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The citrate utilization (Cit+) transposon Tn3411 was shown to be flanked by directly repeated sequences
(IS3411L and IS3411R) by restriction enzyme analysis and electron microscope observation. Cit- deletion
mutants were frequently found to be generated in pBR322::Tn3411 by intramolecular recombination between
the two copies of IS3411. The flanking IS3411 elements of Tn3411 were shown to be functional insertion
sequences by Tn3411-mediated direct and inverse transposition. Tn3411-mediated inverse transposition from
pBR322::Tn3411 to the F-plasmid derivative pED100 occurred more efficiently than that of direct transposition
of the Cit+ determinant. This was thought to be due to the differential transposability of IS3411L and IS3411R
in the transposition process. The frequency of transposition of IS3411 marked with a chloramphenicol
resistance determinant was much higher than IS3411-mediated cointegrate formation, suggesting that replicon
fusions are not essential intermediates in the transposition process of Tn3411 or IS3411. Spontaneous deletions
occurred with high frequency in recA hosts. The spontaneous deletion promoted by homologous recombination
between two IS3411 elements in Tn3411 was examined with deletion mutants.

The importance of transposons in the widespread distribu-
tion of drug-resistant bacteria has been well recognized (4, 6,
26). Also some biochemical determinants such as fermenta-
tion of lactose (8), mercury resistance (25), and production
of heat-stable toxin (24) have been shown to be encoded by
transposons. Most transposons are classified into three
groups on the basis of mechanistic properties, genetic orga-
nization, and DNA sequence homologies (17). One group
(class I) consists of the composite transposons that are
flanked by insertion sequence (IS) elements such as IS],
IS50 and IS10; the second group (class II) is related to Tn3;
the third group (class III) is composed of the transposing
bacteriophages such Mu and D108. Transposons and inser-
tion sequences also promote a number of genetic rearrange-
ments such as deletions, duplicative inversions, and replicon
fusions (cointegrate formation). These DNA rearrangements
do not require RecA function in the host cell.

Previously, we have examined over 20 citrate utilization
(Cit) plasmids in Cit+ Escherichia coli strains isolated from
clinical and environmental sources to determine the transpo-
sability of Cit+ gene to the other replicons. A citrate
utilization transposon, Tn3411, was identified on a Cit
plasmid, pOH3001, isolated from a strain of human origin
(15). This transposon had a characteristic structure which
contained two pairs of inverted repeats in the inverse
orientation in the internal region of Tn3411 (15). The other
characteristic of pBR322::Tn3411 was the formation of small
deletions in recA strains. The formation of deletions from
pOH2 seems to be due to the structure of Tn3411, which
involes two pairs of inverted repeats, but little is known
about the reason for their high rate of formation in recA
strains. The citrate utilization transposon Tn3411 was shown
to contain two directly repeated copies of an insertion
sequence, IS3411, and is therefore a class I composite
element.
We have studied in detail the genetic and physical proper-
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ties of the spontaneous deletion mutant plasmids derived
from pOH2. In the present report, we show that the dele-
tions are generated from pOH2 by intramolecular recombi-
nation between IS elements located in the direct orientation
on Tn3411. An explanation of the deletion mechanism in
Tn3411 is also considered.

MATERIALS AND METHODS
Bacterial strains, bacteriophage, and plasmids. E. coli K-12

derivatives and plasmids used in this study are listed in
Tables 1 and 2, respectively. Strain 433 is a del mutant of 483
which was kindly provided from Nevers and Saedler (20).
The male-specific phage f2 was employed as an indicator
phage to detect the presence of the F-derivative plasmid
pED100 (same as pOX38) (29). Plasmid pOH11 is a deriva-
tive of pBR322, which specifies resistance to ampicillin and
kanamycin, constructed by the insertion of HindIII-SalI
fragment of TnS (21) between the Hindlll and SalI sites on

pBR322 (Table 2). The plasmid pED100, which was con-
structed in vitro by circularization of the largest HindlIl
fragment of the plasmid F, was kindly provided by Willetts
and Johnson (29). It carries the transfer operon and the genes
responsible for autonomous replication, but is missing all
known insertion sequences carried by F except for a small
region of IS3.
Media and antibiotics. Penassay broth (Difco Labora-

tories) was usually used for routine bacterial growth. Cul-
tures for phage preparation were grown in L broth (18). L
agar was used for drug resistance determinations. The
selective medium used for citrate utilization was Simmons
citrate agar (Eiken) supplemented with appropriate nutri-
tional requirements (15). The concentrations of antibiotics
used were as follows: ampicillin, 50 ,ug/ml; chloramphenicol,
25 ,ug/ml; kanamycin, 25 ,ug/ml; rifampin, 50 ,ug/ml; strepto-
mycin, 12.5 ,ug/ml for plasmid determinants and 500 p.g/ml
for selecting chromosomal determinants ofJC1557 or JC1569
in the mating experiments; sulfonamide, 800 ,ug/ml; tetracy-
cline, 12.5 Lg/ml.
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TABLE 1. E. coli strains
Strain Geiotype" Reference

JC1557 leu his arg met lac mal gal man rpsL
JC1569 recAl mutant of strain JC1557 15
SG8 Rifr mutant of strain C600 thi thr leu lac
SGll recA mutant of strain SG8
483 A(proAB-lac) rpsL nalA galTNIJ6::IS1 20
433 del mutant of strain 483 20

a Genotype symbols are the same as those used by Bachmann et al. (2).

Conjugation and transformation. Plasmids were intro-
duced into E. coli strains by conjugation or by transforma-
tion (15).

Determination of the frequency of deletions and stability
tests. Single colonies of E. coli strains carrying the plasmids
to be tested were inoculated into Penassay broth without
antibiotics and grown overnight at 37°C. The bacterial cul-
tures were diluted by a factor of 106 and incubated overnight
at 37°C. This serial subculturing was performed five times.
Cultures were diluted in saline and plated on nonselective
medium. Over 100 colonies were tested for plasmid-mediat-
ed characters. Each culture was lysed by a rapid method
(14); cleared lysates were prepared and electrophoresed to
test for the presence of small deletion plasmnids.
Mating procedure for the measurement of transposition and

cointegrate formation. Plasmid conjugation experiments
were performed as described previously (15). The mating
system for determination of transposition or cointegrate
formation was carried out with pBR322::Tn3411 or
pOHil::Tn3411 derivatives as transposon donors and Sa or
pED100 conjugal plasmids as recipient replicons (11). Sam-
ples of 0.5 ml of donor strain SG11 and 5 ml of recipient
culture of JC1569 were mixed and incubated either for 3 h or

overnight at 37°C. The frequencies of transposition or coin-
tegrate formation were estimated from duplicate experi-
ments, The frequency of transfer of pED100 was measured
by screening 50 Smr colonies of JC1569 for sensitivity to the
male-specific phage f2 or by detecting the plasmid band of
pED100 by electrophoresis. The frequency of transposition
was expressed as the frequency of transfer of Cit+, Apr,
Cmr, Kmr, or Tcr compared with the frequency of the
transfer of plasmid Sa or pED100.

Preparation of phage and plasmid DNAs. Phage DNA was
extracted as described by Miller (19). The rapid and simple
preparation of plasmid DNA from 5 ml of bacterial culture
was carried out by the method of Holmes and Quigley (14).
The lysates were extracted with phenol and treated with
RNase and then cleaved with restriction enzymes or electro-
phoresed directly. Large preparative isolation and purifica-
tion of plasmid DNA has been described (15).

Restriction enzyme ahalysis and electrophoresis. Restric-
tion endonucleases (AccI, BamHI, BglII, HindIII, HincII,
PstI, KpnI, PvuII, Sall, SmaI) were purchased from Takara
Shuzo (Kyoto) and used according to the manufacturer's
recommendations.
Agarose gels (0.8 to -1.5%) in electrophoresis buffer

(0.089 M Tris-0.0025 M disodium EDTA-0.089 M boric
acid, pH 8.3) were run in the horizontal apparatus (15).
Standard fragments in kilobases for gel electrophoresis were
HindIII-cleaved X phage DNA and five fragments of pBR322
(1,595, 1,361, 756, 375, and 275 base pairs [bp]) formed by
cleavage with the enzymes AccI, BamHI, EcoRI, and PstI.

Extraction of plasmid DNA from agarose gel and ligations.
Extraction of plasmid DNA bands or restriction enzyme-
generated DNA fragments from agarose gel was performed
by electroelution in dialysis bags. Ligation was carried out in
10 ml of dithiothreitol-7 mM MgCl2-1 mM ATP-10 mM Tris
(pH 7.8). Three units of T4 DNA ligase (Takara Shuzo) was

TABLE 2. Bacterial plasmids
Plasmid Phenotype' Reference

pBR322 Apr Tcr 27
pSCl0l Tcr
pED100 Self-ligated HindIll fragment of F, tra+ f2 phage sensitive 29
Sa tra+ Cmr Kmr Smr Sur 28
pOH2 pBR322::Tn3411 Cit+ Apr Tcr 15
pOH3 pBR322::Tn3411 Cit+ Apr Tcr 15
pOH7 Self-cloning of pOH2 with BamHI, Cit+ Apr 15
pOH9 pBR322::IS3411, sponltaneous deletion in pOH2, Apr Tcr This paper
pOH10 pBR322::IS3411, spontaneous deletion in pOH3, Apr Tcr This paper
pOH11 Insertion of a HindIII-SaII fragnment from TrS conferring Kmr into pBR322, Apr Kmr This paper
pOH12 Sa::Tn3411 tra+ Cit+ Cmr Kmr Smr Sur This paper
pOH13 pOHll::Tn3411 Cit' Kmr This paper
pOH14 pOHll::IS3411, spontaneous deletion in pOH13, Kmr This paper
pOH17 Insertion of a BglII fragment from TnJO conferring Tcr into pOH13, Kmr Tcr This paper
pOH18 pOH11-:IS3411, spontaneous deletion in pOH17, Kmr This paper
pOH19 Self-reconstituted plasmid of pOH17 with BglII, Tcr Kmw This paper
pOH22 HindIII-A and -B ligated plasmid of pOH13, Cit+ Kmr This paper
pOH23 Spontaneous deletion in pOH22, Kmr This paper
pOH24 Insertion of a HindIlI fragment from Sa conferring Cmr into pOH9, Apr Cmr Tcr This paper
pOH33 Self-reconstituted plasmid of pOH17 with EcoRI, Kmr This paper
pOH34 EcoRI-A fragment ligated plasmid of pOH17, Kmr This paper
pOH35 Sall-A and -B ligated plasmid of pOH13, Cit+ This paper
pOH36 Spontaneous deletion in pOH35 This paper
pOH37 Deletion plasmid of PvuII-C fragment from pOH2, Cit+ Apr Tcr This paper
pOH38 Spontaneous deletion in pOH37, Apr Tcr This paper
pP2.11 pBR322 carrying Tn9 cloned in the Pvull site together with 132 bp of plasmid F This paper

a Phenotype symbols: Cit+, citrate utilization, Apr, ampicillin resistance; Cmr, chloramphenicol resistance; Kmr, kanamycin resistance; Smr, streptomycin
resistance; Sur, sulfonamide resistance; Tcr, tetracycline resistance; tra+, conjugative transferability; Kmw, resistant to kanamycin at low concentration (50 F.g/
ml) (21).
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FIG. 1. Isolation of spontaneous deletion. (A) Agarose gel elec-.
trophoresis of deletion spontaneously derived from pOH2 in various
strains. Host strains: recA strain of SG11; 2, JC1569 3, 483; 4, 433.
CsCl-ethidium bromide purified plasmids in host strain JC1569: 5,
pOH2; 6, deletion plasmid pOH9 from pOH2. Chro, Chromosomal
band. (B) Restriction digests of deletion and pBR322::Tn3411.
pOH9 was spontaneous deletion mutant from pOH2 and pOH10 was
from pQH3. Molecular weight standards were HindlIl-cleaved
phage X DNA.

added, and the mixture was incubated overnight at 15°C and
used to transform CaCl2-treated E. coli cells as described
previously (15).

Electron microscopy. Plasmid DNA used for electron
microscope heteroduplex analysis was cleaved by EcoRI.
The method used to form heteroduplex molecules was
essentially as described previously (15). Determination of
the length of single- and double-stranded regions of the
heteroduplex molecules was made by comparison with sin-
gle- and double-stranded pBR322 molecules (4,362 bp) (27).

RESULTS
Isolation and characterization of deletions. In a previous

paper (15), we described a small plasmid band that appeared
when DNA of plasmid pBR322::Tn3411 pOH2 was applied
for gel electrophoresis. This small plasmid was also found in
EcoRI-cleaved pOH2 and pOH3. Its molecular weight was
larger than that of pBR322, indicating that small plasmid has
not resulted from the precise excision of Tn3411. To deter-
mine whether this small plasmid is, indeed, generated from
pOH2 or pOH3, pOH2 and pOH3 plasmid DNA was purified
by extraction from agarose gels and used for transformation
to the recA strains SG11 and JC1569. Although all transfor-
mants selected for Cit+ were both Apr and Tcr, 1 out of 50
Apr colonies selected was Tcr, but did not utilize citrate. The
plasmid content of the Apr Tcr colony was analyzed by
agarose gel electrophoresis and appeared indistinguishable
from the small plasmid from pOH2. This plasmid was
designated as pOH9 (Fig. 1A, lane 6). The remaining 49 Cit+
Apr Tcr colonies contained a mixture of DNAs of pOH2 and
the deletion mutant (Fig. 1A, lanes 1 and 2).
The frequencies of spontaneous deletion from pOH2 are

dependent to the growth conditions. The Cit+ phenotype of
E. coli SG11 carrying pOH2 was lost in over 50% of colonies
tested during five subculturings. However, the Cit+ ability
of pSC101: :Tn3411, which was constructed by transposition
of Tn3411 from A bb::Tn3411 (15) to pSC101, was relatively
stable during five serial subculturings; only four clones
containing the small deletion plasmid alone were obtained.
No significant reduction in the frequency of deletion forma-
tion occurred in the del mutant strain 433, compared with
that of strain 483 (Fig. 1A, lanes 3 and 4), suggesting that the
process of deletion formation in Tn3411 was different from
that of ISJ-mediated deletion (20).

Physical analysis of deletion mutant. Deletion mutants
pOH9 and pOH10, derived from pOH2 and pOH3, respec-
tively, were examined by restriction enzymes and heterodu-
plex analysis. As shown in Fig. 1B, comparison of the
restriction enzyme Hindlll-cleaved fragments of pOH2,
pOH9, pOH3, and pOH10 revealed that HindIll fragment A
disappeared in the deletion plasmids pOH9 and pOH10,

E H BS Pv I Pv SH I B Bg B

pOH2 0 I-4II LI
IR-1 IR-2

.it-

IS341 1-L
+-TCcL.)+-Ap )
EHB S Pv I PvSH I P E

pOH9 0l | k1 ! l l
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Bg I PvSH I

I I1 111.1-
IR-3 IR-4

IS341 L-R
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FIG. 2. Restriction maps of pOH2 and pOH9. The small closed boxes in the open boxes indicate the inverted repeats of insertion sequence
IS3411. The inverted repeats designated as IR-1, IR-2, IR-3, and IR-4 are the same as described previously (15). The arrows indicate the
orientation of IS3411. The distances between cleaved sites are shown in kilobases. Vertical lines indicate the cleavage sites of the following
endonucleases: E, EcoRI; H, Hindlll; B, BamHI; Bg, BglII; S, Sall; I, SmaI; P, PstI; Pv, PvuII. Phenotype symbols are described in Table 2,
footnote a.

Phenotype

P E

Cite APr Tcr

Apr Tcr

10 11.7 kb

I I

J. BACTERIOL.

14 Tn341 I 0



DELETION OF CIT+ ABILITY 645

.-~.t~S. ..Tv3411 -

.7~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

FIG. 3. DNA-DNA heteroduplexes between EcoRI-cleaved pOH2 ahd pBR,322 (A) and EcoRI-cleaved pOH9 and pBR322 (B). The arrows
indicate the loo)ps of Tn3411 (A) and IS3411 (B). Bars, 0.5 ,um.

whereas HindIII-B and -C remained unchanged. Analysis of
pOH2 and pOH9 with SalI also showed that the largest SalI-
A fragment disappeared in the mutant pOH9 (Fig. 1B).
Plasmid pOH9 was found to have lost two fragments when
digested with BamHI (Fig. 1B). We have already identified
the BamHI, Hindlll, and Sall sites in pOH2 and pOH3
(15). Considering the restriction map of Tn3411 (15), these
results indicate the Cit- mutants are generated from
pBR322::Tnr3411 by deletion of DNA internal of Tn3411.
To determine the deleted regions and junction sites on

Tn3411, pOH2 and pOH9 were digested with single and
double digests of EcoRI, BamHI, PstI, BgIII, PvuII,
HindIII, Sail, and SmaI, and restriction maps were con-
structed (Fig. 2). pOH9 was 5,700 bp in length, and the
deletion did not extend into the vector plasmid pBR322.
Thus, the recognition sites required for deletion formation
seem to be in DNA sequences contained within Tn3411
rather than pBR322.
One characteristic feature observed in comparison of the

restriction maps ofpOH2 and pO9 is that the relative order
of the SmaI, PvuII, Sall, HindlIl, and SmaI sites in these
two plasmids was the same (Fig. 2). The location of the
duplicated recognition sites (indicated by arrows in Fig. 2) in
restriction map of pOH2 correlated with the location of two
pairs of inverted repeats in Tn3411 identified in the heterodu-
plex analysis (15). Therefore, the restriction analysis of
Tn3411 indicated the presence of two 1,300-bp directly
repeated sequences.

Heteroduplex analysis of deletion plasmids. As reported
previously (15), heteroduplex molecules formed between
pBR322 and pOH2 gave a double stem-loop structure with
external inverted repeats (previously designated IR-1 and
IR-4) and additional internal inverted repeats (IR-2 and IR-3)
(Pig. 2, Fig. 3A). On the other hand, the heteroduplex
formed between pBR322 and the Cit- deletion mutant pOH9
revealed a single stem-loop structure (Fig. 3B). pOH9 would
be probably generated from pOH2 by intramolecular recom-
bination between the two directly repeated sequences. In
this recombination process, one copy of the flanking se-
quence remains. The size of the insert in pOH9 (1,300 bp)
corresponds to that of one of the putative repeated se-
quences.

Demonstration of insertion sequence in Tn3411. To deter-
mine whether the two directly repeated sequences of Tn3411
are functional IS elements, we measured direct and inverse
transposition (5) of Tn3411 from pOH2 to the recipient
replicon Sa in mating experiments. We found that direct
transposition of Cit+ occurred at a frequency of 2 x 10-5 per

Sa element transferred, whereas inverse transposition of Tcr
occurred at a frequency of 1 x 10-4. To further characterize
direct and inverse transposition events and also cointegrate
formation promoted by the IS elements, pOH2 and pOH9
DNAs were transformed to strain SG11 harbouring pED100,
and mating transposition assays were carried out. The direct
or inverse transposition frequencies are expressed as the
ratio of Smr Cit+ [JC1569(pED100::Tn3411)] or Smr Apr Tcr
[JC1569(pED100: :pBR322)] to Smr f2S [JC1569(pED100)]
colonies. Schematic structures of donor replicons used in the
cross are shown in Fig. 4A. The values we obtained are
presented in Table 3. Although no transconjugants were
detected in the 3-h mating, in overnight mating direct and
inverse transposition occurred at frequencies of 2 x 10-7
and 6 x 10- , respectively. Here the frequency of direct
transposition is about 100-fold lower than that of inverse
transposition (Table 3). Transconjugant plasmid DNA was
characterized by agarose gel electrophoresis (data not
shown). The enzyme of choice for restriction analysis of the
translocated clones or cointegrates was Hindlll, since this
enzyme cuts pED100 once, and IS-like elements and pBR322
each have one site.
When the Cit- deletion plasmid pOH9 was used as a

donor, stable cointegrates between pOH9 and pED100 were
obtained of frequency of 3 x 10-6 (Table 3). From the
physical and genetic analysis of pOH2 and pOH9, it was
demonstrated that the citrate transposon Tn3411 was flanked
by direct duplications of putative insertion sequences (desig-
nated as IS3411L and IS3411R in Fig. 2), and that at least one
copy of IS3411 on pOH9 was a functional insertion sequence
element.

Transposition and cointegrate formation promoted by
Tn3411 or IS3411. pO0113 was constructed by the transposi-
tion of Tn3411 from Sa::Tn3411(pOH12) to pOH11. The
phenotype of the resulting plasmid was Cit+ Kmr because
bla gene in pOH11 was inactivated by insertion of the
transposon (Fig. 4B). The inverse transposition from pOH13
(2 x 16-5) was estimated to be 100-fold more efficient than
direct transposition (2 x 10-7) in the 3-h mating (Table 3). In
the overnight mating, the difference in frequency of direct
and inverse transposition was even still marked. Of 24 Cit+
transconjugants, 14 were Kmr, indicating that they carried
cointegrates of pOH13 and pED100. On the other hand, all
Kmr transconjugants selected were Cit-, indicating that
these clones were not cointegrates, but inverse transposition
clones. The position of the insertion was determined by the
comparison of HindlIl, EcoRI, and BgllI restriction digests
of pED100, pED100: :Tn3411 and cointegrates (data not
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FIG. 4. Schematic representation of pOH2 and deletion derivatives of pOH2 (A), several derivative plasmids of pOH13 (B), and Cmr-

marked IS3411 on pOH9 (C). Solid lines indicate fragments of pBR322 and the insertion fragments of TnS, TnlO, and Sa. The unique
fragments of Tn3411 located in pBR322 are shown as the open boxes, in which the closed boxes indicate the inverted repeats of 1S3411.
Dotted lines and boxes indicate the deleted regions in the derivatives of pOH2. The arrows within the open boxes show the orientation of
IS3411. Vertical lines indicate the cleavage sites of the following endonucleases: B, BamHI; Bg, BgIII; E, EcoRI; H, HindlII; I, SmaI; K,
KpnI; P, PstI; Pv, PvuII; S, Sall. ori, Replication origin of pBR322.

shown) (11, 29). Double selection (i.e., for Cit+ and Kmr) of
cointegrates was not performed.
To eliminate any difference in selection for Cit+ and drug

resistance, a variant of pOH13 was constructed by substruc-
turing the tet gene of TnJO (9) for the BglII fragment coding
for the Cit+ determinant on Tn3411 (Fig. 4B). Table 3 shows
that the frequency of direct transposition (tetracycline selec-
tion) is at least 100-fold lower than that of inverse transposi-
tion (kanamycin selection). This result is in accord with the
results of transposition assays with pOH13. Willetts and
Johnson (29) have shown that when pBR322 is cloned into
the plasmid pED100, not only is the copy number of the
composite plasmid intermediate between the two parental
plasmids, but also the transfer efficiency of the composite is
approximately sevenfold higher than that of the F derivative
alone. We could therefore overestimate the contribution of
derivatives that carry a pBR322 origin of replication (i.e.,
cointegrates have received pBR322 by inverse transposi-
tion). Although we did not correct for the increased mating
efficiency of the composite plasmids, we have done the
transposition assay with pP2.11 as a control (11). The
frequency of direct transposition monitoring the Cmr marker
of Tn9 was higher than that of inverse transposition selecting
for Tcr, as described by Galas and Chandler (11). This result
differed from the findings with pBR322 derivatives carrying
Tn3411.
We constructed the deletion plasmids pOH22 and pOH37,

which were missing the smallest HindIlI and PvuII fragment
of pOH13 and pOH2, respectively (Fig. 4A and B). When

pOH22 was used as a donor replicon, no Cit+ transconju-
gants were obtained (Table 3), whereas the frequency of
inverse transposition (kanamycin selection) was equal to
that of pOH13. In the case of pOH37, no direct transposition
occurred, since a part of IS3411L including the terminal
region was cut with PvuII enzyme and deleted from pOH2.
However, Cit+ Apr Tcr transconjugants selected for cointe-
gration were obtained, and they all contained three kinds of
plasmid, pED100, pOH37, and a small deletion plasmid
(designated as pOH38; see below) (Fig. 5).
To confirm Whether high frequency of inverse transposi-

tion rather than direct transposition is due to the orientation
of IS3411 elements, pOH17 was cleaved with BglII or
EcoRI, and recombinant plasmids (pOH19 and pOH33)
carrying IS elements in the inverted orientation were con-
structed in vitro (Fig. 4B). The frequency of transposition of
Tcr or Kmr from pOH19 to pED100 was low (Table 3). In the
case of pOH33, the frequency of direct transposition was
measured at 4 x 10-6 in the overnight mating. The plasmid
structures in the Kmr clones obtained were divided into two
groups (direct transposition and replicon fusion).

Difference of transposition ability of IS341lL and IS341lR.
When pOH7 carrying IS3411R was used as a donor replicon
in the analysis of cointegrate formation, the Cit+ Apr colo-
nies were obtained at the frequency of 2 x 10-8, but all
clones contained an unmodified pOH7 and a larger deriva-
tive of pED100. No stable cointegrate between pOH7 and
pED100 was obtained. This mobilization seems to occur via
a IS element on pOW7, because pBR322 cannot be mobilized
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by the conjugation system of F (frequency of <10-10) (11).
In contrast to pOH7, when pOH34 carrying IS3411L was
used as a donor (Fig. 4B), stable cointegrates of pOH34 and
pED100 were obtained at the frequency of 10-5 in the
overnight mating (Table 3). This result shows that the
transposition functions encoded by IS341IL differ from those
of IS3411R*

Stability of cointegrates. Before analyzing the stability of
cointegrates, the pOH13 derivatives pOH17, pOH19,
pOH22, and pOH33 (Fig. 4B) were examined for stability by
monitoring the loss of plasmid-mediated characters and by
testing for deletion mutants in recA strains. Spontaneous
deletions were detected in overnight cultures of pOH13,
pOH17, and pOH22 (Fig. 5). On the other hand, we did not
find deletions in pOH19 or pOH33 (which have inverted
copies of IS3411). These results suggest that the appearence
of deletions correlates with the orientation of IS3411 ele-
ments located on the plasmids.
The stability of cointegrates generated by inverse transpo-

sition or replicon fusion was tested. The products of inverse
transposition from pOH13 or pOH17 to pED100 yielded
small plasmids (pOH14 or pOH18) with the size of pO-
H11::IS3411 at high rates. This result shows that cointe-
grates of pED100 and pBR322 directly flanked by IS3411L
and IS3411R are remarkably unstable in a recA- back-
ground. The other cointegrates (i.e., replicon fusions of

pOH9 with pED100 and pOH34 with pED100) were tested
for their stability. In the replicon fusions of pOH9 and
pED100, the analysis of plasmid profiles by agarose gel
electrophoresis indicated that the small plasmid was absent.
A similar result was obtained in the case of pOH34. As
compared with the breakdown of the cointegrates obtained
in the inverse transposition, replicon fusions promoted by
IS3411 or IS3411L were quite stable in the recA- back-
ground.

Confirmation that IS3411 is a transposable element. To
further characterize the transposition mechanism of IS3411,
the insertion sequence located in pOH9 was marked with the
Cmr determinant by insertion of the HindIll-cleaved frag-
ment from Sa (28) into the HindIll site in IS3411 (pOH24 in
Fig. 4C), the transposability of IS3411 Cmr was assayed.
Cmr marker was translocated from pOH24 to pED100 at a
frequency of 1 x 10-6 in the 3-h mating, whereas Apr Tcr
Cmr cointegrates were obtained at a frequency of 3 x 10-8
(Table 3). The 92 transconjugants tested were resistant to
chloramphenicol alone, but not resistant to ampicillin or
tetracycline. This result suggests that transposition of IS3411
marked with Cmr occurs more efficiently than cointegrate
formation promoted by IS3411.
Model for deletion formation by Tn3411. The model for

deletion formation is shown in Fig. 5. Since deletions were
still produced from pOH22 in which a part of the terminal

i
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repeated sequences of IS3411R was deleted, all of the
sequences of IS3411 were not essential for intramolecular
deletion in Tn3411. pOH35, which was constructed with Sall
(Fig. 4B), also yielded deletion (pOH36).
The other internal deletion plasmid, pOH37, was stable

during serial subculture and was shown to be free of small
deletion plasmids in agarose gel electrophoresis. On the
other hand, when the transposition assay from pOH37 to
pED100 was carried out, the isolated Cit+ Apr Tcr transcon-
jugants were shown to contain a small deletion plasmid
(pOH38) by gel electrophoresis (Fig. SC). pOH38 had the
PvuII and SmaI recognition sites located in IS3411 (data not
shown). The potential recombination process that occurred
during the mating experiments is shown in Fig. 5C. Proba-
bly, the cointegrates between pOH37 and pED100, which
were flanked by IS3411R, were formed during the mating
process. Afterwards, these cointegrates broke down into
two independent replicons. The alternative recombination
between a part of IS3411L and IS3411R would proceed
during the mating (Fig. SC). The final transconjugants would
contain three kinds of plasmids (i,e., pED100::IS3411R,
pOH37, and pOH38) (Fig. SC). A similar explanation for
mobilization of pOH7 with pED100 in the mating should be
considered (Table 3).

DISCUSSION
In this study, our analysis shows that the Cit+ determinant

located on Tn3411 is flanked by directly repeated sequences
designated IS3411L and IS3411R, and that Cit- deletion
mutants were generated by intramolecular recombination
between the direct repeats in recA genetic background. The
evidence for this is as follows. (i) Spontaneous deletions (5.7
kilobases) that carried the recognition sites for SmaI, PvuII,
Sall, and HindIlI on IS3411 were frequently isolated from
pBR322::Tn3411 in a recA host. (ii) The stem-loop structure
in the heteroduplex molecules formed between pBR322 and
deletion mutant plasmids pOH9 corresponded to the length
of a single copy of IS3411. (iii) Tn3411-mediated inverse
transposition of pBR322::Tn3411 to pED100 occurred in
mating experiments, and also replicon fusions between
pBR322::IS3411 and pED100 were observed. (v) Transposi-
tion of the Cmr_marked IS3411 element to pED100 occurred.
Taken together with previous genetic and physical results
(15), transposon Tn3411 is a typical class I composite

element in which the Cit+ determinant is flanked by terminal
directly repeated copies of IS3411. The terminal repeated
sequences of IS3411L were composed of inverted repeats,
which were previously designated as IR-1 and IR-2. Repeats
IR-3 and IR-4 were the terminal inverted repeats for IS3411-
R (Fig. 2).
Many insertion sequences have been identified in the

composite transposon, e.g., ISIO, IS50, and IS903 occur in
TnlO, TnS, and Tn9O3, respectively. The transposability of
the repeated sequences of class I transposons has been
investigated by testing for inverse transposition in TnS (3)
and in TnJO (5). In this study, the frequency of IS3411-
mediated inverse transpositon from pOH13 to pED100 oc-
curred more efficiently than that of direct transposition of
the Cit+ determinant (Table 3). The transposition assay
system used in this study is that described by Galas and
Chandler (11), and therefore our data can be compared with
the results reported in their paper. We did not correct the
increased mating efficiency of pED100 cointegrates. The
frequency of IS3411-mediated inverse transposition was 2 x
10-2 in overnight matings (Table 3). This extremely high
frequency seems to be due either to the copy number of the
composite plasmids which have received pBR322 origin of
replication by inverse transposition or to the prolonged
mating times. If the efficiency of transposition for class I
transposons was dependent on the recognition sites for
insertion sequence-encoded transposase in insertion ele-
ments (22), the internal inverted repeats (IR-2 and IR-3) in
Tn3411 might be more active sites in this process. However,
since the insertion sequence elements IS3411L and IS3411R
are situated in the direct orientation in Tn3411, either
insertion sequence may be the active element. Moreover,
the high frequency of inverse transposition might reflect
different functions of IS3411L and IS3411R. Indeed, IS3411L
was shown to be a functional insertion sequence element in
the cointegrate formation assay, and the resulting cointe-
grates were quite stable in recA background (Table 3).
However, pOH7 carrying IS3411R failed to form the cointe-
grates with pED100. These results indicate that the two
IS3411 elements are not identical; IS3411L encodes the
function required to promote transposition, and IS3411R has
lost this ability. However, it seems unlikely that IS3411R is
completely defective in transposition functions, because
mobilization of pBR322 occurred via the IS3411R element on

TABLE 3. Frequencies of transposition and cointegrate formation between each donor replicon and recipient replicon pED100

Frequencies of transposition and cointegrate formation atb:

Expt Donor Phenotype' of 3-h mating Overnight matingreplicon donor _______________________
Directc Inversed Cointegrate Direct Inverse Cointegrate

A pOH2 Cit+ Apr Tcr <10-8 <10-8 NTe 2 x 10-7 6 x 10-5 NT
pOH7 Cit+ Apr NT NT <10-8 NT NT <10-8
pOH9 Apr Tcr NT NT <10-8 NT NT 3 x 10-6
pOH37 Cit+ Apr Tcr <10-8 <10-8 <10-8 <10-8 7 x 10-7 8 X 10-8

B pOH13 Cit+ Kmr 2 x 10-7 2 x 10-5 NT 1 X 10-6 2 x 10-2 NT
pOH17 Kmr Tcr 4 x 10-8 2 x 10-5 NT 8 x 10-8 1 X 10-5 NT
pOHl9 Kmw Tcr 5 x 10-8 NT NT 1 X 10-6 NT NT
pOH33 Kmr <10-8 NT NT 4 x 10-6 NT NT
pOH34 Kmr NT NT <10-8 NT NT 1 X 10-S
pOH22 Cit+ Kmr <10-8 2 x 10-5 NT <10-8 2 x 10-2 2 x10-5

C pOH24 Cmr Apr TCr 1 X 10-6 NT 3 x 10-8 1 X 10-5 NT 4 x 10-7
a Abbreviations for plasmid-mediated characters are as in Table 2.
b The frequencies are the means of independent two experiments.
c Direct transposition.
d Inverse transposition.
eNT, Not tested.
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FIG. 5. Diagram of spontaneous deletion pathways. (A and B) Recombination between the two IS3411 insertion sequences contained in
pOH13 and pOH22 is diagrammed. Recombination will result in the excision of the circular DNAs (dotted lines). They will be lost because
they cannot replicate. (C) Formation of deletion from pOH37 by mobilization with pED100 is diagrammed. The zigzag lines indicate the region
of pED100. The open boxes indicate the region of Tn3411, and the closed small boxes within the open boxes indicate the inverted repeats of
IS3411. The relative orientation of IS3411 is given by the arrows in the open boxes. ori, Origin of pBR322. Phenotype symbols are described in
Table 2, footnote a. Abbreviations of restriction enzymes: E, EcoRI; H, HindlIl; Pv, PvuII; S, Sall.

pOH7 or on pOH37 with plasmid pED100. Detailed analysis
of IS3411R-mediated mobilization is now in progress.

Several transposition models accounting for the joining of
transposon ends to a target site and for replication of the
transposing element have been proposed (10, 13, 23). It
could be interesting to know the steps in Tn3411-mediated
transposition. We have made some comparisons of the

transposition frequency and the frequency of cointegrate
formation in several transposition assays. The frequency of
Tn3411-mediated inverse transposition is more efficient than
that of replicon fusion (Table 3) and the cointegrates due to
replicon fusion form small portion of the cointegrates ob-
tained. In addition, the frequency of transposition of Cmr-
marked IS3411 is much higher than IS3411-mediated cointe-
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grate formation. Taken together with the remarkable
stability of IS3411- or IS3411L-mediated cointegrates, this
strongly suggests that replicon fusions are not essential
intermediates in the transposition process of IS3411 or
Tn3411. Determination of the duplicated target DNA se-
quences generated by Tn3411 or IS3411 will be useful in
clarifying the transposition system of these transposable
elements.
The formation of Cit- deletions on pBR322::Tn3411 re-

mains unsolved. It appears that the spontaneous Cit- dele-
tions are derived from pBR322::Tn3411 by intramolecular
recombination between the two direct copies of IS3411 in
Tn3411. However, it is obscure whether this deletion is due
to an internal site-specific recombination system located on
Tn3411 or due to the homological recombination in direct
repeats of IS3411. Two intact IS3411 repeated sequences are
not essential for the formation of deletions, because sponta-
neous deletion occurs in Cit+ plasmids pOH22 and pOH35 in
which the outer sequences were made in vitro (Fig. 5).
However, the deletion plasmid, pOH37 did not yield dele-
tions. This fact might suggest that intramolecular recombina-
tion occurs in to the left of the PvuII site of IS3411 elements.
On the other hand, the deletions were isolated in the
transconjugants after mating with pOH37(pED100) (Fig. 5).
Considering these results, the internal site-specific recombi-
nation sites may be situated between the PvuII and Sall sites
in IS3411 (Fig. 2), and the polypepties required for genetic
recombination would be encoded within lefthand DNA re-
gions from PvuII site in IS3411 elements. Also the two
flanking IS3411 element are not identical in their transposi-
tion properties. The functional difference between IS3411L
and IS3411R must be reflected in differences at the nucleo-
tide sequence level.

Recently, it was reported that spontaneous deletions are
easily isolated from pBR322 carrying cloned foreign DNA
fragments (12, 16). The other mechanism of deletion forma-
tion in Tn3411 is that deletion occurs at short repeated
sequences in both recA+ and recA- strain backgrounds (1,
7). Since the frequency of spontaneous deletion plasmids
from pBR322::Tn3411 is extremely high, it is difficult to
explain the deletion mechanism in Tn3411. It is not yet clear
whether the formation of spontaneous deletions in
pBR322::Tn3411 is enhanced by high-copy-number effects of
vector plasmid pBR322. To define the deletion mechanism of
Cit+ determinant in Tn3411, determination of the nucleotide
sequence of IS3411 is needed.
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