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7776 CIRILLO ET AL.

FIG. 4. IS1096, an insertion element unique to M. smegmatis.
An agarose gel and Southern blot of total chromosomal DNA from
various strains of mycobacteria and a single strain of B. subtilis
digested to completion with PstI are shown. The blot was probed
with an internal fragment of IS1096 (see Fig. 6) which should
hybridize to only one arm of the insertion element. DNA concen-
trations appear to be relatively the same, as seen from the agarose
gel. Only the M. smegmatis strains hybridize to the IS1096 probe.

Several different M. smegmatis isolates, including the
three morphotypes of ATCC 607, were studied by Southern
analysis to determine the degree of variation in restriction
pattern when probed with 1S1096 (Fig. 5). There is a great
deal of variability in the restriction patterns of the different
isolates of M. smegmatis. Only one of the bands appears in
all of the isolates tested, and the number of insertion
elements found ranges from 8 to 16. Both mc222 and mc?23
have an additional copy of IS1096 not present in mc?6 which
may be responsible for their observed phenotypic variation.
However, mc?155, a high-efficiency transformation mutant
of mc26, shows the same pattern as mc26.

Nucleotide sequence of IS1096. Sequence analysis revealed
that the guanine plus cytosine (G+C) content in IS1096 is
67% over its total length of 2,275 bp. This G+C content is
equal to that normally observed in the M. smegmatis chro-
mosome (45). The internal regions of IS/096 have areas of
higher G+C content ranging from 70 to 80% as well as areas
similar to the average G+C content; however, the ends of
the insertion element have a G+C content of less than 60%
which is significantly lower than that normally seen in M.
smegmatis. These characteristics may be related to the
mechanism of transposition of 1S1096.

A well-conserved inverted repeat sequence, 25 bp long, is
observed at both ends of IS/096. Two mismatches are
present in the inverted repeats. Transposition into the B-ga-
lactosidase resulted in a duplication of 8 bp of the target
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FIG. 5. Positions of 1S1096 in the genome of different M. smeg-
matis isolates. Lanes 1 to 5 are Pstl digests of total chromosomal
DNA isolated from mc?6 (lane 1), mc?22 (lane 2), mc?23 (lane 3),
mc?31 (lane 4), and mc?32 (lane 5). Lane 6 is radioactively labelled
A DNA cut with a HindIII size standard. The position of 1S1096
varies a great deal in the various M. smegmatis isolates, with one or
possibly no conserved bands across all isolates.

DNA sequences on both sides of the insertion point. This
duplication is consistent with the mechanism of transposi-
tion of most insertion elements. Three sets of inverted
repeats approximately 9 bp in length, the positions of which
are shown in Fig. 6, were found in the right end of 1S1096.
There is also a fourth set of inverted repeats which is seen in
the very 3’ end of the insertion element which corresponds
to a region just upstream of a large open reading frame
(ORF).

Identification of putative functional ORFs. ORF analysis of
the sequence of IS/096 revealed the presence of 13 ORFs
which are longer than 100 amino acids (aa). All 13 predicted
peptides were checked for homology to proteins present in
the NBRF and Swissprot protein libraries. Although none of
the putative ORF's observed displayed high levels of homol-
ogy to proteins encoded by other insertion elements, two
were found which may be distantly related to previously
sequenced tnpA and tnpR genes (Fig. 6). A large 414-aa ORF
with a valine initiation codon shows 21.1% identical and 66%
conserved amino acids when compared with 185 aa of the
transposase from Tn3926 (43). A 167-aa ORF, which also
begins with a valine, is in the opposite direction to the
putative tnpA gene designated tnpR in Fig. 6. The 84-aa
amino terminus of tnpR shows 17.9% identical and 69%
conserved amino acids when compared with the amino

FIG. 6. DNA sequence and analysis of 1S1096. The 8-bp duplication of the target DNA sequence is shown in bold and underlined text.
The 25-bp inverted repeats of 1S1096 are in bold text. The beginning of the putative tnpA and tnpR genes are indicated by labelled short
arrows. Possible initiation codons and ribosomal binding sites are indicated by underlined text. Pairs of arrows in opposite orientation
designate inverted repeats which were found throughout the sequence. There are one set of inverted repeats in the putative promoter region
of tnpA and three sets in the putative coding region of tnpA. The internal probe which was used for Southern analysis in Fig. 4 and 5 is shown
as a solid bar between the BamHI and BstXI sites in the graphic representation of the sequence.
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ISOLATION AND CHARACTERIZATION OF IS1096

50
CGGTTITCTICCCTCTTCGCACTTGACCCTCTAGAGACGATCAGCTGCTTTCGCGCTGTGATCGAGGGG TCTGGTTGGCT

100 150

TGGGGTGTGCCGGAGAAGAAGCGGAAGAGCAAGAGGAAGAGCGGAGTGTCCGGGGGCAGTGTGGACCTGGCGTTGCTGCAGAAGCT
# vpPEKE KR REKSZ KREKSTGVSGGSVDTLATLTLTG SZ KL
tnpR 200 250
AATGGCCGACGCTGGTCGGAACGTGTTCGCGGGAATGTTCGATGAGCCGACGCCCGAGGTGCGGGCGGTGCCGGATCGTGCGCGGE
M A DA GRNVF FAGMMTPFUDEZPTU®PEVRA AV PDIRA AR

300
GCTTCCGGGTGCGCGTCGACCTGATGTACGCCAAGCCGCCGATC TGGCGTCGGCTGGACCTGCCGGGCGACCTCATGCTCGATGAG
G FRVRVDLMYA AT KTPZPTITUW®WRPRLTDTLTPGDTLMLTDE
350 400
CTCCATGTTGTGCTGCAGGTCGTTATGGGCTGGCAGGACAGTCATCTGCATAAGTTCGGTGTCGGGGCGGACCGGCGGACCCGTGE
LEVVLQVVMGMWOQDSHTLUHEHEKTFETGVGADTERTRTR RA
450 500
CTACTTCGTCACCGGGTTTGATCTCAGCGAAGGCGACGACGGTGTCGTCGAGGACAGCGTGCGCCTCGATCAGGTGGTGTCCGATA
Y F VT GF DL S EGDD GV V ED SV RLD Q@VV S D
550
AGGGCGAGCGGTTGTTCTACGATTACGACTTCGGCGACGGATGGGACCACGTGCTCGTGGTCGAAGACGTTTTCGATGATCCGCCT
K GERTLTPFTYDTYDTFGDGWDHVYVYLVVETDTYVTFETDTDTEPFEP
600 650
CCGGCTGCGGTGTGTCTGACGGGARAGATGGCCTGTCCGCCGGAGGACTGTGGTGGCCTGGGCGGCTATGAGGAGTTGGCTGCGTG
P AAVCLTGTZ KMACTPTPTETDTC GG GTLGG GTYTETETLA AATH
700 750

GGTTCGCGGCGGGTACGACCCGCGGGAAACGCCGATGGGACTCGGTGCGCAGGAGATGAGGGACTGGCTGCCCCCGGGGCTGGCAC
VRGGYDTPRETTPMGLTGA A QEMRTDTMWLTEPPGTLA

800 850
CCCGACCGTTTCTCGGTGGCCGAGACCAATGACGCTCTGGCCGCGTTGAACACGCGTTGAGGATTCTTCACCGCCGAGGTTGACGG
P R P F L G GRDOQ * * R R P QR

900 BamHI

AGCTGGGTTCGGAAGCCTCCGGTCTCGAGCAGGGACCGGGCGATGTAGTTGGTGAGGTTGCGGAAGCCCAGGGCGGATCCGCGCAG
LQ TRV FGGTETULTLSRAIZYNTTLNR RTFPFGTLA ASGT RIL
950 1000
GTGTTCGAGGCGGCCGTTGATCGCTTCGGTCGGCCCGTTGGAGGTGCCGGGGCGGTCGAAGTAGGCCAGGACGTCGGCGGCACGCT
H ELRGNTIAETU®PGNSTSGZ®P RUDT FYALVDAARK
1050 1100
TCTTCAGTGTCCGCCCGAGGGTGATCAGCTCGGTCAGCGACGTGGGGACGCCTGTGCTCAGCGTGGTGATCAGTGCAGCCATCATG
K L TRGULTTIULETULSTU®PVGTSLTTTITULAAMM
1150
GTGCGGCCCTTGGTGCGGTCTGGTTCGCGGTAGGCGGCCACGGTGCGTTGATACATCGCCCAGGTGGCCTCGATCTCGGCGTGCGC
T R G KT RDPERYAA AV TROQYMAWTA ATETITEATHA
1200 1250
GTTGGCGGCGAACAGTGCGGCCAGTCGGGCTTTCTGGCGGTCGGTGAGCAGGTCGGCCCCGGTGTGCAGGGTGCGTCGCGATCGGT
N A A FLAALUZRAKOQRDTULTILUDA AGTHTLTRIRSRY
1300 1350
AGAGCGGGTCGGTGCTGCGGCCGCGGTGCCCGCAGGTGGCCAGCTGCACGCGGCGTCGGCACTCGTCGAGGGCGTTGCCGGCCAGG
L P DTSRG RHEGT CTATLUG QVRIRIRTCEUDTILANINGA AL
BstXI 1400 1450
CGGACCACGTGGAAGGGGTCCATCACCGTGGCCGCGTCAGGCAGTTCTTCGGTGGCGGCGGTCTTGAACCCGGAGAACCCGTCCAT
R V V HF P DMVTAADUZ PTLEETA AATI KT FG S F G DM
BstXI 1500
GGCAACAACGTCCACACGATCACGCCACTCCTGTGGCCGCTGNCCAGCCAGTCGGCGMCGCCHCTI&GCGGCCCTCCACCA
AV VDV RDIRWEU QPRUOQALUWDA ATFAIKIKSUR RGEVM
1550 1600
TGTCGAGCAGCCGTGCGGGGCCGGyCCGTCACGCACGGGCGTGAGATCGATGATGACGGTGACGTACTTGTCGCCGCGGCGAGTG
D LLRAPGTGD RVYVZPTULDTITIUVTVYVYKUDSGRIT RT
1650 1700
TGCCGCCACAC%CTCATCGACGCCGATCACCGCGACGCCANGAACCGGGCCGGATCGGCGA‘I’GA@CCGCTGACCTTCGGC
H R WV HEDVGTIVAYGDTF RAPTDA ATITLVRUOQGTEA
1750 1800
GAGCACGGCGTTGTTGGCAGTGTTCCACGACACCGCAAGCGCCTCGGCGACCCGGGCCACCGACAGGTGTTGGCAGACAAGGGC
L VANNATNU®WSVALAEAVR RAVSLHQTCVLA
1850
CCAGCGCCCACCGCAGAGCACGCCGGGACAGCCTGGCCCGCGGTTCGGCTGCGGCGCTQATCCTGGCGCCACACANAGCGCAG
L AWRULARURSI LR RARPEAAASADOQRUWMNWVYVHATC
1900 1950
CCGGCGCAACGGTAACGGCGGATCGTGACCAGCAAAGCCGTGGGTCGCCACCCGAACGGTTCATGAGCCAACGTGCGAGTCACGCT
G ACRY YR RIRITVILILATZ PRUWGTE FUPEUHATLTRTUVS
2000 2050
GTCACGTACAACGCCTTCTTCGCCGCAGCGGCGGCACCACCGATCCTCATCGGCGACCCGGCACGCCAGCACGGCCCGATCAGGGT
D RV V GEEGC CRIRTCMWRDEUDA AVIRTCALTVYVARTDUZPD
2100
CGAGGCGTTGGCCGGTCACCTCCAACCCGAGCTCGTCGAGGCGGCAGAAAGTCGTCAGGTCAGCGCAGGCGAAGCCCGCACCGACC
L RQ G TV

2150 tnpA 2200
GGTAGCGTCAGGCACGIGGAGGTCTTTCAGATGGATGGCGTAGGAACCTCCATCATCGGAAGAC CCCCTATCCCGGCACCG
2250
ACGCGCCGACGACCTCTACACCCTCAACTGCGAAGAGCCGGTTITCT
Bstx!
BamHI BstxI
> < -
tnpR ——— * o o pA
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terminus of the Tnl000 resolvase (31). The 72-aa carboxy
terminus shows 16.7% identical and 67% conserved amino
acids when compared with the Tn552 resolvase (32). These
levels of homology are on the borderline of what would be
considered significant homology (29); however, the proteins
encoded by these ORFs are of a similar size and significantly
more similar than the other ORFs found on IS1096 to
standard transposase and resolvase proteins. This may indi-
cate that these ORFs do encode proteins which are involved
in the transposition of IS1096 but are distantly related to the
well-characterized proteins known to be involved in trans-
position of other transposable elements. It may be possible
that the mechanism of transposition of IS1096 is significantly
different from that of previously studied insertion elements.

DISCUSSION

We have isolated an insertion element, 1S/096, from M.
smegmatis that is of potential use for insertional mutagenesis
of mycobacteria. ISI1096 was discovered as the result of
attempts to isolate mycobacterial mutants in asd. A myco-
bacterial asd mutant may be a useful strain for the mainte-
nance of recombinant plasmids in vivo, as shown in salmo-
nella (27). The plasmid pYUB215 has the advantage of
containing the B-galactosidase gene as a marker for the
plasmid sequences, which allows screening for allelic ex-
change during intrachromosomal recombination by the ob-
servation of white colonies on X-Gal. In other bacteria,
intrachromosomal recombination between large regions of
homology occurs at frequencies which range from 1 in 100 to
1 in 1,000 (11, 26, 34). It is possible that the frequency of
intrachromosomal recombination in M. smegmatis is much
lower than that normally seen and will not be observed
above the background loss of B-galactosidase activity be-
cause of insertion of IS1096. However, no allelic exchange
was observed when pYUB215 was originally introduced into
M. smegmatis, an event that should be independent of
intrachromosomal recombination frequencies. Although
there have been attempts at isolating mutants involved in
DAP biosynthesis in other gram-positive bacteria (46), they
have not been successful. This may point toward differences
in the requirements for DAP or the ability to transport DAP
across the cell wall of gram-positive bacteria (46) as opposed
to E. coli and Salmonella spp. (asd mutants are readily
obtained for E. coli and Salmonella spp. [27]). Therefore, we
favor the interpretation that the asd gene is essential in
mycobacteria. This would make it impossible to select for
intrachromosomal recombination producing the chromo-
somal asd mutant in the absence of a complementing asd
gene. We are currently testing this hypothesis by construct-
ing the chromosomal asd mutant in a merodiploid strain.

Since the B-galactosidase gene is stably maintained in the
chromosome, it allows observation of low-frequency events
such as chromosomal rearrangements or mutagenesis due to
insertion elements similar to IS71096. Thus, the utilization of
this marker system may have a general application as a
genetic trap for insertion elements. It remains to be seen
whether this system will allow isolation of insertion elements
in other species of mycobacteria. A small percentage (~1 to
10%) of the white mutants isolated from mc2687 could not be
explained by the insertion of IS1096 (7). It is possible that
there is another smaller insertion element in M. smegmatis
which could explain these mutants. The use of the asd genes
from other mycobacteria in this type of system could allow
isolation of insertion elements from any mycobacteria for
which there is an efficient transformation system. Useful

J. BACTERIOL.

insertion elements for the development of mutagenesis sys-
tems for mycobacteria should be of a relatively small size,
have a high frequency of transposition, not be present in the
bacterial strains where they will be used for mutagenesis,
and exhibit no site or regional specificity.

The only insertion element other than IS1096 which has
been shown to transpose in mycobacteria is IS6100 from M.
Sfortuitum. 1S6100 has three limitations which may make it a
secondary choice for mutagenesis of mycobacteria: the
transposase present in this element has significant homology
to the transposase of Tn/696 (22) which does not transpose
in a random fashion (23); the frequency of transposition was
fairly low (107° to 10~7) and transposition occurs only by
formation of a cointegrate structure which is not resolved
after transposition (22); and the insertion element is fairly
large, approximately 4 kb, an inconvenient size for the
design of transposon delivery systems. Of the insertion
elements isolated thus far in mycobacteria, IS1096 shows the
greatest promise for the development of a transposon deliv-
ery system since it appears to have most of the desired
characteristics.

IS1096 transposes in a random fashion which rivals that of
the most random elements seen in gram negatives (4). The
frequency of transposition of 1S1096 is high (10~5). The size
of 1IS1096, 2.2 kb, is very manageable. Its small size should
enable development of transposon delivery systems where
the size of the fragment which can be delivered is limited.
There are, however, a few concerns which could affect the
usefulness of this element in mycobacterial mutagenesis
systems. Since all of the transposition events observed thus
far have been into the B-galactosidase gene, it is possible that
IS1096 has some preference for this gene over others (pos-
sibly because of the lower G+C content of the B-galactosi-
dase gene compared to that of the mycobacterial chromo-
some in general), and, thus, it may have some regional
preference. However, if this were the case, one would
expect to observe regional specificity within B-galactosidase
itself. A second concern is that IS1096 has not yet been
tested in the pathogenic mycobacteria where its random
transposition mechanism would be most useful for studies of
virulence. There is, however, no reason to believe that, if an
insertion element functions in one species of mycobacteria,
it will not function in the other mycobacteria. Furthermore,
the fact that it is absent from pathogenic mycobacteria will
facilitate analysis of mutants which are isolated in these
strains. At present, studies are ongoing to determine
whether IS1096 will transpose in other species of mycobac-
teria and develop an efficient transposon delivery system to
facilitate efficient mutagenesis of mycobacteria. It is ex-
pected that IS1096 will be a valuable tool in the study of
mycobacterial molecular genetics.
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ADDENDUM IN PROOF

By using a plasmid-based transposon trap, a different

insertion element, 1S6120, has been identified in the same M.
smegmatis strain, mc2155 (C. Guilhot, B. Gicquel, J. Davies,
and C. Martin, Mol. Microbiol, in press). IS1620 clearly
differs from IS1096, as it is 1,486 bp in length and appears to
be present in three copies in the M. smegmatis chromosome.
Work is under way to explain why the different traps
preferentially yielded different insertion elements.
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