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The nucleotide sequence and genetic analyses of one of the directly repeated sequences flanking the
macrolide-lincosamide-streptogramin B drug resistance determinant, ermF, from the Bacteroides fragilis R
plasmid, pBF4, suggested that this region is an insertion sequence (IS) element. This 1,155-base-pair element
contained partially matched (20 of 25 base pairs) terminal-inverted repeats, overlapping, anti-parallel open

reading frames, and nine promoterlike sequences, including three that were oriented outward. Analysis of this
sequence revealed no significant nucleotide homology to 13 other known IS elements. Inasmuch as Southern
blot hybridization analysis detected homologous sequences in chromosomal DNA and its G+C content (42
mol%) was similar to that of B. fragilis, the data suggested that this element is of Bacteroides origin.
Transposition promoted by this element was demonstrated in recA E. coli. Recombinants were recovered by
selecting for the activation of a promoterless chloramphenicol resistance gene on the plasmid pDH5110 and
were characterized by restriction endonuclease mapping and Southern blot hybridization. We propose that this
IS element be designated 1S4351.

Transposable elements are defined DNA segments that are

capable of moving from one genetic locus to another. One
class of transposable elements is insertion sequence (IS)
elements, which are short segments of DNA (0.75 to 1.6
kilobases [kb]) that are believed to carry the genes required
for transposition. IS elements have been identified in a

variety of bacteria and are the subject of several recent
reviews (3, 9, 14, 17, 18, 40).

Within the obligately anaerobic Bacteroides spp., three
independently isolated R plasmids, pBF4 (44), pBFTM1O
(41), and pBI136 (36), have been described which confer
resistance to macrolide, lincosamide, and streptogramin B
(MLS)-type antibiotics. In each of these plasmids, the MLS
resistance genes are flanked by directly repeated (DR) DNA
sequences of approximately 1.1 kb (12, 31, 35). The MLS
resistance determinant and the flanking DR sequences on

pBF4 (33, 34) and pBFTM10 (28) have been demonstrated to
undergo transposition in both Escherichia coli and Bacte-
roides spp. and have been designated transposons Tn4351
and Tn4400, respectively. A similar observation has been
noted with the analogous region of pBI136 (C. J. Smith,
submitted for publication).
During the course of studying the genetic basis of MLS

resistance in the Bacteroides fragilis plasmid pBF4, we

determined that this resistance gene, ermF, is transcription-
ally dependent on an adjacent DR sequence (27). In the
present study, we report the nucleotide sequence of one
member of the DR segments of pBF4. Computer analyses of
this nucleotide sequence revealed structural similarities of
this element to procaryotic IS elements, although no signif-
icant homology was seen at the nucleotide level. We also
examined the biological activity of this element in E. coli and
present evidence that it can undergo recA-independent
transposition. We propose to designate this element IS4351.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacte-
rial strains and plasmids are shown in Table 1. B. fragilis
V479-1 or V598, V600, and V689 were maintained on sup-
plemented brain heart infusion broth (22) containing 5 ,ug of
clindamycin per ml or 10 jig of tetracycline per ml as

appropriate. E. coli JM101 was maintained on YT medium
(23). Other E. coli strains were maintained on LB medium
(23) with antibiotics as follows: V831, 10 ,ug of tetracycline
per ml; V1317, 50 jig of ampicillin per ml; V1337, 300 ,ug of
erythromycin per ml; and V1348, 50 ,ug of ampicillin per ml,
50 jig of chloramphenicol per ml, and 10 jig of tetracycline
per ml.

Genetic transformation of E. coli. E. coli strains JM101 and
HB101 were transformed with bacteriophage and plasmid
DNA, respectively, as previously described (27).

Plasmid DNA and M13 replicative-form DNA isolation.
Preparations of covalently closed circular plasmid or phage
replicative-form DNA were obtained by the method of
Guerry et al. (10) adjusted to 100 ml of cell culture. Ampli-
fication and isolation of plasmid and phage DNA were done
as previously described (27).

Construction of M13 clones. Restriction endonuclease frag-
ments from pVA831 (22) and pBF4, pBF4A1, or pBFA2 (44)
were ligated with appropriately cleaved M13, mp8, or mp9
replicative-form DNA. T4 DNA ligase (New England
BioLabs, Inc., Beverly, Mass.) was used at concentrations
of 2 and 400 U per reaction for cohesive and blunt-end
ligations, respectively. Purified recombinant phage was used
for the preparation of overlapping deletion derivatives as

described by Poncz et al. (25). Recombinant plaques were

identified by a modification of the plaque-screening method
of Benton and Davis (2). Nitrocellulose (Schleicher &
Schuell, Inc., Keene, N.H.) or Gene-Screen (New England
Nuclear Corp., Boston, Mass.) filters were used to lift phage
from agar plates. Phage-laden filters were treated as de-
scribed by Maniatis et al. (21) except that incubations were

extended for 10 min, followed by a 1-min rinse in 2x SSC
(pH 7.0) (lx SSC is 0.15 M NaCl plus 0.015 M sodium
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TABLE 1. Strains and plasmids used

Bacterium Strain Plasmid Relevant description' Reference or source

B. fragilis V479-1 pBF4 MLSr Tcr 44
V600 pBF4A1P MLSs Tcr 44
V689 pBF4A2' MLS' Tcr 44
V598 None MLsS Tcr 22

E. coli V831 pVA831(pBR325::EcoRI-D) hsdR4 Gal Tcr Apr 22
V1338 pDH5110 and pVA1337 HB101 background, Apr Emr 42; this study
V1348 pVA1348 HB101 background, Apr Cmr Tcr This study
HB101 None recA13 hsdS20
JM101 F' zA(lac pro AB)IF' traD36 New England BioLabs

proA B lac/IZAM13

a Abbreviations: MLSr, macrolide, lincosamide, streptogramin B resistant, operationally, 10 ,ug of clindamycin or erythromcin per ml; Tcr, tetracycline
resistant (10 ,ug/ml); hsd, host-specific restriction deficient; Gal-, galactose nonfermenting; Apr, ampicillin resistant (25 ,ug/ml); Emr, erythromycin resistant (300
,pg/ml); Cmr, chloramphenicol resistant (50 ,ug/ml); rec, recombination deficient; /pro-lac, deletion of proline and lactose region; traD36, conjugation deficient;
proA + B', proline auxotroph.

b pBF4A1 and pBF4A2, Independent spontaneous deletion derivatives of pBF4 missing the MLSr gene.

citrate). Treatment of filters and hybridization with 32P-
labeled probes were according to Maniatis et al. (21). Nick
translation kits were obtained from New England Nuclear
and were used as recommended by the supplier.
DNA sequencing. Single-stranded DNA from recombinant

phage was isolated and used as a template in the dideoxy
sequencing method of Sanger et al. (30) and used in sequenc-
ing reactions as previously described (27).

Southern blot hybridization. The transfer of DNA from
agarose gels to nitrocellulose paper (Schleicher & Schuell)
and subsequent DNA-DNA hybridization were as previ-
ously described (21, 38).

Transposition of IS4351. Transposition mediated by IS4351
was demonstrated in recA E. coli HB101 by using the plas-
mid pVA1337 as a delivery vehicle and the plasmid pDH5110
(42) as a target (see Fig. 5). Plasmid pVA1337 was construct-
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FIG. 1. Restriction endonuclease maps of pBF4 and Tn4351 from B.fragilis V479-1. Lines within the pBF4 map designate the approximate
regions missing from the independently isolated deletion derivatives pBF4A1 and pBF4A2 (44). The EcoRI fragments of pBF4 are indicated
by the capital letters (A thru G). In Tn4351, the directly repeated copies of IS4351 (L, left; R, right) are represented by the shaded areas.
IS4351L is in quotation marks because it has been only partially sequenced and has not yet been tested for transposition. The relative
positions of the MLSr gene, ermF (27), and the cryptic tetracycline resistance gene, *Tcr (11), are indicated below the Tn4351 map. The
enzymes ClaI, DdeI, AvaIl, and Hindill recognize multiple sites within pBF4 in addition to those shown on the Tn4351 map.
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FIG. 2. DNA sequence analysis strategy for IS4351 from pBF4 (upper panel) and pBF4A2 (lower panel). The EcoRI fragments of pBF4
(Fig. 1) are indicated by the capital letters above the maps. Arrows below the maps indicate the direction and extent of DNA sequence
analysis. In the upper panel, the direction of transcription of ermF is indicated by the dashed arrow (27). The asterisk indicates DNA sequence
data obtained by using a synthetic oligonucleotide primer.

ed by ligation of a HindIII-XbaI 7-kb fragment containing
one copy of IS4351 (from pBF4A2; Fig. 1) with similarly
digested pVA856 (19). This plasmid conferred resistance to
erythromycin (300 p.g/ml) in E. coli. Plasmid pDH5110 was
obtained from C. D. Tu (Pennsylvania State University) and
is a pBR322 derivative containing a promoterless chloram-
phenicol acetyltransferase (CAT) gene inserted into the ClaI
site of pBR322 (39) in the same orientation as the tetracy-
cline resistance gene. This plasmid conferred resistance to
ampicillin (50 p.g/ml) in E. coli. An E. coli strain (HB101)
containing both pVA1337 and pDH5110 was constructed by
transformation (8). An overnight culture of this strain was
diluted to 10-6 and then used to inoculate 20 separate broth
cultures. After incubation, cultures were plated on LB agar
containing 50 ,ug of ampicillin per ml and 100 to 200 ,ug of
chloramphenicol per ml. After single-colony isolation, chlor-
amphenicol-resistant clones were screened for erythromycin
and tetracycline resistance and then used for preparation of
plasmid DNA (10).
Enzymes and chemicals. Restriction endonucleases were

purchased from Bethesda Research Laboratories, Inc.,
Gaithersburg, Md., Boehringer Mannheim Biochemicals,
Indianapolis, Ind.; International Biotechnologies, Inc., New
Haven, Conn.; and New England BioLabs and were used as
recommended by the suppliers. Exonuclease BAL 31 was
purchased from Boehringer Mannheim. E. coli DNA poly-
merase I large fragment, M13 oligonucleotide sequencing
primer (17-mer), and T4 DNA ligase were purchased from
New England BioLabs. Deoxy- and dideoxynucleotide tri-

phosphates were obtained from Pharmacia Fine Chemicals,
Piscataway, N.J. Radiolabeled nucleotides ([a-32P]dATP,
800 Ci/mmol; [a-32P]dCTP, 800 Ci/mmol) were purchased
from New England Nuclear.
Computer analysis. DNA sequence data were analyzed by

using the Intelligenetics, Inc. (Palo Alto, Calif.) IFIND
program, the programs of Conrad and Mount (6), or the
programs of Queen and Korn (26). In general, DNA se-
quences were compared by using a window size of 20
nucleotides and a word length of 4 or 5 nucleotides.

RESULTS
DNA sequence analysis of IS4351. We previously deter-

mined that the transcriptional control of the pBF4 MLSr
gene (ermF) is contained within an adjacent DR (27). We
subsequently sequenced this copy of the DR as well as the
single copy present on the pBF4 deletion derivative,
pBF4A2. Computer analysis of the identical sequences along
with demonstration of recA-independent transpositional re-
combination (see below) suggested that at least one copy of
the DR of pBF4 is an active insertion element. We have
designated this element IS4351R (Fig. 1). The left repeat,
designated IS4351L, appears to be similar to IS435JR on the
basis of restriction mapping data (35, 44) and partial se-
quence analysis (data not shown). It is not known whether
these elements are completely homologous or whether
IS4351L is a functional IS element.
Sequence analysis of IS4351R from pBF4 made use of the

chimeric plasmid pVA831 [pBR325::EcoRI-D of pBF4 (22)]
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EcoRI EcoRI

insR -n--g-
1 GCTM AACTTGCAAATGCAACAAMTGATTAATAATTTGTTTAAATTTTTCGT 60

-asL -35 -IOO1
61 TTGGCGTGAGGTATCCAAGTCTTTTACGAGGTCGATTATTGAGTTTATTTTCAATCCACT 120

121 TAATCTGTTTGTTGGTTACTTCACTAAAGTCCTTACCCTTTGGGATATACTGCCTGATM 180
-35 Boni -10-* + -10

181 GCCCGTTGGTGTTTTCATTGGCACCACGTTCCCATGAGTGGTATGGTTTGCMAAATAGA 240
-35 Fspl - -10

241 ATTTTATTTCCAATTTTTGCGCAATTTCCTCGTGCTTTGCAAACTCCTTTCCATTGTCAG 300

301 CCGTAATTGTGTGTATTAAGTTTTTCACTTTCCGCAGTGCCCATACTGCAATCTTAGCTA 360

361 CCGGGATGGCTTCTTTTCCCGACAACTTGCGTATCCAGACCCTGCTTGTTGCTCTGTCGT 420

421 TAATGGTAAGAATGGCACCTTTGTGGTTCTTACCAATAATTGTATCTATCTCTAAATCAC 480
Ava l

481 CAAATCTCTCCTTCAGTTCCACTATCTCGGGACGCTCATCAATATCCACCCTGCCTGGGA 540
Tth IllI

541 TAAATCCTCGCCCTGCATTTTTAGAACCACGTTTGGCATACCTGCGACCTTGTCTGCGAA 600

601 GATATTTGTGCAGTTTGCCACCCCGCCGCTTATCCTCCCAAATCCAGCGATATATCGTTT 660

661 CGTGAGATACCATCGCAATTCCCTCCMGCGGCTCCTGCCGACMTCTGCTCCGGGCTA 720
XmnI

721 ATCCTTTCTTCAACAGCTTTATTATCCGTTTTCTCATTGCCGGTGTAAGCACTTCCTTGC 780

781 GATGTTTTTGCTGCTTGCGCCTGTCTGCTTTTCGCTGGGCAAGCTCCATGCTATAGCTAC 840

841 CACTTCGGGCGTCGCAATTGCGCTTTATCTCCCTGTAAACAGTGCTTTTATCTACTCCGA 900
-35

901 TAGCTTCCGCTATTGCTTTTTTGCTCATCGGTATTTGCMCATCATAGAAATTGCATACC 960
-10 - + 10

961 TTTGTTCCTCGGTTATATGTTTGCTCATCTGCMCTTTTTTTTCTTTGGACGGACAATTA 1020
-10 -35 -35 TthIII

1021 AAGCAAAGATAGCAAACTTTATCCATTCAG GTGAGAAAGGGGGACATTGTTCTCTT 1080
ins L

1081 TCCTCTCTGMAMTAAATGTTTTTATTGCTTATTATCCGCACCCMAAAGTTGCATTTA 1140

1141 TMGTTGMCTCMG

FIG. 3. Complete nucleotide sequence of the 1,155-bp insertion element IS4351. Sequence shown 5' -* 3'. Unique restriction
endonuclease sites are underlined. Terminal inverted repeats (insL and insR) and putative RNA polymerase-binding sites (-10 and -35) are
indicated over the sequence.

as well as an HpaII fragment from pBF4 (Fig. 2, upper
panel). A series of overlapping BAL 31-generated deletion
derivatives then were used for DNA sequence analyses (Fig.
2, upper panel). Additionally, a portion of IS4351 was
analyzed by using a synthetic oligonucleotide as a primer
(see asterisk in Fig. 2).

Partial sequence determination of IS4351L from pBF4A2
was accomplished by analysis of subcloned restriction frag-
ments (Fig. 2, lower panel). Identification of the termini of
IS4351 was made on the basis of DNA sequence analysis of
restriction fragments from a plasmid containing a transposed
copy of IS4351 (see below). These analyses showed that
IS4351 was a 1,155-base-pair (bp) element with a moles
percent G+C content of 42.
Computer analysis of IS4351. The structural organization

of IS4351, on the basis of computer analysis of the DNA
sequence, is indicated in Fig. 3 and 4. IS4351 was found to
terminate in imperfect inverted repeats with a match of 20 of
25 bp. We have designated these sequences inverted se-
quence left (insL) and inverted sequence right (insR).

Several open reading frames were found within IS4351
(Fig. 4). The largest open reading frame (ORF I) extended
from nucleotide 988 to nucleotide 11. This 978-bp sequence
could code for a 326-amino acid polypeptide of 39,120
daltons. The nonanucleotide sequence 5'-AAAAAAAGT-3'
situated just upstream from ORF I showed a 6- and 9-bp
match with the 3' terminus of B. fragilis 16S rRNA (43),
suggestive of a ribosome-binding site (32).
Two smaller open reading frames (ORF II and ORF III,

Fig. 4) were found on the opposite strand. ORF II extended
from nucleotide 366 to nucleotide 662 and encoded a 99-
amino acid polypeptide of 11,800 daltons. ORF III (nucleo-
tides 782 to 1018) could encode a 79-amino-acid polypeptide
of 9,480 daltons. Putative ribosome-binding sites upstream
from ORF II (5'-AATCTAGCT-3') and ORF III (5'-
GTAAGCA-3') matched the 3' terminus of B. fragilis 16S
rRNA at 5 of 9 bp and 5 of 7 bp, respectively.
The entire 1,155-bp sequence of IS4351 also was analyzed

by computer for hexanucleotide sequences that corre-
sponded to -35 and -10 regions of known E. coli promoter

J. BACTERIOL.
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FIG. 4. Linear map of IS element IS4351. Potential openf reading frames (ORF I, ORF II, and ORF IIl) and corresponding Shine-Dalgarno
sequences (S-D) are indicated on the upper map. The nine possible RNA polymerase-binding sites (pOL, pIR1, pIR2, pIR3, pIR4, pILl, pIL2,
pOR1, and pOR2) are indicated by triangles pointing in the hypothetical direction of transcription. insL and insR, The 25-bp terminal inverted
repeats. Unique restriction endonuclease sites are indicated on the lower map.

sequences (13). Such sequences that occurred within IS4351
in the correct orientation (i.e., a -35 sequence upstream
from a -10 sequence) and with a spacing of 17 ± 2 bp are
identified in Fig. 3 and 4. Four inwardly directed promoter-
like sequences (pIRl, pIR2, pIR3, pIR4) were located just
upstream from ORF II, and two inwardly directed promoter-
like sequences (pILl and pIL2) were located just upstream
from ORF I. Putative promoter sequences that were directed
toward each of the termini of the element (pOR1, pOR2, and
pOL) were also identified.
The sequence of IS4351 was compared with the sequences

FIG. 5. Plasmids relevant to transpositional recombination as-

say. See the text for details. Restriction endonuclease maps of the
delivery plasmid, pVA1337 (11.3 kb); the target plasmid, pDH5110
(5.1 kb) (42); and a recombinant plasmid, pVA1348 (6.3 kb). The
dark rectangle represents IS4351. The stippled area in pVA1337
represents Bacteroides pBF4A2 DNA. Restriction endonuclease
sites in parentheses indicate the presence of other unmapped sites.

of transposable elements that were available on the Intel-
ligenetics, Inc., data base. These were ISJ, IS2, IS4, IS5,
ISIOR, ISIOL, ISO-IS], IS102, ISHI, ISH2, Tn3, TnS, Tn7,
and Tn903. Additional comparison to other IS DNA se-
quences ([IS3, [42]; IS26R, [24]; IS30, [7]) were accom-
plished with the computer program of Conrad and Mount (6).
None of these IS elements showed significant nucleotide
homology with IS4351.

Transposition of IS4351. Our general strategy for testing
transposition promoted by IS4351 made use of the plasmid
pVA1337 (Fig. 5) as a delivery vehicle and the plasmid
pDH5110 (Fig. 5) as a target (see Materials and Methods).
We hypothesized that the putative promoters in IS4351
could activate the CAT promoterless gene in pDH5110,
resulting in a chloramphenicol resistance phenotype.

Twenty-eight Cmr clones recovered in these experiments
were screened for plasmids. Qn the basis of restriction
endonuclease mapping, 13 of these clones appeared to
contain IS elements other than IS4351 inserted into
pDH511Q (data not shown). However, two of the indepen-
dently isolated Cmr clones did contain IS4351 inserted into

-35 -/0
TT CA AATATGT AT CCGC TCA TGAGACA A TA ACCCTGA TAA

ins R

A TG C T T C A A T A A TA G C T G A A T T CA A C T TG C A A A TG C A A C -

IS 435/ ins L
.------.GTTGCA TTTA TAAGT TGAA ATCAAGATA TTG

omp'
AAAAAGGAAGAGTATGAGTATTCAACAT

FIG. 6. Duplication of target sequences upon transposition of
IS4351 from pVA1348 into pDH5110. A partial sequence of
pDH5110 (39) corresponding to the region containing IS4351 is
shown. The terminal inverted repeats (insR and insL) of IS4351 are
indicated by arrows. -----, Remainder of IS4351. The 3-bp duplication
(ATA) is indicated by the thick underline. The promoter sequences
(-35 and -10) and the start of the ampicillin resistance gene (ampr)
are also indicated.
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FIG. 7. Southern blot hybridization of EcoRI-digested bulk cel-
lular DNA from B. fragilis strains V479-1 (MLRr, containing pBF4)
and V598 (an MLSs, plasmidless derivative of V479-1) to an IS4351
probe. The probe was pVA1348 containing one copy of 1S4351 (Fig.
5). Lanes: A, EcoRI-digested cellular DNA from V479-1; B, EcoRl-
digested cellular DNA from V598. The pBF4 EcoRI B and D
hybridizing fragments, both carrying IS4351 sequences (Fig. 1) are

noted at the left. The nonplasmid IS4351-hybridizing sequences

found in V479-1 and V598 are indicated by arrows.

pDH5110. One of these clones was chosen for further studies
and contained a recombinant plasmid, pVA1348 (Fig. 5),
with one copy of IS4351 inserted upstream from the chlor-
amphenicol gene. This plasmid conferred resistance to am-
picillin, tetracycline, and chloramphenicol in E. coli and was

characterized by restriction endonuclease mapping and
Southern blot hybridization (data not shown). Plasmid
pVA1346 was also used for examination of the target site of
IS4351 (see below).

Analysis of target site sequences. pVA1348 was analyzed to
determine whether duplication of target sequences of
pDH5110 had occurred upon insertion of IS4351. TaqI-
generated fragments of pVA1348 were cloned into M13
vectors and used for DNA sequence analysis. Comparison of
sequence data from fragments containing either the left or

right terminus of IS4351 (and adjacent pDH5110 sequences)
to the pBR322 sequence (39) showed that a 3-bp duplication
(5'-ATA-3') of target sequences had occurred (Fig. 6).
IS4351 inserted into pDH5110 just upstream from the ampi-
cillin resistance gene and was found to be situated between
the start codon of the ampicillin resistance gene and its
promoter (39).

Demonstration of the presence of IS4351-related sequences
in the chromosome of B. fragilis. To determine whether
IS4351 was found in the Bacteroides chromosome, plasmid
pVA1348 (Fig. 5) containing one copy of IS4351R was used
to probe bulk cellular DNA from B. fragilis V479-1 MLS'
containing pBF4 and B. fragilis V598, a spontaneous MLSS
variant of strain V479-1 lacking plasmid pBF4 (22). Southern
blot analyses of EcoRI-cleaved bulk cellular DNA from each
strain probed with pVA1348 are shown in Fig. 7. As ex-

pected, hybridization to the EcoRI B and EcoRI D IS4351-
containing fragments of pBF4 was detected (lane A). How-
ever, two other EcoRI fragments (Fig. 7) that did not
correspond to pBF4-generated EcoRI fragments showed
homology to the IS4351 probe. Two EcoRI fragments that
hybridized to the IS4351 probe were also detected in DNA
from strain V598 (lane B). Only one of these fragments
appeared to be similar in size to the nonplasmid fragments of
V479-1.

DISCUSSION
Transposition in E. coli promoted by one copy of the DR

sequence of pBF4 has allowed us to identify this sequence as

an IS element, which we have designated IS4351. We infer
that IS4351 is able to mediate transposition in Bacteroides
spp., on the basis of previously published results (28, 33, 34).
IS4351 showed a structural arrangement similar to other
known IS elements, including the presence of terminal
inverted repeated sequences with a match of 20 of 25 base
pairs (9, 18).
Although the structural organization of IS4351 is similar to

other IS elements, computer analyses of this 1,155-bp se-
quence failed to reveal any significant nucleotide homology
to 13 other IS elements, suggesting that this is a new
element. We believe that IS4351 is of Bacteroides origin,
inasmuch as the moles percent G+C content of IS4351 (42
mol%) is similar to that of chromosomal DNA ofBac teroides
spp. (4) and copies of this element have been found in the
chromosome of at least one B. fragilis strain (Fig. 7).
Moreover, Southern blot analyses have demonstrated ho-
mology between IS4351 and the DR sequences of two other
independently isolated Bacteroides plasmids, pBFTM10
(31), similar if not identical to pCP-1 (12), and pBI136 (35),
that also confer MLS resistance, suggesting widespread
dissemination of this element on plasmids. IS4351 has not
yet been identified in independent MLSS isolates of Bacte-
roides spp.
Although sequence anlayses of the DR elements of

pBFTM10 and pBI136 are not yet available, it seems rea-
sonable to assume that these repeats are also IS elements.
Transposition by the DR elements of pBFTM10 (tentatively
designated IS4400) has been observed in both E. coli and
Bacteroides sp. (28). Moreover, the DR sequences and the
intervening DNA of pBFTM10 (28) and pBI136 (Smith,
submitted) both undergo transposition. The data reported in
this paper support and extend the work of Shoemaker et al.
(33, 34), who showed that Tn4351 (Fig. 1) can transpose in
both E. coli and Bacteroides sp. Our data suggest that in E.
coli transposition of Tn4351 might be mediated by IS4351.

IS elements were first identified in E. coli on the basis of
polar mutations created by insertion into operons (15, 20).
Some of these elements have also been shown to activate
nearby genes by means of outwardly directed promoter
sequences (1, 5, 16, 29, 42). A similar role has been observed
with IS4351. In pBF4, the ermF gene is transcribed from a
promoter within the adjacent IS4351 sequence (27). Further
evidence for the presence of functional outwardly directed
promoter sequences within IS4351 resulted from the trans-
position assay used in this study. The target plasmid,
pDH5110, possessed promoterless chloramphenicol and tet-
racycline genes. Insertion of IS4351 such that pORI and
pOR2 (Fig. 4) were oriented toward the promoterless anti-
biotic resistance genes in pVA1348 (Fig. 5) resulted in a Tcr
Cmr phenotype. We do not know whether the same promot-
ers that function in Bacteroides spp. also operate in E. coli.
Sequence analyses of the IS4351-pDH5110 junctions in

pVA1348 suggested that IS4351 could also be controlling the
ampicillin resistance gene; this IS element inserted between
the start codon and the promoter of the ampicillin resistance
gene (Fig. 6). Unfortunately, the actual promoter sites within
IS4351 that were driving transcription of the ampicillin,
chloramphenicol, and tetracycline resistance genes in
pVA1348 could not be identified from these data. High-
resolution S1 mapping experiments are needed to clarify this
issue.
DNA sequence analysis of the pDH5110-IS4351 junctions

in pVA1348 further showed that a 3-bp target sequence
(5'-ATA-3') was duplicated upon insertion of IS4351. The
ermF transposon of pBI136 has also been shown to generate

J. BACTERIOL.
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a 3-bp duplication (Smith, submitted). On a similar note, IS3
has also been shown to produce a 3-bp duplication upon
transposition to a new site (37, 42).
The role of the putative proteins (ORF I, II, and III; Fig.

4) of 1S4351 has yet to be determined. These peptides have
a high percentage of basic amino acid residues (data not
shown) which could facilitate interactions with DNA. It
seems reasonable that one or more of the ORFs could code
for a transposase, a repressor, or an inhibitor such as is
found with other IS elements (for a review, see reference 9).
The activation of foreign genes by IS elements has been

documented in E. coli (1, 16, 42), and we have hypothesized
that this was the basis for the IS4351-ermF association in the
B. fragilis plasmid pBF4 (27). The presence of IS4351-like
sequences in the chromosome of V479-1 (Fig. 7) further
supports our model for the evolution of MLSr in B. fragilis.
It will be interesting to examine the dissemination of this
element in Bacteroides sp. and to see whether IS4351 is
associated with other genes. Moreover, it seems likely that
IS4351 could be used in the future for expression of genes
cloned into Bacteroides spp. as well as a tool for identifying
silent genes and for introducing mutations in Bacteroides
spp.

ACKNOWLEDGMENTS

We thank C. J. Smith for stimulating discussions and for sharing
unpublished data. Susan Schaefer provided expert technical assist-
ance. Dana Chapman is gratefully acknowledged for assistance in
manuscript preparation.

This work was supported by Public Health Service grant AI20153
from the National Institutes of Health and by grants from the
Jeffress Memorial Trust and the Virginia Center for Innovative
Technology.

LITERATURE CITED

1. Barany, F., J. D. Bocke, and A. Tomasz. 1982. Staphylococcal
plasmids that replicate and express erythromycin resistance in
both Streptococcus pneumoniae and Escherichia coli. Proc.
Natl. Acad. Sci. USA 79:2991-2995.

2. Benton, D. W., and R. W. Davis. 1977. Screening lambda gt
recombinant clones by hybridization to single plaques in situ.
Science 196:180-182.

3. Calos, M. P., and J. H. Miller. 1980. Transposable elements.
Cell 20:579-595.

4. Cato, E. P., and J. L. Johnson. 1976. Reinstatement of species
rank for Bacteroides fragilis, B. ovatus, B. distasonis, B.
thetaiotaomicron, and B. vulgatus: designation of neotype
strains for Bacteroides fragilis (Veillon and Zuber) Castellani
and Chalmers and Bacteroides thetaiotaomicron (Distaso)
Castellani and Chalmers. Int. J. Syst. Bacteriol. 26:230-237.

5. Ciampi, M. S., M. B. Schmid, and J. R. Roth. 1982. Transposon
TnlO provides a promoter for transcription of adjacent se-
quences. Proc. Natl. Acad. Sci. USA 79:5016-5020.

6. Conrad, B., and D. W. Mount. 1984. Microcomputer programs
for DNA sequence analysis. Nucleic Acids Res. 10:31-38.

7. Dalrymple, B., P. Caspers, and W. Arber. 1984. Nucleotide
sequence of prokaryotic mobile genetic element IS30. EMBO J.
3:2145-2149.

8. Davis, R. W., D. Botstein, and J. L. Roth. 1980. A manual for
genetic engineering: advanced bacterial genetics. Cold Spring
Harbor Laboratories, Cold Spring Harbor, N.Y.

9. Grindley, N. D. F., and R. R. Reed. 1985. Transpositional
recombination in prokaryotes. Annu. Rev. Biochem. 54:863-
896.

10. Guerry, P., D. J. LeBlanc, and S. Falkow. 1973. General method
for the isolation of plasmid deoxyribonucleic acid. J. Bacteriol.
116:1064-1066.

11. Guiney, D. G., Jr., P. Hasegawa, and C. E. Davis. 1984.

Expression in Escherichia coli of cryptic tetracycline resistance
genes from Bacteroides R plasmids. Plasmid 11:248-252.

12. Guiney, D. G., Jr., P. Hasegawa, and C. E. Davis. 1984.
Homology between clindamycin resistance plasmids in Bacte-
roides. Plasmid 11:268-271.

13. Hawley, D. K., and W. R. McClure. 1983. Compilation and
analysis of Escherichia coli promoter DNA sequences. Nucleic
Acids Res. 11:2237-2253.

14. lida, S., J. Meyer, and W. Arber. 1983. Procaryotic IS elements,
p. 159-221. In J. A. Shapiro (ed.), Mobile genetic elements.
Academic Press, Inc., New York.

15. Jordan, E., H. Saedler, and P. Starlinger. 1969. 00 and strong-
polar mutations in the gal operon are insertions. Mol. Gen.
Genet. 102:353-363.

16. Jund, R., and G. Loison. 1982. Activation of transcription of a
yeast gene in E. coli by an IS element. Nature (London)
296:680-681.

17. Kleckner, N. 1977. Translocatable elements in prokaryotes. Cell
11:11-23.

18. Kleckner, N. 1981. Transposable elements in prokaryotes.
Annu. Rev. Genet. 15:341-404.

19. Macrina, F. L., R. P. Evans, J. A. Tobian, D. L. Hartley, D. B.
Clewell, and K. R. Jones. 1983. Novel shuttle plasmid vehicles
for Escherichia-Streptococcus transgeneric cloning. Gene 25:
145-150.

20. Malamy, M. H. 1966. Frameshift mutations in the lactose
operon of E. coli. Cold Spring Harbor Symp. Quant. Biol.
31:189-201.

21. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

22. Mays, T. D., C. J. Smith, R. A. Welch, C. Delfini, and F. L.
Macrina. 1982. Novel antibiotic resistance transfer in Bacte-
roides. Antimicrob. Agents Chemother. 21:110-118.

23. Miller, J. H. (ed.). 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

24. Mollet, B., S. lida, J. Shepherd, and W. Arber. 1983. Nucleotide
sequence of IS26. A new prokaryotic mobile genetic element.
Nucleic Acids Res. 11:6319-6330.

25. Poncz, M., D. Solowiejczyk, M. Ballantine, E. Schartz, and S.
Surrey. 1982. "Nonrandom" DNA sequence analysis in bac-
teriophage M13 by the dideoxy chain-termination method. Proc.
Natl. Acad. Sci. USA 79:4298-4302.

26. Queen, C., and L. J. Korn. 1984. A comprehensive sequence
analysis program for the IBM personal computer. Nucleic Acids
Res. 12:581-599.

27. Rasmussen, J. L., D. A. Odelson, and F. L. Macrina. 1986.
Complete nucleotide sequence and transcription of ermF, a
macrolide-lincosamide-streptogramin B resistance determinant
from Bacteroides fragilis. J. Bacteriol. 168:523-533.

28. Robiliard, N. J., F. P. Tally, and M. H. Malamy. 1985. Tn4400,
a compound transposon isolated from Bacteroides fragilis,
functions in Escherichia coli. J. Bacteriol. 164:1248-1255.

29. Saedler, H., and H. J. Reif. 1974. IS2, a genetic element for
turn-off and turn-on of gene activity in E. coli. Mol. Gen. Genet.
132:265-289.

30. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

31. Shimell, M. J., C. J. Smith, F. P. Tally, F. L. Macrina, and
M. H. Malamy. 1982. Hybridization studies reveal homologies
between pBF4 and pBFTM10, two clindamycin-erythromycin
resistance transfer plasmids of Bacteroidesfragilis. J. Bacteriol.
152:950-953.

32. Shine, J., and L. Dalgarno. 1974. The 3' terminal sequence of
Escherichia coli 16S ribosomal RNA: complementarity to non-
sense triplets and ribosome binding sites. Proc. Natl. Acad. Sci.
USA 71:1342-1346.

33. Shoemaker, N. B., C. Getty, J. F. Gardner, and A. A. Salyers.
1986. Tn4351 transposes in Bacteroides spp. and mediates
integration of plasmid R751 into the Bacteroides chromosome.
J. Bacteriol. 165:929-936.

34. Shoemaker, N. B., E. P. Guthrie, A. A. Salyers, and J. F.

VOL. 169, 1987



3580 RASMUSSEN ET AL.

Gardner. 1985. Evidence that the clindamycin-erythromycin
resistance gene of Bacteroides plasmid pBF4 is on a transpos-
able element. J. Bacteriol. 162:626-632.

35. Smith, C. J., anal M. A. Gonda. 1985. Comparison of three
transposon-like elements encoding clindamycin resistance in
Bacteroides spp. Plasmid 13:182-192.

36. Smith, C. J., 'and F. L. Macrina. 1984. Large transmissible
clindamycin resistance plasmid in Bacteroides ovatus. J. Bac-
teriol. 158:739-741.

37. Sommer, H., J. CuHlnn, and H. Saedler. 1979. Integration of IS3
into IS2 generates a short sequence duplication. Mol. Gen.
Genet. 177:85-89.

38. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

39. SutcliLfe, J. G. 1979. Conmplete nucleotide sequence of the

Escherichia coli plasmid pBR322. Cold Spring Harbor Symp.
Quant. Biol. 43:77-90.

40. Syvanen, M. 1984. The evolutionary implications of mobile
genetic elements. Annu. Rev. Genet. 18:271-293.

41. Tally, F. P., D. R. Snydman, M. J. Shimeil, and M. H. Majamy.
1982. Characterization of pBFTM1Q, a clindaniycin-erythro-
mycin resistance transfer factor from Bacteroides fragilis. J.
Bacteriol. 151:686-691.

42. Tinumerman, K. P., and C. D. Tu. 1985. Complete sequence of
IS3. Nucleic Acids ftes. 13:2127-2139.

43. Weisburg, W. G., Y. Oyaizu, I1. Oyaizu, and C. R. Woese. 1985.
Natural relationship between bacteroides and flavobacteria. J.
Bacteriol. 164:230-236.

44. Welch, R. A., and F. L. Macrina. 1981. Physical characteriza-
tion of Bacteroides fragilis R plasmid pBF4. J. Bacteriol.
145:867-872.

J. BACTERIOL.


