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FIG. 7. RNA analysis of Tn5401. (A and B) Primer extension
analyses were performed with total RNA isolated from strain EG10368
recombinants containing plasmids p76, p83, pEG922 (wt), pEG922
tnpAA (A), and pEG922 tnpl (I). Primers pr5 and pr10 were used for
the analyses shown in panels A and B, respectively. The following
primer extension products were loaded for panel A: p76 (2 and 20 pl),
pEG922 wt (20 wl), pEG922 A (20 pl), and pEG922 I (15 wl). The
following primer extension products were loaded for panel B: p83 (2
and 20 pl), pEG922 wt (20 wl), pEG922 4 (20 pl), and pEG922 [ (15
wl). Transcriptional start sites are indicated by the asterisks. (C)
Southern blot analysis of EG10368 recombinant strains showing
relative copy numbers for plasmids p76, pEG922 (wt), pEG922 tnpAA,
and pEG922 mpl. Plasmids were isolated from the cultures used for
RNA extraction by the alkaline lysis method (30), digested with SstI,
resolved by agarose gel electrophoresis, blotted to nitrocellulose, and
hybridized to a *?P-labeled 658-bp Niil fragment from Tn5401 (Fig. 3)
common to all four plasmids.

reference 3), indicating that the elevated transcript levels
detected for plasmids p76 and p83 are not due to differences in
plasmid (template) copy number. In contrast, plasmid pEG922
tnpl shows an apparent 40-fold reduction in copy number
compared with pEG922 and pEG922 tnpAA in strain EG10368
(Fig. 7C), indicating that the P, and Py transcripts detected by
primer extension analysis of EG10368/pEG922 tnpl RNA (Fig.
7A and B, pEG922 I) represent a significant elevation in
transcript levels per plasmid copy. The extent of this derepres-
sion appears greater for Py than for P,. Accordingly, these
results indicate that disruption of tpl, but not tnpA, results in
derepression of P; and Py, providing evidence that the recom-
binase encoded by tnpl functions as a transcriptional repressor.

J. BACTERIOL.

TABLE 4. B. thuringiensis plasmids that hybridize to the
transposons Tn4430 and Tn5401

B. thuringiensis Hybridization probe”

Strain Source?

subsp. Tnd430 Tns401
aizawai EG2175 1 46, 43, 33/31, 8.0
aizawai EG6345 1 48
aizawai HD11 2 8.0
darmstadiensis HD146 2 9.5
darmstadiensis ' HD498 2 9.5
finitimus HD3 2 90, 77
galleriae HD8 2 10.3, 8.7
kenyae HDS5 2 41
kenyae HD63 2 48, 38, 9.5, 6.1
kumamotoensis EG4961 1 70
kurstaki HD1 2 53/51,¢ 44
kurstaki HD73-6 3 50
kurstaki HD119 2 50, 44, 5.2
kurstaki HD263 2 44
kurstaki HD269 2 69, 43
kurstaki HD279 2 60, 44
kurstaki EG3260 1 57, 50, 42
kurstaki EG3899 1 49, 45
kurstaki EG6429 1 30, 9.9
morrisoni HD597 2 48, 6.8, 5.7
morrisoni EG2158 1 72, 35
morrisoni EG2832¢ 1 50, 44
sotto Type strain 4 43, 38, 9.5
thuringiensis HD2 2 57/54, 37, 32, 6.2
thuringiensis HD931 2 60, 52, 41, 10
thuringiensis EG6430 1 60, 35, 9.6
tolworthi HD13 2 44, 28
tolworthi HDS537 2 28
yunnanensis HD977 2 100, 80, 52, 46

“ Sources: 1, Ecogen strain collection; 2, Dulmage collection (13); 3, variant of
strain HD73 (17); 4, H. de Barjac, Institut Pasteur.

b Values are apparent molecular masses of hybridizing plasmids in megadal-
tons.

< Unresolved plasmid doublet.

4 EG2832 is also known as B. thuringiensis subsp. tenebrionis.

The effect of the mpl mutation on the copy number of
pEGY922 tnpl is apparently not the consequence of unregulated
transposition by pEG922 tnpl (Table 3). In support of this
conclusion, plasmid pEG922 tnpl tnpAA, containing mutations
in both genes, also shows the 40-fold-lower copy number (3).
Perhaps the higher-level transcription proceeding from P, and
Py as a result of the tnpl mutation interferes with the replica-
tion of the pE194ts replicon.

Distribution of Tn5401 among B. thuringiensis subspecies. A
2.56-kb Clal-BamHI fragment from Tn5401, containing tnpl,
orfl, and portions of orf2 and tnpA, was used as a hybridization
probe to survey (by Southern blot analysis) the resident
plasmids of different B. thuringiensis strains for Tn5401. For
comparison, a Kpnl fragment from plasmid pBR322::Tn4430
containing the B. thuringiensis transposon Tn4430 (24) was also
used as a hybridization probe. The 54 strains included in the
survey, representing 27 different subspecies of B. thuringiensis
and containing over 400 resident plasmids, are listed in Table
2 of reference 5. Table 4 lists those strains containing hybrid-
izing plasmids (indicated by approximate molecular masses in
megadaltons). The two transposons show markedly different
distributions among the strains included in the survey, with
Tn4430 being far more widespread. Only the B. thuringiensis
subsp. morrisoni strains EG2158 and EG2832 contain plasmids
that hybridized strongly to the Tn540! probe. The sole ICP
gene in strains EG2158 and EG2832, crylllA, is located on
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plasmids of 88 and 90 MDa, respectively, and therefore is not
associated with Tn5401. Relatively weak hybridization signals
to plasmids in strains HD3, HD537, and HD977 may suggest
the presence of a related transposon or transposons.

DISCUSSION

The transposable element Tn5401, derived from B. thurin-
giensis subsp. morrisoni EG2158, is the second indigenous
Tn3-like transposon to be isolated from a Bacillus species.
Tn5401 and the B. thuringiensis transposon Tn4430 are cryptic
and share a similar structural organization, but Tn5401 is 688
bp longer and contains two additional potential coding regions,
orfl and orf2, located upstream of tnpl. The terminal IRs of
Tn5401 are unusually long (53 bp) for a Tn3-like transposon,
the outermost 38 bp of which can be aligned with the IRs of
Tn3-like transposons, and show the greatest sequence similar-
ity with the IRs of Tn3. The Tn5401 transposase exhibits the
greatest similarity to the Tn3 transposase and the least simi-
larity to the Tn917 transposase, while for the Tn4430 trans-
posase, the similarities are nearly the reverse. The integrase-
like recombinase proteins of Tn4430 and Tn5401, although
presumably derived from a common ancestor, show only 24%
amino acid sequence identity. In summary, these transposons
are highly divergent at the amino acid and nucleotide sequence
levels, despite their apparent common origin and structural
organization.

Tn5401 and Tn4430 also differ with respect to their distri-
bution among subspecies of B. thuringiensis and their associa-
tion with ICP genes. The Southern blot analysis data seem to
rule out the possibility that Tn5401 is typically associated with
known ICP genes or is commonly found among different
subspecies.

Computer-assisted analyses of the tnpl promoter region
revealed an interesting arrangement of sequence elements that
has probable bearing on the function of the tmpl-encoded
recombinase protein. As shown in Fig. 2, the 12-bp sequence
ATGTCCRCTAAY occurs four times in the intergenic region
between orfl and tnpl, two copies of which form a 28-bp
imperfect IR (nt 639 to 666). The remaining two elements are
positioned between the —35 and — 10 sites of P, and Pg. This
sequence arrangement is strikingly similar to that observed
upstream of the tpl gene of Tn4430 (26), but the amount of
nucleotide sequence identity between the two regions is low
(Fig. 8), as is the homology between their respective conserved
sequence elements. Both promoter regions display a sequence
with imperfect dyad symmetry followed by direct repeats
located near the tmpl coding region. The presence of a
conserved sequence arrangement but little sequence homology
suggests that the 12-bp repeats of Tn540/ may serve some
function.

These observations, together with the results presented in
this paper showing that the Tnpl recombinase serves as a
transcriptional repressor of P, and Pg, suggest a model for
understanding the regulation of Tn5401 transposition. As
suggested previously for the Tnpl recombinase of Tn4430 (26),
the Tn5401 recombinase probably binds the direct repeats
within P;_and Py and represses transcription by preventing the
binding of RNA polymerase. The fact that the 12-bp direct
repeats are opposite in orientation with respect to their
promoters may have bearing on the differential repression
observed for P, and Py by the recombinase. It also seems likely
that the IRs serve as the site at which recombination actually
occurs during cointegrate resolution, since the crossover sites
for integrase family proteins occur within imperfect dyads ~30
bp in length (41). Deletion analysis of the tpl promoter region
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Tn5401 - ATAGTTTTAAATGTCCACTA-ATTAATATTAGTGGACATGAAGTGTGGGA
1L L A o 1 W

Tne430 - AAAAAAT-AATACAACACAATATTAAT-TGTGTTGT-ATTAGGTGTTATA
<+ P

Tn5401 - A--AATA--AATGTITGA-TGTC-CGCTAACATAATTGATAAGATTAAAR

OO W NN

Py .->
Tn5401 - IAT-CATGTC--CGCTAA T. \TAAAAGAGGAGGTATTT--ATG

IIIII Sy I 1
CTTTTAGACGC-AACACMTTTA-TAGACGCGGAGGAAATCACA'!G

Tn4430 -~

FIG. 8. Nucleotide sequence allgnment (top strand) of the tnpl
promoter regions of Tn4430 and Tn5401. The conserved sequence
elements referred to in the text are indicated by the arrows above
(Tn5401) and below (Tn4430) the alignment. The transcriptional start
sites for P, and Py of Tn540! are indicated by the asterisks. The — 10
and — 35 regions of Py are underlined. The —10 and — 35 regions of
P, (inverse complement shown) are doubly underlined. The ATG
initiation codons are indicated in boldface. NALIGN parameters
(open gap cost of 5, unit gap cost of 10) were chosen to minimize large
gaps in the alignment.

indicates, however, that removal of nt 714 to 747, containing
the proximal 12-bp element (nt 726 to 737), blocks cointegrate
resolution (3), providing evidence that the internal resolution
site region extends beyond the IR sequence.

Surprisingly, the 12-bp sequence element is also found
within the terminal IRs (Fig. 2), thus accounting for their
unusual length and suggesting a third function for the Tnpl
recombinase. The recombinase may serve not only as a tran-
scriptional repressor and as a site-specific recombinase but also
as a negative regulator of the first step in transposition. For
instance, recombinase binding to the terminal IRs could
modulate transposase activity or prevent the binding of the
transposase to the terminal IRs, thereby providing a second
level of control over transposition. Since tnpl and tnpA are
apparently cotranscribed, this mechanism could ensure that
the transposase inevitably produced as a result of transcription
from Py can still be regulated by the recombinase. In this
instance, disruption of npl should result in elevated frequen-
cies of cointegrate formation, an effect that was not observed
even when the lower copy number of pEG922 tnpl was taken
into account (Table 3). Alternatively, the recombinase could
serve a positive role and facilitate the first step in transposition
catalyzed by transposase at the terminal IRs. In this instance,
disruption of tnpl would have both positive and negative effects
on the frequency of cointegrate formation. Evidence for either
role awaits more accurate measurements of the effect of the
tmpl mutation on Tn5401 transposition and the demonstration
that the recombinase does bind to the 12-bp repeats and that
recombinase binding to the terminal IRs affects transposition.

The Tn5401-based transposon vector pEG922 can be used
to construct transposon insertion libraries of the B. thuringien-
sis chromosome in the same way that the temperature-sensitive
Tn917-based transposon vectors are used in B. subtilis (43, 44).
One such library has been constructed by using B. thuringiensis
EG10368 (29), a strain which is nearly devoid of native
plasmids (Table 1). The analysis of Tn540I-tet transposition in
strain EG2424 suggests that Tn540] transposes at a higher
frequency into plasmids than into the chromosome. This
apparent preference for plasmid target sites may make Tn5401
useful for structure-function studies of large B. thuringiensis
plasmids.
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ADDENDUM

The Tnpl recombinase protein of Tn540/ has been ex-
pressed in E. coli and has been shown to bind to the 12-bp
repeat sequence by gel mobility shift and DNase I footprinting
analyses.
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