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TABLE 3. Transposition of Tn5401 in B. thuringiensis

Strain Transposon Expt Transpositionplasmid frequency'

EG7566 pEG922 1 5 x 10-4
2 x 10-3

2 2x10-4
4 x 10-4

EG10368 pEG922 1 2 x 10-4
EG10368 pEG922 tnpAA 1 3 x 10-6

2 x 10-5
2 1 x 10-5

1 x 10-5
EG10368 pEG922 tnplb 1 7 x 10-6

2 4x10-6
4 x 10-5

EG2424 pEG922 1 8 x 10-3
5 x 10-2

2 1 x 10-
2 x 10-1

Transposition frequency was calculated as the number of tetracycline-
resistant colonies at 41'C/the number of chloramphenicol-resistant colonies at
30°C. Most experiments involved measurements of transposition frequency in
duplicate cultures.

b For pEG922 tnpI, transposition frequency was calculated as the number of
tetracycline-resistant colonies at 41'C/the number of tetracycline-resistant colo-
nies at 30°C.

frequencies observed in strain EG2424. Tn3 also appears to
transpose at a higher frequency into plasmids, but Tn3-like
elements from gram-positive bacteria typically do not (see
references 19, 36, and 40 and references therein).

Effect of mutations on transposition. Mutations were intro-
duced into the tnpI and tnpA genes of pEG922 in order to
assess their effect on TnS401 transposition (see Materials and
Methods). Transposition frequencies obtained with pEG922
tnpAA were 10- to 1,000-fold lower than those obtained with
pEG922, indicating that disruption of the tnpA gene does
impair transposition (Table 3). In this case, the tetracycline-
resistant colonies recovered at 41°C were also chloramphenicol
resistant. Since the tnpI gene encodes the recombinase that
resolves the cointegrates formed during transposition (see
below) and since this gene is presumably functional in pEG922
tnpAA, replicative transposition of TnS401 tnpAA should result
in loss of the chloramphenicol resistance gene cat. The reten-
tion of the cat gene therefore suggests that the low frequency
of integration obtained with pEG922 tnpAA either involves an
alternative pathway for transposition or is merely the result of
ectopic recombination events.
The effect of the tnpI mutation on the frequency of Tn5401

transposition could not be determined precisely because the
pEG922 derivative harboring this mutation (pEG922 tnpI)
shows an apparent 40-fold-lower copy number than pEG922
(described below) and appears to be unstable under selection
for chloramphenicol resistance. Nevertheless, transposition
frequencies of 4 x 10-6 to 4 x 10' were obtained by
selecting for tetracycline-resistant colonies at both 30 and 41°C
(Table 3), a range of frequencies 50-fold lower than that
obtained with pEG922. These values correspond to the fre-
quency of cointegrate formation, since the tnpI mutation
impairs cointegrate resolution (described below).

Evidence for cointegrate resolution. On the basis of the Tn3
model of replicative transposition, mutations in tnpI leading to
a defective resolvase should allow for the detection upon
transposition of cointegrate molecules containing two copies of
the transposon (19, 40). To test this, transposition events in
strains EG10368/pEG922 and EG10368/pEG922 tnpI were

obtained by selecting for tetracycline-resistant colonies at
41°C. EG10368/pEG922 colonies isolated in this way were
chloramphenicol sensitive, whereas 40 of 44 EG10368/pEG922
tnpI colonies were chloramphenicol resistant, as would be
expected for isolates deficient in cointegrate resolution. Since
B. thuningiensis can resolve cointegrate structures by homolo-
gous recombination (10), these chloramphenicol-resistant iso-
lates were maintained and evaluated under selection at 37 to
41°C. Total DNA from these EG10368 derivatives was iso-
lated, digested with SstI, and resolved on a 1% agarose gel for
Southern blot analysis. Since TnS401-tet in plasmids pEG922
and pEG922 tnpI is flanked by SstI sites (Fig. 5), transposition
events leading to an unresolved cointegrate should retain the
9.2-kb SstI fragment that contains the pEG491 fragment
conferring chloramphenicol resistance and should yield two
copies of Tn5401-tet (schematic drawing in Fig. 6). As ex-
pected, total DNA from the EG10368/pEG922 isolates did not
hybridize to the pEG491 probe (Fig. 6A, wt lanes) but did
hybridize as a single band to the Tn5401 probe (Fig. 6B, wt
lanes). Southern blot analysis of total DNA from several
EG10368/pEG922 tnpI isolates revealed a 9.2-kb fragment that
hybridizes to the pEG491 probe (Fig. 6A, tnpI lanes) and,
typically, two larger fragments that hybridize to the TnS401
probe (Fig. 6B, tnpI lanes). Thus, TnS401 transposition ap-
pears to be replicative, proceeding via a cointegrate interme-
diate that is resolved by the TnpI recombinase. The weak
hybridization of the TnS401 probe to the 7-kb SstI fragment in
Fig. 6B, corresponding to the 7-kb Tn5401-tet fragment of
pEG922 tnpI, suggests that some resolution of the cointegrate
is occurring in the absence of recombinase, presumably via
homologous recombination (10), and is resulting in release of
the transposonr plasmid from the chromosomal site.

Transcriptional mapping. Transcriptional start sites within
Tn5401 were mapped by primer extension analysis of total
RNA isolated from EG10368 recombinant strains containing
the transposon vector pEG922 and derivatives thereof with
mutations in either tnpI or tnpA (Table 1). In addition, total
RNA was isolated from EG10368 recombinant strains contain-
ing plasmid subclones of TnS401 in which the tnpI and tnpA
genes are absent. These subclones, designated p76 and p83,
contain portions of the tnpI upstream region (Table 1).
Two transcriptional start sites were mapped within the

transposon, corresponding to overlapping divergent promoters
located immediately upstream of the tnpI gene. The leftward
promoter, designated PL, apparently directs the transcription
of orfi from a single initiation site at nt 711 (Fig. 7A). The
rightward promoter, designated PR, apparently directs the
transcription of tnpI from a single initiation site at nt 723 (Fig.
7B). These were identified by using two primers (pr5 and prlS
for PL and prlO and prl4 for PR) to confirm the position of
each start site. The start site for PL lies within the - 10 region
of PR and vice versa (Fig. 2). The -10 regions of PL
(TATITlT) and PR (TAAGAT) and the -35 regions of PL
(TTGACT) and PR (TTGATG) show similarity to the consen-
sus -10 (TATAAT) and -35 (TTGACA) regions of vegeta-
tively expressed genes in Bacillus subtilis (34, 35). Additional
primer extension analyses failed to identify transcriptional start
sites between orfi and orJ2 (primer pr3) or within the inter-
genic region between tnpI and tnpA (primers prl6 and
pr911BamR3), suggesting that these genes are cotranscribed.

Transcription from both promoters is derepressed on plas-
mids containing deletions of both tnpI and tnpA (Fig. 7A, p76
versus pEG922 wt, and 7B, p83 versus pEG922 wt) but not on
a plasmid containing an internal deletion of tnpA (pEG922 A
versus pEG922 wt). The copy numbers of plasmids p76, p83,
pEG922, and pEG922 tnpAA are all comparable (Fig. 7C and

VOL. 176, 1994

 on O
ctober 21, 2019 by guest

http://jb.asm
.org/

D
ow

nloaded from
 



2842 BAUM

p76 pEG922
C G T A w I wt A I

p83
C G T Al I

pEG922
wt A I

relative

amounts * 8 4 2 1 8 4 2 1 40 8

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 tnpI (I). Primers pr5 and prlO 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 ,ul),
pEG922 wt (20 ,ul), pEG922 A (20 RI), and pEG922 I (15 [LI). The
following primer extension products were loaded for panel B: p83 (2
and 20 pul), pEG922 wt (20 ,ul), pEG922 A (20 ,ul), and pEG922 I (15
[LI). 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 tnpI. 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 32P-labeled 658-bp NsiI 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
tnpI shows an apparent 40-fold reduction in copy number
compared with pEG922 and pEG922 tnpAl\ in strain EG10368
(Fig. 7C), indicating that the PL and PR transcripts detected by
primer extension analysis of EG10368/pEG922 tnpI 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 PR than for PL. Accordingly, these
results indicate that disruption of tnpI, but not tnpA, results in
derepression of PL and PR, providing evidence that the recom-
binase encoded by tnp! functions as a transcriptional repressor.

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

B. thuringiensis Hybridization probe"
sus.

Strain Source"subsp. Straln SOUrCea Tn4430 Tn540]
aizawai EG2175 1 46, 43, 33/31,' 8.0
aizawai EG6345 1 48
aizawai HDI1 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 HD5 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
morisoni EG2158 1 72, 35
morisoni EG2832" 1 50, 44
sotto Type strain 4 43, 38, 9.5
thuringiensis HD2 2 57/54,' 37, 32, 6.2
thulringiensis HD931 2 60, 52, 41, 10
thuringiensis EG6430 1 60, 35, 9.6
tolworthi HD13 2 44, 28
tolworthi HD537 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.

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

' Unresolved plasmid doublet.
dEG2832 is also known as B. thuringiensis subsp. tenebrionis.

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

Distribution of TnS401 among B. thuringiensis subspecies. A
2.56-kb ClaI-BamHI fragment from Tn5401, containing tnpI,
ofl], and portions of orJ2 and tnpA, was used as a hybridization
probe to survey (by Southern blot analysis) the resident
plasmids of different B. thuringiensis strains for TnS401. For
comparison, a KpnI 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 TnS401 probe. The sole ICP
gene in strains EG2158 and EG2832, cryIILA, 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 TnS401, derived from B. thurin-
giensis subsp. mornsoni EG2158, is the second indigenous
Tn3-like transposon to be isolated from a Bacillus species.
TnS401 and the B. thuringiensis transposon Tn4430 are cryptic
and share a similar structural organization, but TnS401 is 688
bp longer and contains two additional potential coding regions,
orfl and orJ2, located upstream of tnpI. The terminal IRs of
TnS401 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 TnS401 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 TnS401, 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.
TnS401 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 TnS401 is typically associated with
known ICP genes or is commonly found among different
subspecies.

Computer-assisted analyses of the tnpI promoter region
revealed an interesting arrangement of sequence elements that
has probable bearing on the function of the tnpI-encoded
recombinase protein. As shown in Fig. 2, the 12-bp sequence
ATGTCCRCTAAY occurs four times in the intergenic region
between orfi and tnpI, 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 PL and PR. This
sequence arrangement is strikingly similar to that observed
upstream of the tnpI 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 tnpI coding region. The presence of a
conserved sequence arrangement but little sequence homology
suggests that the 12-bp repeats of TnS401 may serve some
function.
These observations, together with the results presented in

this paper showing that the TnpI recombinase serves as a
transcriptional repressor of PL and PR, suggest a model for
understanding the regulation of TnS401 transposition. As
suggested previously for the TnpI recombinase of Tn4430 (26),
the Tn5401 recombinase probably binds the direct repeats
within PL and PR 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 PL and PR 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 tnpI promoter region

------------> <-----------

Tn5401 - ATAGTTTTAAATGTCCACTA-ATTAATATTAGTGGACATGAAGTGTGGGA
II II llIll11I1111111111I111111

Tn4430 - AAAAAAT-AATACAACACAATATTAAT-TGTGTTGT-ATTAGGTGTTATA

<-PL
Tn5401 - A--AATA--AATGTTTGA-TGTC-CGCTAACATAATTGATAAGATTAAAA

Tn4430 - ATAAATATAAATCTAGGGGTTTAACGC-AACACAATTTATC-GATAAATA

PR*-
Tn5401 - TAT-CATGTC--CGCTAATGTAAGTCAATAAAAGAGGAGGTATTT--ATG

Tn4430 - AATACTTTTAGACGC-AACACAATTTA-TAGACGCGGAGGAAATCACATG
______________--- >

FIG. 8. Nucleotide sequence alignment (top strand) of the tnpI
promoter regions of Tn4430 and Tn5401. The conserved sequence
elements referred to in the text are indicated by the arrows above
(TnS401) and below (Tn4430) the alignment. The transcriptional start
sites for PL and PR of Tn5401 are indicated by the asterisks. The -10
and - 35 regions of PR are underlined. The - 10 and - 35 regions of
PL (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 TnpI
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 tnpI and tnpA are
apparently cotranscribed, this mechanism could ensure that
the transposase inevitably produced as a result of transcription
from PR can still be regulated by the recombinase. In this
instance, disruption of tnpI should result in elevated frequen-
cies of cointegrate formation, an effect that was not observed
even when the lower copy number of pEG922 tnpI 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 tnpI 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
tnpI mutation on TnS401 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 TnS401-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
Tn91 7-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 TnS401-tet transposition in
strain EG2424 suggests that Tn5401 transposes at a higher
frequency into plasmids than into the chromosome. This
apparent preference for plasmid target sites may make TnS401
useful for structure-function studies of large B. thuringiensis
plasmids.
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ADDENDUM

The TnpI recombinase protein of TnS401 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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