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ABSTRACT

The transposable ietracycline resistance element, Tnf0, can serve as a
region of homology to promote rec-dependent deletion, duplication and directed
transposition of bacterial genes. Tn70 insertions in regions of the chromo-
some near the histidine operon (kis) have been isolated and characterized in
Salmonella typhimurium. When strains are constructed containing two Tnf0
insertions flanking the Ais operon in the same orientation (Tnf0-his-Tn10),
recombination can occur between Tnf0 sequences resulting in the deletion of
the intervening Ais region. The sites of the Tnf0 insertions determine the
endpoints of the deletion. In crosses designed to construct strains carrying
Tn10-his-Tn10, another class of unstable recombinants arises in which the
his region exists in tandem duplication, with a Tn/0 insertion joining the
duplicated copies (his-Tn?0-his). The sites of the parental Tnf0 insertions
mark the endpoints of the duplication. When a strain carrying Tn10-kis-Tn10
is used as a donor of AisTt in conjugation or P22-mediated transduction, recom-
binants can arise in which the his region has been transposed to the site of
any TnZ0 insertion, far from the normal location of his in the recipient
chromosome. In this manner, the Ais operon has been moved to the site of a
pyrB::Tn10 insertion and has been placed on F’ plasmids. At these new loca-
tions, the Ais+ character shows the rec-dependent deletion of hist+ expected for
a Tn10-his-Tn10 duplication. These methods should be generally useful for the
manipulation of bacterial genes.

TRANSPOSABLE genetic elements offer many new methods of analysis to

the bacterial geneticist (KLECKNER, RoTH and BorsteIN 1977; FAELEN et al.
1977; CasApABAN et al. 1977; CuumLEY, MENzEL and Rota 1979). The trans-
posable drug-resistance elements, such as TnZ0, have been particularly useful
(KLEckNER ef al. 1975). This paper describes the use of Tn70 as a region of
homology (1) to catalyze the formation of deletions and duplications with pre-
determined endpoints, and (2) to direct the transposition of genes of interest to
sites far from their normal location. These chromosome rearrangements serve as
new tools for manipulation for the bacterial chromosome and are also interesting
demonstrations of the kinds of genetic events that transposable elements might
promote during bacterial evolution.

Genetics 94: 1~-14 January, 1980.
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TABLE 1
Bacterial strains used in this study
Strain Genotype Method Recipient Donor
TT460  pyrB692::Tni0 H LT2 NK337
TT513  zee-2::Tni0 T hisOG203 Pooled random
Tn70 insertions
TT580  hisO1242 hisDC2236 zee-1::Tn10 T hisO1242 NK397
hisDC2236
TT627  sirAl pyrC7/F'ts114 lact zzf-20::Tn10 (CrumLEY, MENZEL and Rotu 1979)
TT1704 his-9533 (H. M. JouNsTON)
TT1708 ara-9 argl537 leuD798 fol-101 proAB47/ (C. F. Brck)
F'71-56-14 pro+ lacl? (I+ Z+)
lacl475:: Tn10
TT1769 pyrBé692::Tn10 argl537 his-9533 T TT1704 TT1768
TT1770  zee-1::Tn10 hist zee-2::Tnf0 T TT580 TT513
TT3227 his-9533 strAf recAl C TT1704 TR2246
TT3606 (hisO1242 hisDC2236)Tni0(his+) (A T TT580 TT513
duplication of this Ais region formed
by recombination between zee-2:: Tnf(
and zee-1::Tn10)
TT3607 zee-1::Tn10 (hist) zee-2::Tnl0/F'ts 114 C TT1770 TT627
lact zzf-20::Tni0
TT3608 hisIE640 proAB47 sri-201 strA1/F'ts 114 o TR5128 TT3607
lact zzf-20:: (Tn10-his+-Tn10)
TT3609 his-9533/F'ts 114 lac+ zzf-20:: (Tn10-his+- C TT1704 TT3608
Tn10)
TT3610 hisIE640 proAB47 strAl recA1/F'ts 114 C TR5127 TT3609
lact zzf-20:: (Tn10-his*+-Tn10)
TT3611 pyrB692::(Tn10-his+-Tn10) argl537 T TT1768 TT1770
his-9533
TT3612 pyrB692::Tn10 argl537 his-9533 (Tni0-hist- T TT1768 TT1770
Tn?0; his operon integrated at unknown
location via Tn/0-directed transposition)
TT3613  his-9533 strAl ' C TT1704 TR2246
TT3614 his-9533/F'71-56-14 pro+ lacl®! (I+ Z+) C TT1704 TT1708
lacl475::Tn10
TT3615  his-9533/F'71-56-14 pro+ lacI®! (I+ Z+) T TT3614 TT1770
lacl475:: (Tn{0-his+-Tn10)
TT3616  his-9533/F'71-56-14 pro+ lacl9* (I+ Z+) T TT3614 TT1770
lacl475:: (Tn10-his+-Tn10)
TT3617  his-9533/F'71-56-14 pro+ lacl? (I+ Z+) T TT3614 TT1770
lacl475:: (Tn10-his+-Tn10)
TT3618 Hhis]E640 proAB47 strAl recA1/F'71-56-14 C TR5127 TT3615
prot lacl9t (I+ Z+) lacl475:: (Tn10-
hist-Tn10)
TT3619 hisIE640 proAB47 strAf recAl/F’'71-56-14 C TR5127 TT3616
prot lacl9t (I+ Z+) lacl475:: (Tn10-
hist-Tn10)
TT3620 hislE640 proAB47 strAf recA1/F'71-56-14 C TR5127 TT3617
prot lacl9t (It Z+) lacl475:: (Tni10-
his+-Tn10)
TR2246 HfrB2 recA? strAl metA22

(J. WYCHE)
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Strain Genotype Method Recipient Donor
TR5050 hisIE640 proAB47 srl-201 (J. Rorur)
TR5127  hisIE640 proAB47 strA1 recA1 C TR5050 TR2246
TR5128  hisIE640 proAB47 strA1 srl-201 C TR5050 TR2246
NK337  leu-414 sull+ (P22 c21529 12- 4, x4, (KLECENER, et al. 1975)
13"y mm101 i3 TC10)
NK397 zee-1::Tn10 (N. KLECKNER)

All strains are derivatives of Salmonella typhimurium L'T2. Strain numbers and full genotypes
are listed. The column headed “Method” refers to the genetic manipulation involved in the
isolation or construction of the strain. “H” indicates rec-independent transposition (KLECKNER
et al. 1975), “T” indicates P22-mediated transduction and “C” indicates bacterial conjugation.
Where the method of formation and parent strains are not given, a reference or source for the
strain is entered.

The ability to transpose interesting genes to predetermined locations opens
several lines of inquiry, including the possibility of bringing unrelated genes
close together, with the further purpose of forming operon fusions that can be
useful to studies of gene regulation (reviewed by Frankrin 1978 and Bassrorp
et al. 1978). The structure Tnf0-his-Tn?0 provides a simple means of transpos-
ing the Ais operon to preselected sites, where it will be integrated in a predeter-
mined orientation with respect to neighboring regions of the chromosome. This
method should permit directed transposition of any bacterial genes.

Although the work described here has been done in Salmonella with the his
operon and Tnf0, similar results could reasonably be expected with other bac-
terial systems and other transposable elements. L. GuarenTE and T. SiLHAVY
(in preparation) have recently used a Tn5-malK-Tn5 donor to mediate trans-
position of the malK gene in E. coli. Gene transposition directed by transposon
homology also bears some similarities to the methods of FAELEN and ToussaiNT
(1976) and CasapaBan (1976), which rely on phage Mu homology to transpose
genes in E. coli.

MATERIALS AND METHODS

Bacterial strains: Table 1 lists the numerical designations, full genotypes and sources or
derivations of the strains used for this study. All strains are derived from Salmonella typhimu-
rium LT2.

Media: Difco nutrient broth (NB, 8 g/1), with NaCl added (5 gl/), was used as rich medium.
The E medium of Voser and Bonner (1956), containing 29 glucose, was used as minimal
medium. To select for growth on lactose as sole carbon source, the NCE (modified E) medium
described by Berrkowrrz et al. (1968) was used, supplemented with 0.29 lactose, final concen-
tration. Medium was solidified as required by the addition of Difco agar, 1.5% final
concentration.

The following additives were included in media as required (final concentrations are given):
tetracycline (Sigma Chemical Co.; 25 pg/ml in rich medium or 10 pg/ml in minimal medium),
streptomycin sulfate (Sigma Chemical Co.; 2 mg/ml), histidine (0.1 mm), proline (2 mm),
arginine (0.6 mm), uracil (0.1 mm) and leucine (0.3 mm).

Lactose tetrazolium indicator plates (Lac TTC, LeperBerGc 1948) contained, per liter, 23 g
Difco nutrient agar, 1 g NaCl, 50 mg Difco Bacio-TTC and 50 ml of a filter-sterilized 20%
lactose solution, added after autoclaving the other ingredients.
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Transductional methods: Bacteriophage P22 containing the mutations HT105/1 (ScHMIEGER
1971), which causes an increased frequency of generalized transduction, and int-20/ (ANDERsON
and Rotm 1978), which prevents stable lysogen formation, was used for all transductions. Phage
were grown on donor strains as described by Scorr, Rorr and ArTtz (1975). In most crosses,
phage and bacteria were mixed directly on selective media. When tetracycline resistance (TetF)
was selected, phage and bacteria were mixed and preincubated for 30 min in a nonselective
liquid medium before plating on tetracycline-containing medium, Transductant clones were
purified and made phage free by streaking alternately on rich and selective media.

Conjugational methods: Plasmid donors were grown selectively to full density in liquid
medium and then diluted 1:50 into nutrient broth. These cultures were then grown with shaking
for two to four hours, generally at 37°. Strains containing F’ts114 lact+ (Jacop, BRENNER and
Cuzin 1963; CuziN and Jacos 1967) were grown at 30°, and subsequent matings were also
performed at 30°. Recipients were grown in NB. Donor and recipient were mated on plates,
either by cross-streaking or by mixing drops of each and streaking from that spot. As controls,
donor and recipient were plated alone. When streptomycin resistance was selected, the best
results were obtained when donor and recipient were first mated nonselectively on an NB plate
for several hours and then replica printed to selective medium.

Determination of genetic instability: To determine the stability of the His+ phenotype of
relevant strains, tubes containing 2 ml of liquid NB were inoculated with single colonies picked
from plates containing no histidine. These cultures were grown to full density, with shaking,
usually at 37°; 0.1 ml of a 10-8 fold dilution was then spread on an E plate containing 1/20
the normal histidine concentration. On these plates, His~ bacteria form easily recognizable
small pale colonies with a charactaristic peak in the center. Presumptive His~ segregants were
picked from low-histidine plates, transferred to fully supplemented E plates and replica printed
to determine the full phenotype. To determine the stability of the His+ phenotype in stains
carrying F'ts114 lac™, this same procedure was followed, but all operations were performed at
30°. The stability of the F'tsi14 lact plasmid itself was determined by growing plasmid-
containing strains selectively at 30°, diluting 10-3-fold into nutrient broth, growing them to
full density at 42° and then plating for single colonies either on Lac TTC plates or on low-
histidine plates, when the Ais genes were thought to be integrated into the plasmid.

Genetic nomenclature: We have generally followed the nomenclature conventions for inser-
tion mutations suggested by CamperL et al. (1977) and by Cmumrey, Menzer and Rorm
(1979). However, the genetic rearrangements described in this paper present some new nomen-
clature problems. For example, the Tn70 element that joins the tandem kis copies in the dupli-
cation strain shown in Figure 1b is a “hybrid” consisting of the “left” end of the insertion,
zee-2::Tn10, and the “right” end of the insertion, zee-1::Tnff. (zee-1::Tn10 and zee-2::Tn10
are insertions near the Ais operon that do not affect any known gene; for a discussion of this type
of nomenclature, see CHUMLEY, MENzeL and Rorm 1979.) This join-point Tnf0 insertion
should not be named either zee-1::Tnf0 or zee-2::Tnf0, and its position cannot be related to the
wild-type Salmonella chromosome in any simple way. Naming the endpoints of the duplicated
segment also presents a problem, as they are unmarked and can be known only as the sites in
which zee-7::Tnf0 and zee-2::Tn10 are carried by strains that contain those insertions, For the
sake of simplicity, we have chosen to represent the genotype of the strain shown in Figure 1b
as hisDC2236-Tn10-his+, but one should be aware of the complexities of this structure, as well
as possible differences from similar genetic rearrangements that may be formed in crosses
involving other parental insertion mutations.

Similar problems exist in naming structures such as that in TT3611, which carries the his
operon transposed to the pyrB locus. Since the Ais region has been integrated via Tn10 homology
into an allele of pyrB (i.e., pyrB692::Tu10), which had previously been named in accordance
with accepted practice (DEmEREC ef al. 1966; CampreLL ef al. 1977), we have preserved the
numerical identity of that allele, indicating that the inserted material has become more com-
plex. For example, pyrB692::Tnf0 following transposition becomes pyrB692::(Tn10-hist-
Tn10). This seems a particularly suitable designation since this structure, when carried in an
otherwise wild-type genetic background, must exist in equilibrium between the two states:
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Ficure 1.—Recombination events leading to the formation of Tnf0-kist-Tnf0 (Figure 1a)
and his-Tn?0-his (Figure 1b). The donor strain is TT513 (which is his+ and carries zee-2::
Tni0), and the recipient is strain TT580 (AisDC2236 zee-1::Tn10). The Tn10 insertions in the
donor and recipient have the same orientation (orientation “A”), as determined by Tn70-
directed Hfr formation (CaumLey, MENZzEL and Rorr 1979). His*+ transductants are selected
on E minimal medium, as described in mATERIALS AND METHODS. In Figure 1a, recombination
events one and three yield a Hist transductant that contains both zee-2::Tn70 and zee-1::TnZ0.
Events one and four, two and three, or two and four will produce His+ transductants that con-
tain either of the Tn70 insertions alone or neither of the Tn7( insertions. In Figure 1b, unequal
recombination between Tn70 elements yields His+ recombinants that contain two copies of the
his region joined by a single Tnf0 element.

pyrB692:: (Tn10-his+-Tn10)<>pyrB692::Tn10 4 circular fragment.

As discussed in mesuLts, the transposed material in such rearrangements will be integrated
at the target Tnf0 insertion in an orientation with respect to flanking regions determined by
the orientation of the three Tnf0 insertions involved in catalyzing the transposition. In some
connections it will be important to know this orientation, and we would suggest that where the
transposition involves integration into the bacterial chromosome or into bacterial genes carried
on a plasmid, the transposed genes should be listed in the order in which they would actually
be encountered tracing along the chromosome in a clockwise direction [i.e., lacI475::(Tn10-
hisEIFAHBCDGO-Tn10)7]. Tn10 insertions can be assigned either an “A” or “B” orientation
(Crumirey, MENnzEL and Rote 1979); when required, this orientation could be indicated in
parentheses following the Tnf0 designation [i.e., #isC8556:: Tn10(B)].

The nomenclature for the plasmid carried by TT1708 (F'71-56-14 pro~+ i1]i+ z+|) is that
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of MitLeEr-Hirn and Kania (1974) and Brake ef al. (1978), who have described this plasmid
and characterized the fused lacl-lacZ protein.

RESULTS

Construction of Tn10-his-Tn10 and his-Tn10-his: To construct a strain in
which the Ais region is closely flanked by direct repeats of Tn?0, P22 phage was
grown on TT513, which is Aist and carries a hisO-side Tn70 insertion in the
“A” orientation (CmuMLEY, MENZzEL and Roru 1979). This strain was then
used as a transductional donor in a cross with TT580, selecting Hist recom-
binants. TT580 contains a AisDC deletion and a hisE-side TnZ0 insertion, also
in the “A” orientation. Figure 1a diagrams this cross; the recombination events
that must occur to yield a Tn?0-his-Tn?0 transductant are events 1 and 3. Other
recombination events could occur to yield His* transductants that inherit either
of the Tn70 insertions alone or neither Tn70 insertion. We expected to identify
Tn70-his-Tnf0 transductants as His+ Tet® recombinants that were unstable
for the His* phenotype. The results of the transduction are reported in Table 2.
The stability of Hist in His+ Tet® recombinants was determined as described
in MATERIALS AND METHODS. The frequency of His™ segregants was about 0.5%
in all unstable isolates, while no His~ segregants were detected from other recom-
binants tested (a frequency of less than 0.05%).

The His~ segregants from unstable isolates were examined for Tet® by replica
printing to rich medium containing tetracycline. We discovered that the unstable
His* Tet® isolates indicated in Table 2 fell into two classes. Some of the unstable
isolates (Class 1) yielded only His~ Tet® segregants. The other unstable isolates
(Class 2) yielded mostly His~ Tet® segregants along with some (109 or fewer)
His~ Tet® segregants. The segregation properties of Class 1 isolates are consistent
with expectations for strains carrying Tn70-his-Tn70, as shown in Figure 2. The
behavior of Class 2 isolates (giving rise primarily te His~ Tet® segregants)
suggested the formation of some other unstable his* structure.

To further characterize Class 1 and Class 2 isolates, we mapped the Ais~ defect

TABLE 2

Results of transduction experiment yielding Tn10-his-Trn10 and his-Trn10-his recombinants

Fraction Unstable Unstable
of tested recombinants recombinants
Fraction of His*  His* recombinants yielding yielding
His* His- recombinants that that are His~ TetB His~ TetS
donor recipient are TetR (a) unstably His* (b) segregants (c) segregants (d)
TT513 TT580 43/50 7/24 3/7 4/7
(z0e-2::Tn10)  (hisDC2236
zee-1::Tn10)

Hist recombinants were selected as described in maTeriaLs AND MeETHODS. (a) Randomly
choszn Hist transductants were checked for Tet® by replica printing. (b) Hist+ Tet® transduc-
tants were examined for instability of Hist, as described in materiaLs anp METHODS. (¢) These
isolates yielded His~ segregants, all of which were Tet®. (d) These isolates yielded His~ segre-
gants, most of which were TetS.
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Ficure 2.—Recombination between Tn70 sequences flanking the histidine operon in Tn70-
his+t-Tn?0 results in the deletion of the entire his region and the production of a circular
chromosome fragment containing the his operon and a single TnZ0 element.

in the segregants, using them as recipients in transductions, and selecting His+
recombinants with various his~ point mutants as donors. All the his~ segregants
arising from Class 1 isolates mapped as deletions of the entire his operon (five
were tested). We concluded that Class 1 transductants (for example, TT1770)
have the structure Tn?0-his-Tn10. Further deletion-mapping crosses confirmed
the presence of the two Tn0 insertions (zee-1::Tn10 and zee-2::Tn10) in Class
1 isolates. (Putative TnZ0-his-Tnl0 isolates were used as kis+ donors in trans-
ductions with recipients containing his deletions extending varying distances
beyond either end of the Zis operon; the frequency of Tet® was scored in the
crosses.) All the his~ segregants arising from Class 2 isolates mapped as dele-
tions of the AisD and hisC genes (10 were tested). These ten segregants carry
a deletion mutation indistinguishable from hisDC2236. This suggests that these
transductants have two copies of his region (hisDC2236 and hist) with an inter-
vening Tn70 element. Strain TT3606 is an example of this duplication class,
which arises from the unequal crossing over events shown in Figure 1b.

The relatively rare His~ Tet® segregants obtained from strains carrying
hisDC2236-Tn10-hist are somewhat surprising because recombination events
between the his regions producing His™ haploid segregants should result only in
a Tet® phenotype. Two explanations of the Tet® segregant class suggest them-
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selves. First, these segregants may still carry the Ais duplication, with AisDC2236
in both copies (hisDC2236-Tn10-hisDC2236). Such homozygosity for AisDC2236
could arise through any of several types of recombination events. A second possi-
bility is that the His~ Tet® segregants might carry new his deletions generated
by the joint-point Tn70 insertion (CuAN and BorsTeEIN 1972; KLECKNER, REICH-
ArpT and BotsTEIN 1979). This would seem likely only if the frequency of dele-
tion generation by the “hybrid” join-point Tn70 insertion were enhanced rela-
tive to a normal Tn70 insertion (see Section F' in MATERIALS AND METHODS).

“Levitation” of the his operon: The recombination events predicted in Figure
2 suggest that the homologous Tn?0 sequences flanking the Ais region in Tn10-
his-Tn10 should provide a means for transposing the Zis genes to the site of some
other Tn70 insertion, where they can be integrated by a single crossover between
the Tn70 element in the circular fragment represented in Figure 2 and the target
Tn70 element. The integration process would essentially be the reverse of the
events shown in Figure 2. We have used this scheme to isolate a strain in which
the Ais operon has undergone translocation from the chromosome to the F” plas-
mid, F"ts114 lact (Jacos, BRENnER and CuziN 1963; Cuzin and Jacos 1967).
We have designated this process gene levitation. (This transposition can also
occur without a circular intermediate; see Scamin and Rora 1980.)

F'ts114 lact, carrying the Tn10 insertion zzf-20::Tn70, was transferred from
TT627 into TT1770, selecting Lac* at 30°. (Wild-type S. typhimurium has no
genes for lactose utilization.) The resulting strain, TT3607, contains three TnZ0
insertions and has the genotype, zee-1::Tnf0 (hist) zee-2:Tn10/F'ts114 lact
2zf-20::Tn10. To determine whether any individuals in the culture of TT3607
carry the his operon levitated into F’is114/ac*, this strain was mated with a
his~ SmF recipient (TR5128), selecting for transfer of either Lac* or Hist, as
described in MATERIALS AND METHODS. Under conditions where 2000-3000 Lac+
transconjugants were obtained, only seven His* transconjugants appeared.
These His* isolates were purified by streaking alternately on rich and selective
media, and they were then examined for other genetic characteristics. All seven
isolates were His* Tet®, but six proved to be Lac-, while one was Lac*. In sub-
sequent conjugation with TT1704 (which carries a deletion removing the entire
his region), the six His* Tet® Lac- isolates failed to transfer any markers, while
the single His™ Tet® Lac* isolate transferred Tet® Lact simultaneously upon
selection of transfer of Hist. This single Hist Tet® Lact isolate, TT3608,
was presumed to contain an F’ts114 Jac* plasmid carrying the complex insertion,
zzf-20::(Tni0-hist-Tn10).

The plasmid was then transferred from strain TT3609 into the Ais~ recA~
strain, TR5127, selecting HisT transconjugants. (TT3609 was chosen as a repre-
sentative transconjugant from this mating.) The six nonfertile His* Tet® Lac-
isolates may have arisen through standard recombination events following
transfer of the Ais region from TT3607 due to Tn70-directed Hfr formation
(CauMLEY, MENzEL and Rota 1979).

To learn more about the structure of the putative F” his plasmid, the stability
of the his*t marker was determined following growth at 30° or 42°; both rec+
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(TT3608) and rec- (TT3610) strains were tested. The results of this experi-
ment are shown in Table 3. All His~ derivatives isolated at 30° from the rec*
strain, TT3608, remained Lact and Tet® (26 were tested). These segregants
presumably arose by excision of Tn?0-kis-Tn10 from the F’ lac Tnf0 plasmid.
All His™ derivatives isolated from TT3608 at 42° were His~ Lac~ Tet® and seemed
to have lost the entire plasmid. This behavior is expected since any genetic mark-
ers carried on the F'ts114 lact plasmid should be lost with very high frequency
during growth at 42°, owing to the inability of the plasmid to replicate at high
temperature. All segregants from the rec strain (TT3610) were also His™ Lac-
Tet® and had lost the entire plasmid; apparently the rec- mutation prevents
excision of Tn?0-hist-Tn10.

These results are strong evidence that the structure of the plasmid carried by
TT3608, 3609 and 3610 is ¥’'ts114 lact zzf-20::(Tnl0-his*-Tn10). The differ-
ence in the frequency and properties of His~ segregants derived from TT3608
(rect) and TT3610 (recA-) indicates that recA function is essential for the
Tnf0 X Tn0 recombination events that give rise to His~ segregants from the
structure Tnf0-Ahis-Tn?0.

Strains carrying Tnf0-his-Tn10 in the chromosome yield His~ segregants at
a frequency of about 0.5%, (reported above). As seen in Table 3, the same Tn10-
his-Tn10 structure is 30-fold less stable on an F’ plasmid than in the chromo-
some. This pattern has held true for other Tn70-directed transpositions of Ais
reported below. The significance of this observation is not immediately appar-
ent. Intramolecular Tn70 X Tn/0 exchanges might occur more frequently in
an F’ plasmid, or perhaps the plasmid copy number enhances the frequency of
unequal Tn70 X Tn10 exchanges of a type resulting in one recombinant plasmid
with the complex insertion zzf-20::(Tni10-hist-Tn10-his*-Tn10) and another
(his™) plasmid with the simple zzf-20::Tn70 insertion.

Transposition of the his operon mediated by generalized transduction: When
phage P22 is grown on a strain containing Tn?0-Ais-Tn10 and used as a donor
of his* in generalized transduction, recombinants can arise in which the Ais
genes have been integrated at the site of a Tn70 insertion resident in the recipient

TABLE 3

The effect of incubation temperature and recA function on the stability of the Hist
phenotype in strains carrying the his genes on F'ts114 lac.

Frequency of His~ segregants
i following growth in NB at
Strain and genotype 30° or 42°
TT3608: hisIE640 proAB47 strAf rect/F'ts114 lact+ 159 (37002) 999, (250)
2zf-20:: (Tn10-his+-Tn10)
TT3610: hisIE640 proAB47 strAl recAl/F'ts114 lac+ 0.19% (3400) 75% (200)

2zf-20:: (Tn10-his+-Tn10)

The frequency of His~ segregants was determined as described in MATERIALS AND METHODS.
(ix) The numbers in parentheses indicate the total number of colonies examined on low-histidine
piates.
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genome. Using this transductional method, the Ais operon has been transposed
to the site of a pyrB::Tn70 insertion, producing the complex insertion, pyrB::
(Tn10-his*-Tn10).

Strain TT1769 contains the large deletion Ais-9533, which removes the ent're
his operon and so much of the neighboring chromosomal regions that it cannot
be repaired in P22-transduction by a single hist transduced fragment (H. M.
JounsTON, personal communication; F. CHuMLEY, unpublished). Strain TT1769
also contains the linked mutations pyrB692::Tn70 and argl537. Transducing
phage was grown on donor strain TT1770 [zee-1::Tun10 (hist) zee-2::Tni0]
and mixed with recipient strain TT1769, selecting His+ transductants. His*
recombinants, all of which remained Pyr- Arg- Tet®, were recovered at a fre-
quency of 2.4 X 107 per plaque-forming unit. This frequency is 10%- to 103-fold
less than the frequency of transduction for a simple Ais~ point mutation. When
LT2 was used as a Ais* donor, no His* recombinants were detected (a frequency
of less than 7 X 10~ His+ transductants per plaque-forming unit). Ten inde-
pendent Hist transductants were chosen from the cross with TT1770 as donor,
and these transductants were further analyzed for the stability and map position
of the Ais genes.

These His* transductants fell into two classes. Eight of the ten transductants
(Class 1) segregated His™ individuals at a frequency of about 0.59%, while the
two remaining isolates (Class 2) did not segregate His~ individuals at a detectable
rate (less than 0.059%). In subsequent transduction crosses, the his* marker in
Class 1 isolates behaved as an allele of the pyrB locus. That is, all recombinants
made pyrt by transduction became simultaneously His~ and Tet® (indicating
that the pyrB692::(Tni0-hist-Tnf0) insertion was displaced). Furthermore,
609 of arglt transductants also became Pyr* His~ Tet®, while 409, remained
Pyr- His*+ Tet®. This distribution reflects the normal argl/-pyrB transductional
linkage (Syvanenx and Rorr 1972). Class 2 isolates showed no such association
of pyrB and his. It is apparent, then, that Class 1 isolates (such as TT3611)
carry the insertion pyrB692::(Tn10-hist-Tni10), while Class 2 isolates (such
as TT3612) carry the his genes at some other location.

Although we have not investigated Class 2 isolates further, they probably con-
tain the his genes integrated in residual TnZ0 homology known to be associated
with the Ais-9533 deletion in the recipient strain TT1769 (F. CHUMLEY, unpub-
lished). This deletion was generated by zee-7::Tn10 (H. M. JoHNsTON, personal
communication; H. M. Jounston and J. R. Rota 1979). In the absence of any
Tn?0 insertion resident in the chromosome, a rect strain containing his-9533
(TT3613) can still undergo his* transduction with TT1770 as donor at a fre-
quency reduced about ten-fold to 2.6 X 10~® transductants per plague-forming
unit. If recA function is eliminated (using TT3227 as recipient), the frequency
falls to an undetectable level, less than 1 X 10-%°. It seems possible that the struc-
ture Tn70-his-Tn10 might give rise to one or more kinds of new transposable
elements that include the Zis operon and are able to insert into the chromosome
through a rec-independent process. Efforts to detect such illegitimate transpo-
sition of Ais have thus far proven unsuccessful (F. CEuMLEY, unpublished).
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Translocation of the his operon to an F’ plasmid by generalized transduction:
Relying on the transductional method for integrating the Ais genes at novel sites,
we have placed the his operon on an F'lac plasmid, where it was integrated into
a lacl::Tn10 insertion. The recipient (TT3614) contained the large deletion
his-9533 and an F’lac plasmid with a deletion fusing the lacl and lacZ genes
(shown in Figure 3). This plasmid was derived from 128 pro* argF+* lac* by
MiuLLer-HiLt and Kania (1974), and its deletion was characterized by BRAKE
et al. (1978). A lacl::Tn10 mutation was introduced into this plasmid by C. F.
Brck (personal communication). The lac genes on this plasmid are not expressed
because of the presence of the lacI475::Tnf0 insertion; this insertion has two
effects. First the Tn70 insertion prevents transcription of lac by acting as an
absolute polar block on transcription initiating from the lacI®* promoter; since
the normal lac promoter is deleted, the polar block of the lacl::Tn10 prevents
lacZ transcription. Second, the TnZ0 insertion cleaves the fused lacl-lacZ gene,
removing the translation-initiation site (in lacl) from the remaining lacZ coding
sequences. By using this Tn70 insertion as a target for Tn0-directed transloca-
tion of Ais, it has been possible to integrate the his operon near the unexpressed
lacZ,Y and A genes.

A recipient strain carrying the ¥’ plasmid described above (TT3614) was
mixed with transducing phage grown on a donor strain carrying the structure
Tn10-his-Tn10 (TT1770); Hist+ transductants were recovered. Each of 30 of
these His+ transductants was mated with a pro- his- rec™ recipient (TR5127),
selecting transfer of Pro*. All 30 transductants transferred Pro+ efficiently (and
Tet® as well); 28 were discovered to have simultaneously transferred Hist,
which was unselected in the conjugation. This confirmed that most of these
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Ficure 3.—Derivation and structure of the F'71-56-14 plasmid carrying lacl475::Tn10.
Beginning with the F’ 128 pro lac plasmid shown in Figure 3a, MUrLER-Hirr and Kanra (1974)
isolated a derivative (Figure 3b) in which the lacl and lacZ genes are fused, producing a single
polypeptide chain with both lacl and lacZ activities. C. Beck (personal communication) intro-
duced the lacl475::Tn10 insertion into the remaining lacl sequences, generating the plasmid
represented in Figure 3c. The lacI475::Tn10 insertion prevents the expression of the lac coding
sequences remaining on the plasmid.
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transductants had inherited Ais* at a site on the plasmid. The stability of the
His+ phenotype was then examined in rect and rec™ isolates. In the rec* back-
ground (TT3615-TT3618), His~ segregants that remained Tet® were found at
a frequency of about 109, while in a recA~ background (TT3618-TT3620)
this frequency was decreased to less than 0.195. Based on this behavior and on
considerations presented below, we conclude that the F’ plasmid containing the
his transposition was formed as diagrammed in Figure 4.

It should be noted that, in all the foregoing transpositions and translocations,
the orientation of the integrated /Ais operon with respect to neighboring regions
is determined by the orientation of the target Tn70 insertion. If the orientation
of the lacl::Tn10 insertion in Figure 4 were reversed, the Ais genes would be
integrated in the opposite order with respect to the lac genes. On the plasmid
carried by strain TT3615, transcription initiating in AisO must proceed towards
the lac genes, because it has been relatively easy to isolate a large number of
derivatives of this strain in which the lac genes are expressed under the control
of the Ais operon (F. CuumMLEY and J. RoTH, in preparation).

DISCUSSION

Homologous recombination between Tn70 elements inserted at various points
in the bacterial chromosome or in bacterial plasmids can result in chromosome
rearrangements with useful genetic properties. We have used Tn70 homology
(1) to promote the formation of deletions and duplications with predetermined
endpoints and (2) to direct the rec-dependent transposition of bacterial genes
to sites far from their normal location. Tn70 insertions in or near almost any
gene of interest can be isolated with ease. It should be relatively straightforward
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Ficure 4—Translocation of the his operon to the F’ 71-56-14 plasmid carrying lacl475::
Tn?0. Using Tn0-his+-Tnf0 (strain TT1770) as a donor of Hist+ in P22-mediated transduc-
tion, a circular chromosome fragment containing the Ais operon and a single Tnf0 element may
form (see text). Recombination between the Tn70 sequence in this circle and lacI475::Tn10
integrates the his genes into the plasmid near the unexpressed lacZ, ¥ and A genes. The orienta-
tion of the integrated his genes is determined by the orientation of the Tn70 insertions involved.
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to extend these methods to bacterial genetic systems and transposable elements
other than those we have used.

In crosses designed to yield the genetic structure, Tnf0-his-Tn10, another
structure containing a his duplication, his-Tnf0-his, is formed with roughly
equal frequency, as described above. This probably reflects the lengths of the
regions available for recombination. The Ais region and the Tn70 elements both
represent large stretches of homology, so that the types of exchanges shown in
Figure 1a and 1b are equally likely. The facility with which duplications of the
type, his-Tn10-his, can be identified suggests a means of complementation test-
ing for bacterial gene clusters. Using the appropriate TnZ0 insertions in a trans-
ductional cross shown in Figure 1b, it should be possible to duplicate any chro-
mosomal segment. Working in this laboratory, L. Bosst (in preparation) has
successfully applied chromosomal duplications to the dominance testing of
frameshift suppressor mutations.

The directed transposition techniques described, either involving gene levi-
tation or transposition mediated by transduction, should be most useful for bring-
ing genes of interest into close proximity for the purpose of isolating operon
fusions (FRaNKLIN 1978; Bassrorp et al. 1978). As demonstrated in the accom-
panying paper (Scamip and Rota 1980), Tn70-directed transpositions of these
types can proceed via a circular fragment containing the Zis genes and a single
Tn10 element. Certainly, the structure of the region integrated at the target
site (Tnf0-his-Tn10) is consistent with such a mechanism. The lacl::Tn70
insertion carried in the compound lacl-lacZ gene on the F’ plasmid described
may provide an ideal and generally useful target for Tn70-directed transposition
for the purpose of fusing the lac genes to interesting foreign control elements.
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