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ABSTRACT

Genetic analysis of 131 independent transpositions of the tetracycline-
resistance element Tn/0 from a single site in phage P22 into the histidine
operon of Salmonella typhimurium reveals that Tn70 insertions are not ran-
domly distributed along this chromosomal target. The insertions occur in 22
different “clusters”; insertions within each cluster are very tightly linked in
recombination tests. Tnf0 insertions are not evenly distributed among the iden-
tified clusters. The existence of these clusters suggests that this chromosomal
target contains particular genetic signals that guide Tn70 to particular pre-
ferred positions for insertion. Insertions within each cluster occur in both
orientations with roughly equal frequency.———The relationship among differ-
ent insertions within each cluster has been examined. The resolution of genetic
mapping places an upper limit of about 50 basepairs on the distance between
different insertions within a cluster. Different insertions within a cluster usu-
ally have the same reversion frequency; however, heterogeneity in reversion
frequency has been detected in at least two clusters. For most clusters, the
available data are consistent with the simple possibility that all insertions
within a cluster are at identical positions; however, the data do not exclude
other possibilities.

PROKARYOTIC organisms contain a wide variety of translocatable genetic
elements. The mechanisms by which these elements move from one place to
another are not understood. Since each element translocates as a discrete, non-
permuted linear segment of DNA, it seems clear that translocation involves very
special sites at the ends of the element. Direct evidence that such sites are
required has been obtained for one element, Tn? (HerrronN et al. 1977). By
contrast, the translocation process seems generally to be much less specific for
particular sites on a DNA target. These and other properties of translocatable
elements are reviewed in detail elsewhere (Burmari, Suariro and Apaya 1977,
Kreckner 1977; StarLINGER and SAepLER 1976.)
The work described below concerns the mechanism of translocation of one
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particular element, the tetracycline-resistance element Tn/0 (KLECKNER et al.
1975; BorsteiN and KreceNER 1977). TnZ0 is 9300 basepairs in length, with
1400-basepair inverted repetitions at its ends. These repetitions may be intact
IS-like sequences (Cran 1974; Smare, Conrn and Davinson 1973; Ross, Swan
and KLECKNER in preparation). The specificity of Tn70 insertion for sites on a
well-defined DNA target was examined by isolating and analyzing genetically
131 independent transpositions of Tn70 from one site in bacteriophage P22 into
the 10,000-basepair histidine operon of Salmonella typhimurium.

The results of such analysis, presented below, show that Tnf0 insertions are
not randomly distributed along the histidine operon; rather, they occur as dis-
crete clusters of very tightly linked insertions. Twenty-two such clusters have
thus far been identified and mapped. Analogous results have been obtained by
Foster (1977) for Tn70 insertions in the lacZ gene. Tni0 insertions are not
evenly distributed among different clusters, but seem rather to occur prefer-
entially in certain “hot spots”. These and other results provide a detailed genetic
picture of the interaction between Tn70 and its target.

MATERIALS AND METHODS

Bacterial strains: All of the bacterial strains used in this work are derivatives of Salmonella
typhimurium LT2. Tnf0 insertions were isolated in three strain backgrounds: wild-type LT2
(obtained from J. Rorr); NK80, a hist edd- derivative of wild-type LT2 constructed by trans-
duction to his+ gnd+ of strain TR2932 (hisO1242 his2236 gnd- edd-) of J. Rorx; and DB47, a
recA1 prototrophic derivative of wild-type L T2 whose construction is described by BotsTEIN
and Marz (1970). These strains are all closely related, although not perfectly isogenic.

F'ts114 lact episomes containing Tn7( insertions in F (denoted zzf::TnZ0) were used for
chromosome mobilization experiments in Table 3. These episomes originated in a szr® pyrC7
host. Strains carrying zzf20, zzf21 and zzf22 are TT627, TT628 and TT629, respectively, were
provided by J. Rorx, and are described by KrecknNER, Rorr and BorstEin 1977 and CHuUMLEY,
Menzer and Rorm 1979. Episomes were introduced into Ais::Tnl@ strains by selecting for the
Lact phenotype of the episome and counterselecting the donor by requiring Pyr+.

HisG-deletion strains used for mapping experiments in Table 2 and Figure 3 were obtained
from J. RotH and are described by HorpE et al. 1978.

We are grateful to J. Rorr for providing us with the above strains and about half of the
insertions analyzed in this study, which were isolated in the course of other experiments in his
laboratory.

Bacteriophage strains: The P22 phage used for generalized transduction experiments was P22
int3 HT12/4. The int3 mutation (Smite and LeviNe 1967) guarantees the recovery of non-
lysogenic transductants by preventing phage integration; the HT12/4 mutation (SCHMEIGER
1972) increases the frequency of generalized transduction. The construction of this phage is
described in KLECENER et al. 1975.

The P22::Tn?0 phage used as a TnZ0 donor for isolation of all Ais:: Tnf0 insertions used in
this work is P22 Tc10:: Tn10 12- amN11 13- amH101 ¢21s29 int3. The construction and rationale
for use of this vehicle is described by Krecrwer, Rota and BorsTteIN (1977). Lysates of this
phage were made by induction of a suitable lysogen (NK337). This lysogen carries an amber
suppressor (sut79) and an amber mutation in the leucine operon (leuA414). Lysates were
made by growing NK337 to exponential phase in LB broth at 30°, raising the temperature to 40°
and then incubating with aeration for three hr. The culture was then lysed with chloroform;
debris was removed by centrifugation. Purified P22 baseplate parts were added as described
in IsraEL (1967). Phage particles collected by high-speed centrifugation, purified by centrifuga-
tion through a CsCl step gradient as described in Borstein (1968) and dialyzed to remove CsCl.
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These lysates contain few particles capable of producing a plaque on single infection, since
P22::Tn10 genomes are oversize and because int~ lysogens produce few viable phage in any
case (CHAN et al. 1972). Lysates do, however, contain normal numbers of particles, many of
which carry the Tnf0-containing portion of the P22-genome. Particle titer for these lysates was
determined by measuring UV absorbance at 260 nm; A,.,, =1 is equivalent to 5 X 1011 infec-
tive particles.

Media: LB medium (broth and agar) and M9 minimal agar are described by MrLLer (1972).
Green indicator agar is described by Cuan et al. (1972). Supplements were used routinely at
the following concentrations: glucose, 0.2%; amino acids, 20 ug per ml; histidinol, 400 pg per
ml; tetracycline hydrochloride (Sigma), 25 ug per ml; streptomycin, 500 ug per ml.

Green indicator plates containing tetracycline were used for the initial isolation of chromo-
somal Tn70 insertions after infection of a bacterial host with the P22 phage vehicle. Two kinds
of plates were used: green agar containing 25 ug per ml tetracycline and 0.01 m EGTA
[Ethylenebis (oxyethylenenitrilo) tetraacetic acid; Eastman] or green agar plates containing 50
pg per ml tetracycline and no EGTA.

Isolation of independent his:: Tr10 insertions: All insertions described in this paper were made
by adsorbing a lysate of NK337 (P22 712- 13- ¢21s int— Tn10; see Bacteriophage strains above)
to cells of the desired bacterial host that had been grown to 5 X 108 per ml in LB broth. Mixtures
were arranged so that the multiplicity of infection was approximately ten particles per infecting
cell. After 30 min at 37°, each mixture was plated on green indicator plates containing tetra-
cycline (see Media above). Plates were incubated at 40°; colonies were visible after 24 hr. After
36 hr, each plate was replica plated onto glucose minimal and LB agar plates, each containing
tetracycline. Auxotrophs were identified by comparison of the two plates, and histidine auxotrophs
were identified from these by further analysis. All of the His-tet® strains thus isolated contain
Tn10 insertions in the histidine operon by the criteria that His* revertants are tetracycline
sensitive and that the His~ phenotype is 1009 co-transducible with the tetracycline-resistance
phenotype.

Since the conclusions from this analysis depend critically on the independent occurrence of
each his:: Tnf0 insertion studied, care was taken to insure that this requirement was met. Many
independent mixtures of phage and cells were made, and only one Ais:: Tnf0 insertion was saved
from each adsorption mixture. If the translocation events giving rise to his::Tn70 insertions
occur after addition of phage to cells, this procedure guarantees that insertions from different
adsorption mixtures arose independently. Since P22 is a generalized transducing phage, there
was in principle the possibility that each of the insertions isolated actually derived from a trans-
location event that had occurred in the original NK337 lysogen and was simply being transferred
to the new recipient by generalized transduction. If this were the case, insertions obtained from
any one lysate would not be independent. In order to ensure that the nonrandom distribution of
his::Tn10 insertions obtained did not simply reflect the clonal origin of different insertions in
the donor NK337 strain, we obtained insertions from separate lysates made from independent
colony isolates of NK337, and we isolated approximately one third of all the insertions analyzed
using a recA- bacterial recipient. The insertions obtained under these various regimes were in-
distinguishable with respect to their distribution along the histidine operon; in all cases a large
proportion of the insertions mapped at the highly preferred position at the beginning of AisG,
and a comparison of the distribution of insertions obtained in recA+ and recA- shows that
insertions map at the same preferred position in both cases. We conclude that each of the inser-
tions analyzed is the product of an independent translocation event.

The isolation of insertions from a number of independent NK337 lysates also guards against
the possibility that any one lysate was for some reason atypical.

Transductional crosses: For all recombination tests, the following procedure was used.
Recipient strains were grown to a density of 5 X 108 cells per ml, from single colonies, in LB
broth. 108 recipient cells (0.2 ml) were mixed with 4 X 10° plaque-forming umits of a P22 int3
HT12/4 transducing lysate grown on the appropriate donor strain as described below. The mix-
ture of phage and cells was usually made directly on the selective plates, and the mixture then
spread. Plates were scored after incubation at 37° for 40 hr.
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Growth of transducing lysates: A stock of P22 int3 HT12/4 was grown in a strain carrying
an exiensive deletion of the histidine operon (NK455 — his3050 edd~) according to the procedure
of BorsteEIN and Matz (1970). This stock was used to prepare transducing lysates as follows:
The desired bacterial strain was grown to 3 X 103 cells per ml in LB broth; P22 int3 HT12/4
grown on NK455 was then added at a multiplicity of 0.8 phage per cell. The mixture was then
aerated at 37° for 120 min, chloroform was added, and the lysate treated as a normal phage
stock (Borstein and Marz 1970).

Chromosome mobilization tests: A series of his::Tn10/F'ts114 lact zzf::Tn10 strains were
constructed as described in Bacterial strains above. Each such strain was tesied for the relative
frequency with which it could mobilize either a lys* or a 7rp*+ marker by mating with a
lys—trp~SmR® recipient (NK686 = lys553 trp125::Tn10 str® spcR). Each his::Tn10/F:: Tn10
strain was grown to a single colony at 32° on minimal lactose histidine medium; such a single
colony was then grown overnight at 42° in the same medium to select for F'ts lac integration.
This overnight culture was then subcultured by diluting 1:100 in the same medium at 42° and
grown to 2 X 108 per ml with very gentle shaking. A suitable aliquot was then mixed with a
ten-fold excess of the lystrp— recipient, which had been grown to 5 to 8 X 108 per ml in LB
broth with aeration. The mating mixtare was incubated at 37° for three hr with gentle mixing
and then diluted and plated on selective plates. Plates were incubated for several days at 37°
and scored.

Calculation of reversion rates (Figure 4): Reversion frequencies per generation of his::Tnf0
insertions were calculated according to Luria and Dereruck (1943) using a method that makes
use of the average number of revertant bacteria per culture (r), the total number of bacteria
per culture plated (N,), and the number of independent cultures assayed (C). The relationship
between (r) and (alV,) is plotted for different values of (C) in Figure 1 of Luria and DELBRUCK
(1943). In the experiments described below, C =5; in practice, the value of (r) is deter-
mined by finding the average number of revertant bacteria in a sample of a culture and multi-
plying this average per sample by the ratio of the total volume of culture to the volume of the
sample by the ratio of the total value of culture to the volume of the sample. The values of
reversion rates obtained by this method are in fact somewhat higher than the true values; how-
ever, this method is adequate to document the variation in reversion rates among different
insertions.

RESULTS

Mapping of Tn10 insertions in the histidine operon: Tn10 insertions in the
histidine operon were identified among large numbers of auxotrophs generated
by translocation of Tn70 from the genome of bacteriophage P22 into the chromo-
some of Salmonella typhimurium 1.T2. The same P22::Tn70 phage was used as
donor for each of the insertions. Care was taken to insure that each insertion
resulted from an independent translocation event; in addition, several different
sets of insertions were isolated from several different lysates of this P22::Tn70
phage. Insertions were isolated in both recA* and recA- bacterial hosts. The
exact procedures for isolating independent Ais::Tn70 insertions are described in
the MATERIALS AND METHODS.

Each of the 131 Ais::Tn70 insertions analyzed was first assigned to one of the
known histidine structural genes by complementation tests against known his~
mutants on Ffus episomes. This procedure has been described previously
(KrecrNER et al. 1975). The distribution of these insertions among the several
genes in the operon is shown in Table 1. It reveals the nonrandomness with
which TnZ0 chooses insertion positions. For example, 57 insertions were isolated
in the %isG gene, a region of approximately 900 basepairs, while only five inser-
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Ficure 1.—Distribution of his::Tnf0 insertions among genetically defined clusters. Each ¥
represents a single cluster located in the indicated deletion interval. [] = insertion isolated in
recA+ host; P] = insertion isolated in recA- host.

*Data for deletion 2225 are from J. Rotn (personal communication).

tions were isolated in the AisB gene, a region of about 1900 basepairs (BRENNER
and AMEes 1971).

Insertions within each gene were then mapped against one another by pair-
wise crosses using P22-mediated generalized transduction. For insertions in most
genes, all possible combinations of pairwise crosses among different insertions
were performed. This approach was impractical in genes containing many
insertions. In these cases, each insertion was crossed against a representative
subset of insertions in the same gene. Representative data are shown in Table 2A.

These pairwise crosses distributed all of the 131 insertions into 22 groups.
Insertions within each group fail to recombine with each other to give Ais™*
recombinants above the reversion level of the recipient strain; insertions in any
one group will give his* recombinants with all insertions in other groups. Each
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TABLE 1

Distribution of Tn10 insertions among genes in the histidine operon

Size of gene* Number of Tn?0 insertionst
Gene (basepairs) recA+ recA- Total
o/pP 200 0 0 0
G 900 44 13 57
D 1100 20 6 26
C 1600 5 0 5
B 1900 3 3 6
H 1200 20 10 30
A 800 2 0 2
F 1100 2 0 2
I+E 1200 2 1 3
Total 10,000 98 32 131

* Based on estimates by BRENNER and AmEs (1971).
+ Insertions divided according 1o whether they were isolated in a recA+ or recA- host.

TABLE 2
Recombination tests: hisG::Tn10 X hisG deletion and hisG::Tn10 X hisG::Tn10

Number of Zis*+ colonies
hisG9424 hisG9464 hisG9436 hisG9463  hisOGDCBHAFIE

Recipient: Donor*: ::Tn?0 ::Tn10 ::Tn10 ::Tn?0 deletion 3050+
A. hisG::Tn10 insertions
hisG9458 13 5 322 570 23
hisG9461 1 3 214 182 3
hisG9462 2 4 303 344 4
hisG9463 361 215 1 0 0
hisG9438 0 1 303 607 1
hisG9455 14 11 217 237 9
hisG9443 5 1 96 398 10
hisG9445 3 0 171 281 2
hisG8666 0 0 155 91 1
B. deletions}
hisG8522 51,44 30,27 0,0 1,1 0,0
hisG8476 0,0 0,0 0,0 0,0 0,0
hisG8526 0,0 0,0 0,0 0,0 0,0

* Transductional crosses were performed as follows: Recipients strains were grown to a density
of 5 X 108 cells per ml from single colonies in LB broth. 108 recipient cells (0.2 ml) were mixed
with 4 X 10° plaque-forming units of a transducing lysate of P22 inz3 HT12/4 grown on the
appropriate donor strain, as described in MATERIALS AND METHODs. The mixture was usually
made directly on the selective plate and then spread. Selective plates were M9 salts supplemented
with glucose. Plates were incubated at 37° for 48 hr and then scored.

+ His-deletion3050 is a deletion of the entire histidine operon and adjacent regions. Transduc-
tions using this deletion as a donor are included as controls for determining the level of revertant
colonies in each recipient.

1 Endpoints of these deletions are indicated in Figure 2. hisG8522 is the closest deletion with
which hisG9424 and hisG9462 (and other deletions in that cluster) still recombine; hisG8476 is
the next longest deletion, extending just past the insertions at this cluster. hisG8526 is another
deletion that extends through the positions of all tested insertions in AisG.
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group was then mapped relative to the endpoints of known deletions in the histi-
dine operon by analogous recombination tests. The distribution of insertions
among these 22 groups and the locations of the groups along the operon are
shown in Figure 1.

For convenience, each group will be referred to as a “cluster”. The resolution
of the pairwise crosses that define these clusters is described below. The most
striking feature of the distribution shown in Figure 1, is that insertions are not
evenly distributed among the identified clusters. It would appear that some
positions might represent a kind of “hot spot” for Tn70 insertion.

The reality of the proposed clusters was verified by fine-structure mapping of
insertions in the AisG gene, taking advantage of the detailed genetic map of AisG
constructed by Hopre et al. (1979). This map is based on a collection of nearly
100 point mutations and 80 deletions; the map defines 40 deletion intervals in
hisG. Crosses were performed between each of the AisG::Tnf0 insertions and
appropriate hisG deletions; the results are shown in Figure 2. Representative
data are given in Table 2B. Each of the insertions maps unambiguously into one
of two nonadjacent deletion intervals. The resulting two clusters of insertions
are the same two clusters previously defined by pairwise crosses among insertions.

Two other comments can be made about the distribution of Tn70 insertions
shown in Figure 1. First, insertions isolated in a recA- host generally occur in the
same clusters as insertions isolated in recA™* hosts. Second, the clusters them-
selves may not be randomly distributed along the histidine operon. Fourteen of
22 recombination groups lie in one of two regions, either in the hisG/hisD region
or in a region including the end of gene B and the beginning of gene H.

hisG

| .

r 900 base pairs —,r
deletion Ll L1t ‘_l
intervals Illll[:l}lllllllli}I}HJI}}}{{}{JF%}}{{4}]’%1

I 1
I [
. |1 [
point g 2
mutants l1folgazz211112 31112141243643222 1 | 11111
TniO

insertions 00 00 O0{S30000000 0/4/00000000000000000000 000

hisG
deletions 8476 —» Lt 8496—
defining 8522 —— H—8509—»
critical 8498 —— “+—8510—
intervols —8499—» L-8516—»

Freure 2.—Distribution of point mutations and Tn70 insertions among the deletion intervals
in hisG as defined by Hoprk et al. (1979).
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Orientations of Tnl0 insertions at preferred positions: The mapping data pre-
sented suggest that Tn70 insertions in the histidine operon occur in clusters of
very tightly linked insertions. In order to probe the relationships among inde-
pendent insertions within each cluster, we determined the relative orientations
of Tn70 insertions in seven of the identified clusters by a genetic technique
diagrammed in Figure 3 and described in further detail elsewhere (KLECKNER,
Rorna and Borstemn 1977; CuumMLEY, MENZEL and Rora 1979.

When an F factor carries a sizeable stretch of sequences homologous to
sequences on the bacterial chromosome, Hir's will preferentially be formed by
integration of F wvia general recombination between these two stretches of
homology (Beckwith, Si6NER and EpsTtein 1966). Thus, when one Tn70 ele-
ment is present on F and a second element is present in the bacterial chromosome,
Hir’s will preferentially arise by recombination between the homologous Tn70
sequences. These Hfr’s will have their origin of transfer at the position of the
original Tn70 insertion in the bacterial chromosome, and the direction of transfer
will reflect the relative orientations of the two Tn70 insertions involved. Inte-
gration of a given F’::Tn70 derivative into each of two different Ais::Tn70 strains
will produce Hfr’s having the same direction of transfer if the two Ais::Tnf0
insertions lie in the same orientation, and Hfr’s having different directions of
transfer if the Tn/0 insertions are in opposite orientations.

In practice, the direction of transfer of Hfr’s resulting from ¥’ integration via
Tn70 homology is assessed by measuring the frequency with which markers on

TnlO in chromosome TnlO in chromosome
has orientotion 1 has orientation IT
. d c c d
F::Tnlo b b e
(Same F in both cases) £ a a £
_chromosome ::TnlO X X
T o o oy ) MN 2B pg wN BBy

Hfr formation

by homologous recombination
between the two TnlO's

—— o th—— & — el — —DC—>—O—
MN — a b cdef —m PQ MN e« fed cba « PQ

. . P, Q transferred early M, N transferred early

Hfr conjugation and at high frequency and at high frequency
properties: M, N transferred late P, Q transferred late
and at low frequency and at low frequency

Ficure 3.—Genetic determination of orientation of a chromosomal Tn70 insertion by means
of chromosome mobilization with F'ts114::Tn70.
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either side of the chromosomal Tn70 insertion are transferred by a cell popula-
tion containing many independently arising integrated F’ derivatives. Such a
population is obtained by using an Fts114 lact episome carrying Tn70. Since
Fts114 episomes are thermosensitive for F replication, one can select directly for
derivatives in which the F’ episome is integrated into the bacterial chromosome
simply by growing a culture of the desired his:: Tn?0/F'ts114 lact zzf::Tn10
strain at the nonpermissive temperature under conditions where the Lac* pheno-
type must be maintained (i.e., growth on minimal lactose histidine medium).
Such a preselected culture is then used as the donor population in a conjugational
mating.

This method was used to determine the orientations of 46 independently iso-
lated Ais::Tn70 insertions in the G, D, and C genes. These insertions included 12
from the highly favored cluster in: 4isG and all of the insertions at other positions
in these genes. Quantitative results for a number of AisG::Tnf0 insertions are
shown in Table 3, and the results for each of the insertions tested are summarized
in Table 4. The conclusion is clear: for every cluster containing more than one
insertion, insertions were found in both orientations.

Reversions of his::Tnl10 insertions: genetic heterogeneity among insertions
within certain clusters: A further probe into the relationship among Tn70 inser-
tions within a cluster is provided by reversion analysis. Each of the 131 Ais::Tn10
insertions analyzed thus far gives rise to hist revertants; reversion is accompa-
nied by loss of the inserted Tn70 element. This result further substantiates our
previous conclusions (KreckNER ef al. 1975) that insertion of Tn70 is usually
quite precise with respect to the DNA target, since the interrupted structural
gene can still be reconstructed in functional form in each of the 131 insertions.

Insertions in different clusters can give rise to revertants at frequencies per
generation varying from about 10-¢ to less than 10-*°; the distribution of rever-
sion frequencies (calculated as described in MATERIALs AND METHODs) for 37

TABLE 3

Orientations of hisG::Tnl10 insertions

Tni0 insertion

on episome: zzf21 z22f22 zzf20
hisG::Tn?0 insertion Relative frequencies of chromosome mobilization Deduced relative orientations
in chromosome {lys+ exconjugants/#rp+ exconjugants) of kisG::Tni0 insertions
hisG9445 0.046 19.0 0 B
hisG9459 0.041 20.0 0 B
hisG9427 0.098 19.9 11.3 B
hisG9455 0.14 162 11.7 B
hisG9462 0.12 12.5 5 B
hisG9461 0.03 13.2 $ B
hisG9425 0.75 9.9 5 B
hisG9438 3.8 0.025 0.11 A
hisG9458 5.0 0.058 0.15 A
hisG9168 6.9 0.03 0.11 A
hisGG9424 3.7 0.05 0.13 A
hisG9443 3.0 0.04 0.085 A
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TABLE 4 .

Orientations of Tnl0 insertions from clusters in hisG, hisD and hisC

Number of insertions Number of insertions Total number of

Cluster* in Orientation A in Orientation B insertions tested
G1 5 7 12
G2 1 3 4
D1 3 1 4
D2 4 7 11
D3 3 3 6
D4 2 1 3
D5 1 0 1
Ct 1 3 4
C2 0 1 1
Total 22 24 46

* Clusters as identified in Figure 1 are numbered in numerical order from left to right within
each gene. All of the insertions at every cluster in kisG, hisD and hisC were tested for orienta-
tion by experiments identical to those shown in Table 3, except that only 12 insertions in the G7
cluster were tested.

20“ Overall -
- (37 tested)
[74]
S 16— -
5 r .
[74]
e 12 —
B - —
o 8| —
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Zz gl _
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1 _ | _ i I i _
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Freure 4.—Reversion rates of his::Tnf0 insertions. A reversion rate for each insertion was
determined as follows: five independent clones of each insertion were grown from single colonies
on LB agar to liquid cultures each containing about 6 X 10° total cells. Approximately
1.2 X 1082 cells from each culture were spread on minimal glucose plates and incubated at 37°.
Revertant colonies were counted after 40 hours. Reversion rates were calculated as described
in MATERIALS AND METHODS using a method of Luria and DeLsruck (1943) that makes use of
the average number of revertant bacteria per culture. The values of reversion rates obtained by
this method are in fact somewhat higher than the true values; however, this method is adequate
to assess differences in reversion rates among different strains.
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representative insertions is shown in Figure 4. There is no simple correlation
between the frequency of insertion into and the frequency of excision out of a
given position. For example, most insertions that occupy unique positions revert
at very low rates (2 X 10-? or less), but several such insertions revert at extra-
ordinarily high rates (10~ to 10-¢). On the other hand, if one eliminates these
“super-reverters” from consideration, insertions at the more frequently repre-
sented positions tend to revert somewhat more readily (in the range of 10~ to
10-%) than do insertions at positions represented by only one or two insertions
(2 X 107® or less).

There is generally very little variation among reversion {requencies for inser-
tions within a single cluster. We have compared the reversion properties of
insertions within each of the clusters in AisG, hisD, and hisC. In this case, 15
independent clones of each insertion were scored for the number of revertants
in 0.2 ml of a saturated broth culture. For five of the seven clusters tested, the
different insertions within each cluster were indistinguishable in their reversion
properties; in most cases differences in revertant frequencies of three-fold would
have been detected. For two of the clusters, however, significant heterogeneity of
revertant frequencies was seen. Data for one such cluster, the highly favored
cluster in hisG, is shown in Figure 5. Although it is not possible to decide if the
insertions tested fall into two categories or more, it is clear that different insertions

#isG::TnlO

Insertion Orientation®

94359 B . .

9427 B

9445 B

9462 B s

946l B

9425 B [
9438 A

9458 A —t———ssr s s
9468 A bt s ot
9424 A - v

9443 A oo

llo ' ' ‘ 5l0 — IIlOO l.50 ZIOO

Revertants / 0.2 ml Culture

Ficure 5.—Genetic heterogeneity among kisG::Tn70 insertions in one cluster. Number of
revertant colonies obtained from each of 15 independent clones of each hisG::Tnf0 insertion are
plotted. Each number represents the number of revertant colonies obtained by spreading 0.2 ml
of a saturated culture on a minimal glucose plate and incubating plates for five days at 37°.
All of the cultures whose revertants are shown in this Figure were grown and plated in parallel
in one experiment.
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differ in their reversion properties; frequencies of revertants differ by as much as
five-fold.

Experiments equivalent to that shown in Figure 5 have been carried out in
several different strain backgrounds, including both recA+ and recA~hosts. These
experiments (data not shown) demonstrate that the characteristic differences in
revertant frequency among insertions within a cluster are maintained in the
several different strain backgrounds, although the absolute values of these fre-
quencies may differ slightly from one background to another. Since insertions
were moved from one strain to another by P22-mediated transduction, these
results suggest that the heterogeneities in revertant frequencies observed among
different insertions within a cluster are a property of the his::Tnf0 insertions
themselves, rather than of some extraneous unlinked variation among the differ-
ent strains tested.

DISCUSSION

One hundred thirty-one independent transpositions of TnZ0 from one site in
bacteriophage P22 into the histidine operon of Salmonella typhimurium were
subjected to genetic analysis. Tn10 insertions are distributed nonrandomly along
this target; insertions are clustered into groups of tightly-linked insertions.
Twenty-two such “clusters” of insertions could be distinguished by recombination
tests. Furthermore, Tn70 insertions are not evenly distributed among the identi-
fied clusters; for example, one cluster contains roughly a third of all insertions,
whereas there are 11 “clusters” represented by only one insertion. Comparisons
among different insertions showed that, within each cluster, insertions occur in
both orientations with roughly equal frequencies. In a few cases, genetic hetero-
geneity could be detected among insertions in a single orientation within a
cluster, as assessed by differences in revertant frequencies.

Genetic size of clusters: The resolution of the genetic mapping methods used
places an upper limit on the size of the DNA region defined by a single cluster.
The AisG gene is approximately 900 basepairs long (BRENNER and AMEs 1971),
and the average length of a deletion interval is thus 900/40, or about 22 basepairs.
The actual length of a given deletion interval may, of course, be quite different
from this average length, either because of the statistical variation in actual
lengths about the average, because deletion endpoints are clustered at a few par-
ticular positions along the physical map (as shown for deletions in the gal operon
and lacl gene of E. coli; Preirer, HaBERMANN and KuBar-Maront 1974,
ScamEessNER, GANEN and MiLrLer 1977), or because recombination frequencies
are uneven along the gene. The relatively even distribution of point mutations
among the 40 deletion intervals in 4isG (Figure 2 and HoprE et al., 1979) argues
against the idea that any of these factors has produced major distortions in the
relationship between genetic and physical distances. Most strikingly, both clusters
of T'n70 insertions actually occur in deletion intervals in which no point muta-
tions occur, and within regions of the map where there are generally fewer point
mutations per deletion interval, rather than more. If anything, these facts would
argue that Tn70 insertions lie in deletion intervals that are smaller than the
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average, that is, that there are if anything more deletion endpoints per unit of
physical distance in the regions of the Tn7/0 insertions than elsewhere in the
gene. These considerations suggest that, at the very least, the sizes of the deletion
intervals containing Tn70 clusters are unlikely to be grossly larger than the
average.

Recombination between Tn70 insertions and the closest deletion endpoint is
readily detected. This suggests that the mapping method can conservatively be
estimated to resolve (that is, detect recombinants between) insertions and dele-
tions whose endpoints are as few as 50 basepairs apart. If crosses between two
Tn10 insertions are comparable to crosses between an insertion and a deletion,
this estimate can be extended to the series of pairwise crosses carried out among
differsent insertions in each gene. Thus, the data suggest that insertions within
each cluster, which by definition are insertions that fail to recombine with one
another, are probably not separated from one another by more than about 50
basepairs. These data do not, of course, exclude the most extreme possibility that
the different insertions within each cluster are at exactly identical positions at
the nucleotide level.

Significance of clusters: Clusters are groups of insertions that lie so close
together that they are not separated by recombination tests. The occurrence of
Tn10 insertions in such clusters implies that Tn70 inserts preferentially at certain
highly preferred positions in the histidine operon, and in this sense the clusters
define “hot spots” or “hot regions” for Tn70 insertion. The occurrence of clusters
does not preclude the possibility that Tn70 can, in fact, insert at virtually any
position in DNA with some measurable frequency; 11 of 131 insertions map
alone at 11 distinct positions.

The occurrence of Tn70 insertions in clusters must also mean that the histidine
operon contains a series of genetically important sites or signals that influence
Tn10 insertion and play some role in guiding Tn70 to particular positions for
insertion. These sites or signals could in principle be involved only in the recog-
nition between Tn70 and its target and may, or may not, also be the actual
physical site of ensuing integration events.

Since Tn/0 insertions are not evenly distributed among the identified clusters,
perhaps some “guiding signals” are recognized or interacted with more efficiently
than others.

Orientations of insertions: Insertions within each cluster occur in both possible
orientations. This result suggests that TnZ0 can insert in either orientation in
response to a given “guiding signal” on the target DNA. This implication will
pose serious constraints on detailed molecular explanations of how Tn70 spe-
cificity arises during interaction of Tn70 with its target. The finding that inser-
tion is fundamentally symmetrical with respect to the Tn70 element itself is not
unreasonable, in view of the fact that Tn70 has a 1400-basepair inverted repe-
tition at its ends.

The observation that Tn70 insertions appear to occur in both possible orienta-
tions within a cluster is subject to one possible objection. Since Tn70 has an
inverted repetition at its ends, hom:ologous recombination between these repeats
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will result in the inversion of the intervening nonrepeated Tn70 segment. Since
it is the orientation of this segment that is assayed in our chromosome mobiliza-
tion test, frequent recombination events of this type could randomize the appar-
ent orientations of Tn70 insertions and thus obscure any underlying asymmetry.

Several lines of evidence argue against this possibility. Inversion of Tn70
during preparation of a donor P22::Tn70 lysate should be detectable by cleavage
of P22::Tn70 DNA with a restiction endonuclease that does not cleave within
the inverted repeat; such derivatives should give rise to “extra” Tn70-containing
fragments. No such anomalous cleavage fragments have been seen in numerous
digests of P22::Tn70; had more than 5% of the genomes suffered an inversion
event, the resulting fragments would have been detected (G. WEINsTOCE, per-
sonal communication). The failure of chromosomal Tn70 insertions to be ran-
domized is best shown by the simple fact that one can determine unambiguously
an orientation for each insertion tested. Furthermore, isolation of hundreds of
independently occurring stable Hfr derivatives derived by integration of F::Tn70
into a chromosomal Tn70 insertion has failed to turn up a single Tn70 inversion
(R. MenzeL, F. Caumiey, M. Jounston and J. RoTH, personal communication).
The absence of extensive apparent inversion of Tn70 is further substantiated by
the fact that many of the phage::Tn70 derivatives and many of the chromosomal
his::Tn10 insertions have been sub-cloned repeatedly and subsequently analyzed;
no example of an inversion between the inverted repeats has been found. If
recombination-promoted inversion between the ends of Tn?0 does occur, it does
so at a rate too low to interfere with interpretation of our orientation data.

Heterogeneity in reversion properties: The observation that different Tn70
insertions at different places in the histidine operon exhibit different reversion
rates suggests that variation in reversion frequency reflects variation in the local
environments of different insertions. Conversely, the observation that different
insertions within a single cluster give revertants at different frequencies suggests
that the different insertions are in different local environments; that is, they are
not identical. The heterogeneity observed among different insertions within two
clusters in the histidine operon is particularly significant because it is more often
the case that insertions within a cluster give revertants at the same frequency,
while characteristic frequencies vary from cluster to cluster.

The occurrence of Tn70 insertions in clusters implies the presence along the
target histidine operon of genetically important sites or signals that guide Tn70
to particular preferred positions for insertion. In this context, the observation of
genetic heterogeneity among tightly linked insertions is formally subject to two
types of interpretation: either the heterogeneous cluster is actually a position in
DNA where two (or more) important sites occur too close together to have been
resolved by recombination tests, or else insertions that occur under the influence
of a single site or signal are in fact not all identical. It is of course also possible
that both situations obtain in certain instances; that is, two important sites are
too tightly linked to be resolved and insertions that occur under the influence of
a single site are not identical. Further experiments are required to determine
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which of these possible interpretations accounts for the observed reversion
heterogeneity.

Insertion specificities of other translocatable elements: A comparison of the
insertion specificities of a number of translocatable elements is given with appro-
priate references in Table 5. Such comparisons are potentially difficult because
insertion of any one element is generally examined using one or a few well-
defined targets. Since different targets may contain different arrays of different
“insertion sites” or other genetically important signals, the pattern observed may
depend as much on the particular target chosen for study as on the element in
question. Also, for the small IS sequences, several copies of which are present in
the bacterial genome, the set of insertions isolated in a new target reflects the
composite behavior of several different individual elements coming from several
different donor positions.

Despite these potential complexities, one comes away with the general impres-
sion that the specificities of insertion of IS/ (StarLiNGER and SaeprLer 1976),
1S4 (Preirer, HaBerMANN and Kusar-Maroni 1977), Tn70 (this work and
Foster 1977), and of bacteriophage lambda when it inserts into secondary sites
(Smimapa, WEersBerG and GoTTeEsMaN 1973) are roughly comparable. That is,

TABLE 5

Insertion specificities of translocatable elements

Approx. No. inser- No.
target tions _different

Element Target size (bp) examined sites Specificity? References
Tni0 Salmonella Ais 10,000 131 22 Yes This work
Lambda* E. coli gal 8 1 Yes SHimMaba et al. 1973
E. coli leu 2 1 Yes "~ Surmaba et al. 1973
E. coli ara 2100 4 3 Yes Bourter and LeE 1973
187 E. coli gal OP,T 2000 6 3 Yes Preirer et al. 1977,
STARLINGER and SAEDLER 1976
IS4+ E. coli gal OP,T 2000 M 1 Yes Prrirer et al. 1977
Mu-1 E. coli lacZ. 3500 75 >50 Little/none Bukmar: and Zreser 1972;
DaNieLL et al. 1972
Tn5 E. coli lacZ 3500 19 19 Little/none Berc 1977
Tnt P22 ant 800 21 >13 Regional§ WrinsTock 1977; WEINSTOCK
and BorsTeIn 1978
Tn2 RSF1010 <8300% 38 2>19 Little/none HerrFron et al. 1977;
ReuBENs et al. 1976
Tn3 R6-5 100,000 23 many Regional§ Krerscaumer and CoHEN 1977
Tn7 RP4 52,000 36 >29 Regional§ Bartm and GRINTNER 1977

* These data are for lambda integration at positions other than the normal bacterial attachment

site and a small number of very highly favored secondary positions.
CTIs4 h?% been defined only by the occurrence of a particular sequence inserted at a particular

site 1n gal'l,

1 These targets are small plasmids; it is not known accurately what proportion of the sequences
on these plasmids is essential for plasmid maintenance and replication.

§ Insertions occur preferentially in certain 1000-3000 basepair regions of the target; within
these preferred regions, however, insertions occur at very many different positions.
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when one examines insertions of any of these elements into a defined target of
3000 to 10,000 basepairs, one finds insertions at more than one position, but one
also finds insertions that appear to map at the same position (generally indicated
by their failure to recombine) even when the total number of insertions examined
is relatively small (of the order of ten).

The relationships among different insertions within a genetically defined
cluster has also been examined in some cases. For IS/ insertions clustered in the
galOP region, existing genetic and physical data suggest that the different inser-
tions in the cluster differ in position by a few basepairs, leading to the suggestion
(StarrinNGER and SaEpLER 1976) that the integration mechanism of IS7 might
resemble that of type-I restriction enzymes (Narmans and Smite 1975) in
which the recognition site is specified by the nucleotide sequence, but the cleavage
site is not. Within this cluster in galOP, insertions occur in both orientations.
Insertions of IS4 have thus far been isolated only in a single deletion interval in
galT. Insertions within this deletion interval also do not recombine; once again,
however, insertions occur in both possible orientations at this position (PFEIFER,
HasermanN and Kusar-Maron: 1977). These results for IS elements differ
strikingly from the corresponding results for integration of lambda at secondary
sites. In the case of lambda integration, insertions of lambda at any one secondary
site occur in only one orientation (SmHiMapa, WeisBerG and GorresMAN 1975;
R. WeisBERG, personal communication). The significance of this difference
remains to be determined.

The insertion patterns of the elements discussed above is quite different from
those of several other elements, notably the related elements Tn?, 2, 3 and 4; Tn5,
Tn7 and bacteriophage Mu-7. For the cases of Tn?,2,3,4 and 7, when insertions
into a very large target (10,000 to 50,000 basepairs) are examined, insertions
occur preferentially in particular regions of the target. These preferred regions
are large, one to several thousand basepairs in length. Within these preferred
regions, however, there is very little preference on the part of any of these ele-
ments for particular positions; there are virtually as many insertion positions as
there are insertions (HeFFRrON et al. 1977; WEINsTOCK 1977; WEINsSTOCK and
BorsTtein 1978; BarTH and GrinTNER 1977; KRETscaMER and CoHEN 1977)
Bacteriophage Mu-7 also appears to insert randomly, at least into the lacZ gene
of E. coli (Buxuarr and Zipser 1972; Danierr, Roserts and Aserson 1972),
and Tn5 inserts at many different places in the lacZ gene as well (Berc 1977).

Other factors influencing insertion: For the elements described above that
exhibit regional specificity of insertion, there are clearly factors others than the
nucleotide sequence in the immediate location of the integration position that
influence where the element inserts. The seemingly nonrandom distribution of
Tn10 insertion clusters aleng the histidine operon carries a similar implication,
although the factor(s) responsible might be very different in different cases.
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