced by P2 eduction, giving st
Strain RW78 is a 480h lysogen of strain
strain RW84 is a pgi+ revertant of st
(selected on glucose minimal medium
histidine).

Bacterial matings. Screening of ti
strains to determine the origin and (

transfer was done using as recipient strai
with selection on appropriately supplemei
plates containing rifampin (to counterse
nors). Aluminum plates (9.5 cm in diame
array of twenty 1-cm wells were used. Es

te inoculated with 0.1 ml of broth, 0.02 ml of donor
culture (grown two doublings from an inoculum of 5 x
10'/ml), and 0.10 ml of X'121rifl (2 x 108/ml in
exponential phase). After 75 min of incubation at

6-P 37 C the mixtures were replicated to selective me-
odd

dium. pyrD+ and trp+ recombinants were scored after
\edd incubating the selective medium at 37 C for 36 h; his+

recombinants were determined after incubation of the
selective medium at 42 C, a condition that counter-

KDGP selects growth of his+ F-ductants.
Chromosomal transfer by the transposition strains

4 ,eda was quantitatively estimated by conventional flask
Triose. p matings (11). pyrD+, trp+, and his+ recombinants

were scored under the selective conditions used in the
- Pyruvate initial screening. gnd+ transfer was determined in

flask matings with strain DF710rifr, incubating the
(Entner appropriately supplemented gluconate minimal me-
Doudoroft dium at 42 C (to counterselect growth of gnd+ F-duc-
Pathway) tants).

breviations: Bacteriophages. Table 2 lists the bacteriophages
iconate 6-P used.
,drase; eda, Preparation of lysates. 080v was prepared by the
olase. plate method (1). Phages (106) were incubated with

107 exponential-phase strain CA8000 at 37 C for 20
strain was min, and the mixture was plated on fresh H plates in

,tion of the 2.5 ml of H top agar and 1 ml of B broth. After
ain DF1647; overnight incubation at 37 C the top agar was resus-

,nd-) strain pended with vigorous mixing in a small volume of B
was known broth, chlqroformed, and csntrifuged gt low spqed.
ut there was Titers in the supernatant fluids were 2 x 1011 to 5 x
gion. There- 10 /ml.
conjugation Ultraviolet light induction of lysogens was used to
re of strain prepare stocks of t80, 080h, \h80, 080dgndhis, and
1 scoring for J8Odgndhis. Lysates containing XcI857St68h80 were

-). Then the made by growing lysogens (strain JG33 or RW134) in
uction from B broth or LB broth to 2 x 108/ml, heating in a water
,combinants bath at 42 C for 15 min, with very vigorous aeration,
v and to the and incubating for 4 to 5 h at 37 C before treating with

chloroform; such lysates are conveniently titered on
1 was trans- strain M182, a Xi434 lysogen whose prophage provides
1 hr at 34 C the S+ function necessary for plaque formation.
,rain RW11) Low-frequency transducing lysates were prepared
tyrosine at from 080h lysogens of the transposition strains as

train, which follows (adapted from E. B. Konrad, Ph.D. thesis,
Harvard Univ., Cambridge, Mass., 1969). Clones were

iRW78 and inoculated to LB broth containing gluconate (10
ative strains mg/ml) and grown for two to three divisions at 42 C to
;ntner-Dou- 2 x 108/ml. The cells were collected, resuspended (4 x

for selection 108/ml) in 0.1 M MgSO4, and irradiated as a 0.5-cm
a revertant layer for 60 s with a 15-W General Electric germicidal
4) was se- lamp (G15T8) at a distance of 70 cm. Irradiated

gnd deletion cultures were diluted with an equal volume of fresh
train RW75. broth and grown 3 to 4 h with very vigorous aeration in
RW75, and dark flasks (we covered ordinary flasks with foil).
train RW75 After 15 min of chloroform treatment (5 ml/100 ml),
containing the debris was removed by centrifugation-yielding

lysates with titer of 1 x 1010 to 2 x 1010/ml. The ly-
ransposition sates were concentrated using a phase system (S.
direction of Gottesman, Ph.D. thesis, Harvard Univ., Cambridge,
in X'121rifr, Mass., 1970; adapted from reference 19). NaCl, dex-
nted glucose tran-S04 500 (Pharmacia), and polyethylene glycol
elect the do- 6000 (Schwarz-Mann) were added to 1.75%, 0.21%,
-ter) with an and 6.9% (wt/vol), respectively, and the mixture (e.g.,
Lch well was 200 ml) was slowly stirred at 4 C to dissolve. After
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TALE 1. Bacterial strains (E. coli K-12)a

Strains Genotype S_ o ren(in order of use)

TM131 F't,Jis+402/hisB22 stre (S. typhimurium) F. Blasi (2)
DF1647 F- edd-1 galK35 his-68 mtl-2pyrD34 str-125 thi-1 This laboratory (18)

tonA22 tyrA2 xyl-7
CA8000 HfrH rel-1, thi-I J. Beckwith

P2

RW10 F- edd-1 (galK35?) (his-gnd)V mtl-2str-125 thi-I See Materials and Methods
tyrA2xyl-7

RW11 F't)his+gnd+4.2/RW1O See Materials and Methods
X'121rif' F- galK35 his-68 mtl-2 pyrD34 rit str-125 thi-I rif' mutant of strain X'121

trp-45 tyrA2 (J. Beckwith)
DF710rifr F- edd-1 gnd-l mtl-2pyrD34 rif'str-125 thi-1 rifr mutant of DF710 (18)

tonA22 tyrA2 xyl-7

Type I and type
II transpositions See results

DF1671 F- eda-1 his pgi-2strr This laboratory (4)
RW75 F- eda-1 edd- (his-gnd) pgi-2stry See Materials and Methods
RW78 RW75(480h) See Materials and Methods

RW84 F- eda-1 edd- (his-gnd)f str' See Materials and Methods
RW100 RW78 (4080dgndhis, k80h) See Results
RW101-RW114 RW78 (480dgnd1-080dgnd14, 080h) See Results
RW115 RW75 (080dgndhis) See Results
RW130, RW159 RW75 (Xh8O, Xh80dgndhis) See Results
RW134 RW75 (XcI857St68h80, XcI857St68h8Odgndhis See Results

Other strains
JG33 HfrH araD- leu- thi- (AcI857St68h80) E. B. Konrad
M182 F- galK- galU- lac- st' (Xi4'4) E. B. Konrad
W3110 F- str L. Soll
X178 F' trp+ colVcolB/his- lac- thi- str, J. Beckwith

a Almost all genetic symbols are in Taylor and Trotter (30). The notation (his-gnd)V is used to indicate
deletions induced by phage P2 (12). When possible, allele designations are those supplied by the E. coli Genetic
Stock Center at Yale University. All known bacterial mutations carried by a strain have been included in this
table, with some cases of uncertainty noted.

standing overnight in a cylinder, at which time the
upper phase appeared clear and the lower phase
appeared turbid, most of the upper phase was re-
moved by aspiration and the remaining material was
resuspended and centrifuged at 4,000 x g for 15 min.
The pellet was resuspended in 2.5 ml of 0.1 M sodium
phosphate, 0.01 M MgSo,, pH 7.0, and dextran-SO4
was precipitated by slow addition of KCI to 1 M and
removed by centrifugation. The supernatant fluid was
dialyzed versus two changes of 100 volumes of the
phosphate buffer. Addition of chloroform (0.05 ml/ml)
to this fraction gave further precipitation, yielding a
final supernatant fraction with a 20-fold increase in
titer over the starting material and a 70% yield. (A
simpler method for lysate concentration has recently
been described [321.)

Lysates of Plkc were prepared by adding phage at a
multiplicity of infection (MOI) of 0.01 to exponential-
phase cells in LBC broth at 5 x 107/ml and continuing
incubation until lysis. Lysates were treated with
chloroform and titered on strain W3110.

Colicin V and B were prepared from strain X178
(9).

Specialized transduction. Recipient cells were
grown in LB broth to 5 x 10/ml, harvested, resus-
pended in 0.05 volumes of 0.01 M MgSO4, and
incubated for 1 h at 37 C. For transduction at high
MOI (1 to 2 for nonlysogenic recipients and 10 to 20
for homoimknune lysogens) with lysates of 80h or
Ah80, 0.1 ml of phage and 0.1 ml of cells were mixed,
incubated for 20 min at 37 C, and plated with 2.5 ml
of F top agar on the selective medium. Transductions
at low MOI were similar, but the high-frequency
transducing (HFT) lysates were first diluted in 0.01M
MgSO4. When the transducing phage carried the
AcI857 allele, incubations were at 34 C.
HFT lysates of the 080dgnd phages were identified

by rapid screening tests. Wells contained 0.02 ml of
lysate and 0.10 ml of recipient cells, and after 30 min
at 37 C the mixtures were replicated to selective
plates. HFT lysates gave confluent areas of growvth
at 37 C.

Other phage techniques. Defective lysogens ofthe
,080dgnd phages were identified by a halo test (E. B.
Konrad, personal communication). Clones were
transferred to small areas of an H plate (50 per plate)
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ISOLATION OF 480dgnd PHAGES

tyfA ind

FIG. 2. E. coli genetic map (30).

TABLE 2. Bacteriophages

Name Comments and source

Plkc L. Gorini
P2 S. E. Luria
P2c,nip, Temperature-inducible derivative

of P2 (27); M. Sunshine
X80 J. R. Beckwith
480h Host-range mutant of X80 able to

infect tonB mutants; E. B. Kon-
rad

080v J. R. Beckwith
480am-x Amber mutants of 080 in genes 1

to 19 (20); L. Soll
Xh8O 080 with early genes of X (reference

22, called hyS in reference 29);
S. Gottesman

XcI857St68h80 Derivative of X80 which is heat-
inducible and lysis defective;
from strain JG33

and incubated for 3 h at 37 C. After exposure to
ultraviolet light, the irradiated clones were trans-
ferred to a second H plate spread with 108 cells of
strain CA8000. Active phages released from double
lysogens formed halos (areas of lysis) and defective
lysogens did not.

Curing of the 480dgnd defective lysogens (adapted
from reference 24) was achieved by streaking to a
gluconate tetrazolium plate previously spread with
109 )J80; a control plate contained no phage. Curing
was scored as increased number of gnd -, edd - clones
on the former plate, as recognized by size and color.

Phage genes missing in ,80dgndhis were deter-
mined in the defective lysogen strain RW115 using a
set of amber mutants in a marker rescue experiment
by the method of Schlief et al. (21).
The cross between Xh8O and 48Odgndhis was done

by making a plate lysate of Xh8O on strain RW115 (as
in making lysates of 080v). XcI857St68h80 was crossed
with Xh8Odgndhis by adding it at an MOI of 3 to an

ultraviolet light-induced culture of strain RW159, and
a plate lysate was prepared.

Transduction with Plkc was as described earlier (5)
with an MOI of 0.75.

Eductants were made with P2 or P2cgnip,, as
described previously (6).

Selection of tonB mutants. The technique of
Gottesman and Beckwith (9) was used. Clones were
grown to saturation in LB broth, and the cells from 2.5
ml were collected by centrifugation and resuspended
in the remaining drops of broth. Four-tenths milliliter
of 080v lysate and 0.4 ml of colicin lysate were added
(both tonB and tonA mutants are resistant to 080v,
but tonA mutants are sensitive to the colicins), and
after 20 min at 37 C the mixture was spread on two
gluconate tetrazolium indicator plates and incubated.

RESULTS AND DISCUSSION
Specialized transducing phages usually de-

rive from strains in which the gene of interest is
near an inducible lambdoid prophage. We ar-
ranged this situation for gnd using a method
described by lac (3) and ara (9). A strain was
prepared that had a deletion of gnd on the
chromosome, and carried gnd+ on an F' episome
whose replication was temperature sensitive.
The episome was then integrated into tonB by
selecting simultaneously for tonB mutation and
gnd+ expression at the nonpermissive tempera-
ture. Then, the transposition strains were ly-
sogenized with 080h, induced, and (rare)
4,80dgnd phages were selected by transduction.
The original reason for choosing gnd was the

relative ease of preparing useful strains. Gnd
deletions were known in enterobacteriaceae (17,
18) and could also be selected by P2 eduction
(e.g., 6, 26). Selection of gnd+ requires a recipi-
ent to be gnd-,edd- (i.e., a strain with no
pathway for metabolism of gluconate 6-phos-
phate, Fig. 1). At the time, it was not known
that deletion of edd was also possible (7), but we
were able to use a nonreverting strain for
detection of the very rare 080dgnd phages. In
addition, E. coli F' episomes carrying gnd were
known (see reference 15 for a recent list).
Indeed, it seemed likely that a temperature-sen-
sitive, gnd-carrying episome also existed, since
gnd is approximately 50% linked in P1 trans-
duction with his (18), and a temperature-sensi-
tive episome carrying his+ had been constructed
(F. Blasi and J. Miller, personal communica-
tions; reference 2). This episome, F',8his+402,
was derived, in part, from F'his+80 (2; also
called F57 [15]), an episome known to carry gnd
(17). Although the origin of the F' his involved
transfer in S. typhimurium (J. Roth, personal
communication), it probably was derived from
E. coli strain AB311 (15), and has been shown to
code for the E. coli gluconate 6-phosphate
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dehydrogenase (14). We could show (see Mate-
rials and Methods) that the episome of strain
TM131 (generously supplied by F. Blasi) indeed
carried gnd+, and thus constructed strain
RW11: F't. his+gnd+402/edd- (his-gnd) V, tyrA-
which could be used for selection of strains with
gnd transposed to near tonB.

Transposition of gnd to tonB. Strain RW11
depends on episomal genes for gluconate utili-
zation and for histidine biosynthesis. At 42 C
the nonpermissive temperature for replication
of the episome) such a strain should be unable
to grow on gluconate unless the episome has
become integrated in the chromosome. The
fraction of (30 C grown) cells which formed
colonies at 42 C on gluconate minimal plates
(with tyrosine, and with or without histidine)
was 2 to 3%. On gluconate tetrazolium indicator
plates, as many colonies were formed at 42 C as
at 30 C, but 97 to 98% of them were red and
small, the appearance characteristic of gnd-,
edd- strains (18) (i.e., the heat-cured segre-
gants); the other colonies appeared to be gnd+,
edd (red, but not small) and grew on gluconate
or glucose minimal plates with or without
histidine (i.e., Hfr's). (We noticed also that only
2 to 3% ofRW11 cells formed colonies at 42 C on
glucose minimal medium [with tyrosine and
histidine]; on this medium there was no obvious
selection for expression of episomal genes, and
the failure of most cells to grow may be a
transdominant effect of temperature-sensitive
episomal replication on minimal medium.)
Thus, the background of spontaneous inte-

gration of the episome in strain RW11 was

rather high. (As noted below, this integration
may be near the chromosomal his-gnd or lac
regions.) Therefore, if spontaneous tonB mu-
tants were selected in strain RW11 it was

expected that 2 to 3% would be gnd+ at 42 C
because of integration by an independent event.
Nonetheless, we hoped to find a gnd+, tonB
mutant which had arisen by a single event, the
inactivation of tonB by integration of the epi-
some into it. (The integration of F'.ara at tonB
was found in spite of the high background of
integration at the chromosomal ara locus [9].)

Therefore, 35 independent cultures of strain
RW11 were treated for selection of spontaneous
tonB mutants (see Materials and Methods) and
spread on gluconate tetrazolium indicator
plates at 42 C. The frequency of survivors was

about 10-7, and 2 to 3% were apparently gnd+,
edd- integrands (red, but not inhibited, colo-
nies); both frequencies varied widely between
different cultures. Two to five gnd+, tonB-
clones from each selection were purified on

gluconate tetrazolium plates at 42 C, care being
taken to choose colonies of varying appearance.
Those which appeared relatively stable (e.g.,
less than 25% segregation of gnd -, edd clones)
were then mated with strain X'121rir (his-,
trp-,pyrD-) to determine whether any were
Hfr's with origin of transfer near tonB, and, if
so, the direction of chromosomal transfer (see
Materials and Methods, and Fig. 3).

Twenty-five of the 37 isolates tested evidently
did not have F' integrated near tonB: they
transferred his at high frequency and pyrD and
trp at lesser and approximately equal fre-
quency. These Hfr's probably arose by episome
integration independent of tonB mutation. The
site(s) of integration are not known, but might
be in the his-gnd or lac regions. (For example,
integration near his would be expected if the
episome contained more bacterial DNA from
this region than was deleted in the eductant.
Or, considering that the F't,his-gnd episome
was obtained in a cross between F't.lac and
F'his-gnd, it might contain sequences near lac
even though it does not carry lac+.) We note
that when the tonB selection was plated on
gluconate minimal plates containing tyrosine
and citrate (instead of gluconate-tetrazolium
plates), all isolates (110/110) from 40 selections
were of this undesired class.

Type I his'+

transpoition
guiod +

pyrD+ attl tonS trp o*dd a.gsndV

pyrrD+ ttN gnd+ his+ trp+

Type I I M4
transposition ts

gnd+

pyrD attDO IonS 5rp+ dd hIs-Odv

WrDe atU hls+ gnd+ trp+
FIG. 3. Transpositions. If integration of the epi-

some occurred at tonB by a single crossover, there are
six possible structures with respect to origin of trans-
fer and position of gnd and his. The two classes
identified by the conjugation experiments are proba-
bly type I and type I. (The episome structure is
written as origin-gnd-his because this is the sequence
in the probable progenitor strain AB311. Symbol:
, depicts the origin and orientation of transfer.
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Twelve of the tested 37 isolates from the
gluconate tetrazolium plate selections were

Hfr's with origin of transfer near tonB. They
were found in five of the selections as the sole
class of isolate (two to four isolates tested from
each selection). In two of the selections, the
Hfr's transferred trp, but not pyrD or his in a
1-h mating period (i.e., type I transpositions,
Fig. 3), whereas in three others, pyrD but not
his or trp were transferred (type II transposi-
tions, Fig. 3). The origin and direction of
transfer was confirmed for these isolates in
conventional flask mating experiments. The
two transposition types of interest were also
tested by mating with a different F-
(DF710rifr), and neither type transferred gnd in
a 1-h mating period. These results show that
integration of the episome near tonB did occur
in strain RW11, at a frequency of about 10-10,
with apparently two different transposition
types recovered. If the episomal integration
occurred by single crossover, then the relative
orientations of his and gnd with respect to the
chromosome are normal in type II strains and
inverted in type I strains.
The transposition strains of interest were

rather unstable. For example, in one experi-
ment, growth in broth at 42 C was followed for
four successive doublings by plating on gluco-
nate tetrazolium plates; the frequency of gnd-,
edd- segregants was approximately 10-1 at
each doubling. The fraction of segregants could
be much reduced if the strain were grown in
broth containing gluconate, presumably be-
cause its growth would be inhibited.

Since there were no obvious differences be-
tween independent isolates of type I and type II

transpositions strains, one of each type was used
for the phage selections.

Isolation of gnd+ specialized transducing
phages. The type I and type II transposition
strains were infected with phage 080h (the host
range allele, h, allows infection of tonB mu-

tants) and lysogens isolated (Fig. 4, first line).
Chromosomal transfer in the lysogens was con-
firmed (as above) using as recipient a 080h
lysogen of strain X'121rifr. The lysogens were

induced with ultraviolet light, and the lysates
were concentrated (see Materials and
Methods). The concentrated lysates were used
for infection (MOI of 15 to 20) of a nonreverting
gluconate-negative strain, RW78 ((his-gnd) V,
edd-, eda-, 080h). Transductants were selected
at 37 C on gluconate minimal medium contain-
ing histidine. In all cases, the transductants
appeared after 4 to 5 days of incubation. From
two lysates of type I strains, 8 gnd+ transduc-

early late

lmmspyrD tons trp
i

Type I transpositlon

Type II transposition
;___h_.)o hi. VWd

U.V. Induced lysate may contain #SOVd,
selected by transduction of RW77

w

Structure of

double lysogen
e9 RWIN1

Orde of genes in
defective lysogen
RWii5

(1$gOdgnd 6850h) tonB trp

U.V.- induction gnerates HFT, used
to transduce RW75 at low m.o.i.

Is /

,mm his gnd

OGDCBHAFIE

tonS trp

A tonS deletion

FIG. 4. Selection and structure of 08Odgnd phages.
Notation: x x x, hybrid attachment regions; - - -
possible locations of Ffactorgenes and other episomal
DNA; parentheses around 08Odgnd, 080h indicate
unspecified order of the defective and wild-type
prophages. The particular tonB deletion indicated is
that of RW118: gnd-, his-, hol+, trp-, and the actual
ends are not mapped.

tants were found, at a frequency of 10-I1 trans-
ductants per plaque-forming unit (PFU); one of
the eight also proved to be his+. Four other
lysates of the type I strain yielded no gnd+
transductants (from approximately 1012phage).
From three lysates of the type II strain, a total
of seven gnd+ transductants were found, also at
a frequency of 10- I1, and two other lysates failed
to yield transductants (from approximately 1012
phage).

After purification of the transductants
(RW100-RW114) on the selective medium (2 to
3 days of incubation, as with normal gnd +, edd -

strains) they were induced and the lysates were
used in a spot test for gnd+ transduction of
strain RW78. All 15 lysates were HFT, giving
confluent growth of gnd+ transductants; the
lysate from the original gnd +, his+ transductant
strain (RW100) was also an HFT for his+. In
these HFTs the titers of PFU were 2 x 109 to 4
x 109/ml, and transducing titers were 10-3-10-4
per PFU using low multiplicities of infection
and the lysogenic recipient RW78.
To make strains lysogenic for only the spe-

cialized phages, each HFT was used to trans-
duce nonlysogenic recipients (RW75 or RW84)
at low MOI to growth at 42 C on gluconate
minimal plates with histidine. (Reinfection of
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the transductant clones by normal phage re-
leased by other cells is prevented at this temper-
ature [9].) The frequency of transduction was
10- to 20-fold less than with the lysogenic
recipients. Transductants from the lowest MOI
(10-3 to 10-4) were purified on gluconate tetra-
zolium indicator plates at 42 C. Most transduc-
tants were very unstable, segregating many
gluconate-negative clones. Relatively stable
clones, however, were found among transduc-
tants from nine different HFTs (four of ulti-
mate type I-origin and five from type U). Some
of these were defective lysogens, presumably
integrated at attO80, according to the following
tests: (i) ultraviolet light induction (halo test,
see Materials and Methods) did not yield active
phage, but induction in the presence of helper
gave HFT's for gnd; (ii) superinfection with
80 (25; see Materials and Methods) increased

the frequency ofgnd -, edd - segregants; and (iii)
tonB deletion analysis (see below).
Genetic structure of 08Odgndhis. The

4080dgndhis phage was chosen for further study
because the presence of a second bacterial
marker (his) on it could be useful later. First, we
showed by enzyme assay that the defective
lysogen carrying this phage (RW115) actually
did contain gluconate 6-phosphate dehydrogen-
ase activity. Then, to determine which phage
genes had been replaced by bacterial DNA in
480dgndhis, a marker rescue experiment was
done. Strain RW115 was treated with ultravio-
let light to destroy phage immunity and in-
fected with a series of 480 phage carrying amber
mutations in various genes (kindly supplied by
L. Soll). Active phage is made only if the
prophage can supply the function missing in the
480 amber mutant. It was found that
4)80dgndhis carries 080 genes 15, 14, 16, 17, 18,
19, 1, 2, and 3 (likely corresponding to lambda
genes N, 0, P, Q, R, A, W, and B, respectively
[20]); it did not complement )80 genes 4 to 13
(other head and tail genes). It must carry
imm8O, since 080c does not plaque on RW115
(and 080vir does). Thus, in 080dgndhis bacter-
ial DNA replaces most of the 080 late functions.
The overall order of gnd, his, imm8O, tonB,

and trp was shown by tonB deletion analysis of
RW115. tonB mutants were selected as usual
and plated on gluconate tetrazolium plates at
37 C. 135 gnd+,tonB- and 135 gnd-,tonB-
mutants were purified on the same medium and
tested for dependence on histidine and his-
tidinol. (Appropriately supplemented glucose
minimal plates containing citrate were used for
this, since tonB mutants require citrate for
uptake of iron on minimal plates [9].) All of the

gnd+, tonB- set were his+. Only 1/135 gnd-,
tonB- clone was his+, but 6/134 his- clones
could grow with histidinol; some of the latter
isolates were trp-. All gnd-tonB- isolates that
could grow with histidinol retained imm8O.
These results show the overall order to be
imm8O-his-gnd-tonB-trp (Fig. 4) with the his
operon probably oriented as shown (mutants
lacking distal his operon genes can use his-
tidinol, its dehydrogenase being the product of
hisD). The direction of gnd transcription is not
known.
Formation of 480dgndhis was a very rare

event, which may have involved both an aber-
rant phage excision and a shortening of the
distance between these genes and 480h (per-
haps by a chromosomal inversion, since it came
from a type I transposition strain). Gottesman
and Beckwith (9) suggested that such events
might have occurred in the formation of
480dara. Considering the rarity of the events it
is possible that some of the other gnd transduc-
ing phages have different genetic structures
(e.g., replacement of other phage genes, or
inversion).
Construction of XcI857St68h80dgndhis.To

facilitate making lysates, we introduced into
the $Odgndhis the lambda mutation c1857
(28), which specifies temperature-sensitive re-
pressor. We also put in the lambda mutation
St68 (10) which (i) prevents lysis of the host and
thus allows increased amounts of phage gene
products to accumulate in induced cells, and
(ii) eases the construction of defective lysogens
by preventing phage release and secondary
infection. With 080dara (S. Gottesman, Ph.D.
thesis, Harvard Univ., Cambridge, Mass.,
1970), and 480dpfkA (A. T. E. Morrissey, Ph.D.
thesis, Harvard Univ., Cambridge, Mass., 1971)
heat-inducible, lysis-defective derivatives had
been difficult to obtain in a single vegetative
cross with XcI857St68h80. We therefore used a
two-step procedure (S. Gottesman, Ph.D. the-
sis, Harvard Univ., Cambridge, Mass., 1970)
first forming the hybrid-defective phage
Xh8Odgndhis and then introducing the other
lambda mutations (Fig. 5). The defective lyso-
gen RW115 (48Odgndhis) was infected with
Xh80, and the lysate was used at low MOI (10-2
to 10-4) to transduce strain RW75 to growth on
gluconate-minimal medium at 42 C. The effi-
ciency of transduction was 10-6. Three of 44
transductants (e.g., RW130) from the highest
dilution plates proved to be double lysogens
carrying both Ah80 and Ah8Ogndhis: (i) they
were sensitive to 480c (and thus lacked d80
immunity); (ii) when induced with ultraviolet
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A J att N imm oO P Q S R
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RW134 __

FIG. 5. Construction of XcI857St68h8Odgndhis. To show homology, $0 genes are named like analogous X

genes.

light all gave phages which formed plaques on

080 lysogens and nonlysogens at the same

frequency, but did not plaque on a Xh8O lyso-
gen; (iii) the lysates all transduced strain
RW84 to growth on gluconate at 42 C (e.g.,
strain RW159) at low MOI at efficiencies of 5 x
10-5. That is, they were HFT's for gnd and his.
No transductant from this cross was singly
lysogenic for Xh8Odgndhis, since all gave active
phage upon induction.
One of the double lysogens (strain RW159)

was induced with ultraviolet light and infected
with XcI857St68h80 (MOI of 3); the lysate was

used to transduce RW84 (MOI of 10-2 to 10-4)

to growth on gluconate at 30 C. Of 148 trans-
ductants purified from the selective medium, 47
were unable to grow on this medium at 42 C,
and thus contained XcI857 and not XcI+. All 33
of 33 that were heat induced in LB broth failed
to lyse in 4 h [whereas a control, RW84,
lysogenic for XcI857h80(S+) lysed in 90 min],
but when then treated with chloroform, they
gave lysates which were HFT for both gnd and
his. These HFT's contained a phage which
formed plaques on M182 (a Xi434 lysogen whose
S+ function is transactivated by the superin-
fecting phage) but not on the nonlysogenic
strain CA8000. The 33 transductants (e.g.,

phage cross I

f+8Sdgndhis

WhS

RWI30, RWIS9

phage cross 2
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strain RW134) were therefore lysogens carrying
both XcI857St68h80 and XcI857St68h8Odgndhis.
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