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FIG. 3. Detection of repeated sequences in B. parapertussis
B24. Shown is a Southern blot of Smal-digested B. parapertussis
DNA hybridized to the purified heteroduplex product of B. para-
pertussis. The Smal fragments that were extracted from the gel are
indicated by a bracket (lane 1). Clal-digested B. parapertussis DNA
(lane 2), Clal-digested B. pertussis DNA (lane 3), and B. paraper-
tussis heteroduplex DNA (lane 4), hybridized to probe 3. The sizes
(in kilobases) and positions of HindIII-digested lambda marker
DNA are indicated on the left.

designated probes 3 and 4, respectively (Fig. 1), were
hybridized with B. pertussis and B. parapertussis DNA. The
0.3-kb Smal-Sphl fragment hybridized to a unique Clal
fragment of B. pertussis and B. parapertussis (data not
shown). In contrast, the 0.8-kb Smal-Sphl fragment hybrid-
ized to approximately 19 Clal fragments of B. parapertussis
chromosomal DNA (Fig. 3, lane 2). No hybridization was
observed with B. pertussis DNA when this fragment was
used as a probe (Fig. 3, lane 3). As expected, the 0.8-kb
Smal-Sphl fragment was found to hybridize with the 1.3-kb
B. parapertussis heteroduplex product (Fig. 3, lane 4).
Since the 0.8-kb Smal-Sphl fragment in pRPP2 contained
only part of a larger 1.3-kb repeated DNA element, attempts
were made to obtain a complete copy of the repeated
sequence. Chromosomal DNA was digested with PstI or
Sphl and inserted into the appropriate restriction sites of
pEMBLI18. After transformation, E. coli colonies were
screened with probe 3 (Fig. 1). From two positive clones,
plasmids (designated pRPP1 and pRPP3) that contained a
1.8-kb Sphl fragment and a 1.2-kb PstI fragment, respec-
tively, were isolated. To identify the termini of the repeated
sequence unequivocally, inverse PCR was used to clone B.
parapertussis DNA flanking a repeated element (see Mate-
rials and Methods). Amplified DNA was inserted into
pEMBL18 and transformed into E. coli. One plasmid, des-
ignated pRPP4 (Fig. 1), containing a 1.8-kb B. parapertussis
DNA fragment that hybridized to probe 3 was selected.
Sequence of the repeated DNA sequence from B. paraper-
tussis. All clones summarized in Fig. 1B were sequenced on
both strands except the right terminus of the repeated
element located in pRPP4, which was sequenced on one
strand only. Plasmids pRPP2 and pRPP3 were each found to
contain the right part of the repeated sequence which was
truncated by a Smal site and a PstI site, respectively. By
comparison of the sequences of pRPP2 and pRPP3, the right
terminus of the element could be determined. The 1.8-kb
Sphl fragment in pRPP1 was found to harbor a complete
copy of the repeated sequence, and by sequence comparison
of pRPP1 and pRPP4, the left terminus of the element was
determined. The entire DNA sequence of the repeated
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element is shown in Fig. 4. Small differences were observed
between the various copies, which occurred mainly in the
left part of the element. The element was found to comprise
1,306 bp, with terminal inverted repeats of 15 bp, and to have
a G+C content of 60%. Four ORFs longer than 100 amino
acids could be identified (Fig. 5). Examination of DNA
regions flanking the element revealed duplications of four to
six bases in the target DNA (Fig. 6). Thus, the repeated
sequence from B. parapertussis has properties consistent
with bacterial IS elements and was designated IS1001.

Distribution of IS1001. To investigate whether 1S1001
could be used as a specific probe for the detection of B.
parapertussis in clinical samples, the host range of this IS
element was determined. For this purpose, chromosomal
DNA was isolated from 10 B. parapertussis, 2 B. pertussis,
and 2 B. bronchiseptica human clinical isolates (Table 1).
The DNA was digested with Sphl (not shown) and PstI and
analyzed by means of Southern blotting using probe 3 (Fig.
7). All 10 B. parapertussis strains hybridized with this probe,
and the hybridization patterns were identical to the pattern
observed with the B. parapertussis B24 (Fig. 7). DNA
fragments of the B. pertussis and B. bronchiseptica strains
did not hybridize with IS1001 DNA. Twenty additional B.
Dpertussis strains and one additional B. bronchiseptica strain,
all human clinical isolates, were analyzed for the presence of
IS1001 by means of PCR using primers A and Z (Fig. 4). All
21 strains were found to be negative with the PCR. In
addition to the three human isolates of B. bronchiseptica
referred to above, a number of B. bronchiseptica strains
derived from animals were analyzed for the presence of
IS1001-like elements by means of Southern blotting using
probe 3 and with use of PszI (not shown) and Sphl (Fig. 8) to
cleave chromosomal DNA. It appeared that three strains
isolated from dogs did not contain IS100I-like elements.
However, the three pig strains and a rabbit strain were found
to contain at least four copies of an IS1001-like element.
Interestingly, a different hybridization profile was observed
among these strains.

DISCUSSION

IS elements have been described for a large number of
bacterial species (8). These elements are generally species
specific and have often been found by chance or through
their ability to affect gene expression by transposition and
insertional inactivation (26). A purposeful search for IS
elements that occur in multiple copies can be performed by
the approach we describe here. The method is based on the
formation of heteroduplex molecules by reiterated DNA
sequences after denaturation and renaturation of chromo-
somal DNA (22). Removal of single-stranded DNA, gener-
ally derived from single- or low-copy-number genes, yields a
heteroduplex product that is enriched for repeated se-
quences. When this procedure was applied to B. pertussis
DNA, which is known to contain approximately 80 copies of
an insertion element, designated IS481 (16, 17), three distinct
bands with molecular size of 1, 1.5, and 2 kb were detected
after agarose gel electrophoresis of the enriched sequences.
The 1- and 2-kb bands hybridized to IS481, indicating that
they represented single copies and tandem repeats of this
element, respectively. The third band contains an as yet
unidentified repeated sequence of B. pertussis.

Results obtained with B. parapertussis chromosomal
DNA allowed the detection of repeated DNA present in
approximately 20 copies per genome if agarose gel electro-
phoresis was used to visualize the enriched sequences. To
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................ Guivrerreoenennssseaceasennensssasss 181001cC
1 GGTTCATCGCGC-AATAACGTGGAGGGGTTTGGCAATTTTCGTATTCTTGA I1s1001
-primer-R----»
.................. TeeTeeeeeeeCiCitvnnneennenneasss IS1001c
51 CGGCAGGTATTTGACATCAGGA-GTGCAGGGAGATGCTGGATCGCAAGTTG Is1001

Is1001c
Is1001

101 ATGGAGTCGCTGGGAGGCTGGCAGGGCTATGGCGTCGAACGCGTGGAATG

Is1001ic
Is1001

151 GCCCGAAGACCCAGGGCGCACGCTGTCGATCTATTTGAAGCCAACGGCCA

Is1001c
Is1001

201 AGGTGATGCTGTGCGAGCAGTGCGGCGCGCGGTGTCGCCAGGTGCATGAG

1s1001c
Is1001

251 ACCACGGTTCGACGGGTGCGAGATCTGCCGATATTCGAGTATCGGGTCGT

Is1001c
Is1001

301 TCTGCACGTGCCGCGCCGACGCTTGTGGTGTGAGCAATGCGGCGGCCCGC

Is1001c
1s1001

351 GCCTGGAGCGGCTTGCCTGGCTGGGGCGATATCAACGGGTGACGGATCGG

181001b
1s1001c
Is1001

1s81001b
1s1001c
1s1001

1s1001b
Is1001c
1s1001

1s1001b
Is1001c
1s1001

551 TTGGCGATGGACGAGTTTGCCCTGCACAAAGGGCATCGCTACGCGACAGT

.................... P 1S81001b

601 GGTGGTCG&TCCGATCGGCAGGCAGGTGCTGTGGATTGGCCCAGGACGCT Is1001
Is1001b
Is1001a
181001

65

:
Q
é
g
.
£
g
:
§
g

1S1001b
1s1001a
181001

701 CAACGCATCAAGGCCGTTGCCATCGACATGACCACCGCCTACGAGTTGGA

------- primer-z---

. 1S1001b

Is1001a
Is1001

181001b
1s1001a
1s1001

1s1001b
Is1001a
1s1001

1s81001b
1s1001a
Is1001

1s81001b
Is1001a
Is1001

I1s1001b
Is1001a
Is1001

1001 GTCCTGCGTGACGAACTCAAACGGCTCTGGTTCTACCAAAGACCTGCCTG

Is1001b
Is1001a
Is1001

1051 GGCAAGACAAGCCTGGAACCACTGGTACGAGCAGGCCGAGCAAAGCGGAA

I1S1001b
.................................................. IS1001a
1101 TAGCCGCCTTGAACACCTTCGCTCAGCGCTTGAAAGGCTATCTGCACGGCS1001

1S1001b
Is1001a
Is1001

1151 ATCCTGGCCAGATGCCGACATCCCCTGAACACCAGCATTGTCGAGGGCAT

1s1001b
IS1001a
1s1001

1201 CAACAACACTATCAAGGTCATCAAGCGGCGCGCTTACGGCTACCGCGACC
< primer-a

Is1001b
1s1001a
1s1001

1251 AGGAATACTTCTTCCTCAAAATéééiééCGCCTTCCCéééCAATGCGCéi ... .....
<«—-
...... Is1001b
...... Is1001a
1301 TGAACC........ Is1001
--primer-R----

FIG. 4. Sequence of IS1001 from B. parapertussis. The sequence
is based on the element found in pRPP1 and is numbered from the
outer end of the left terminal inverted repeat. Both left and right
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FIG. 5. Locations of ORFs in IS1001. I1S1001 is represented by
an open bar. The left terminal inverted repeat (LIR), right terminal
inverted repeat (RIR), and relevant restriction sites are indicated.
The lines below IS1001 represent ORFs translated from left to right.
ORFs depicted above IS1001 are read in the opposite direction. The
scale indicates base pairs.

facilitate detection of repeated sequences present in fewer
copies, the number of cycles of denaturation and renatur-
ation may be increased. Alternatively, the labeled heterodu-
plex products may be used as a probe to identify repeated
sequences in Southern blots containing heteroduplex end
products or to identify restricted chromosomal DNA. The
latter approach was used successfully to clone and isolate a
repeated sequence, designated IS1001, from the genome of
B. parapertussis.

Sequence analysis of IS1001 revealed the presence of
poly(A) or poly(T) sequences flanking both left and right
termini of the element. This finding suggests that stretches of
A’s or T’s represent preferential insertion sites for 1S1001.
Since B. pertussis has a very high G+C content of approx-
imately 67% (14), the number of potential insertion sites for
IS1001 is probably very limited in this species. Specificity for
particular sequences may be a means by which an IS element
regulates its copy number to prevent an adverse effect on its
host. Analysis of the regions flanking IS1001 suggests that
insertion results in duplication of approximately six bases of
the target sequence. Apart from a complete copy, various
fragments of ISI1001 were isolated and sequenced. Compar-
ison of the sequences revealed small differences which
occurred mainly in the left part of IS1001. When the DNA
sequence of ISI001 was used to search the EMBL and
GenBank data bases, no striking homologies were found.
However, one of the ORFs observed in IS1001 (ORF1; Fig.
5) showed homology with a putative transposase, designated
TnpA, encoded by IS1096 which is found in Mycobacterium
smegmatis (Fig. 9). In view of the observed homology, it
seems likely that ORF1 codes for a protein involved in
transposition, and we have designated this ORF tnpA.
Interestingly, like all copies of ISI00I analyzed, 1S1096
appeared to be inserted into an A+T-rich DNA region (5).
M. smegmatis is a commensal of the respiratory tract, and it
is conceivable that genetic exchange occurred between M.
smegmatis and B. parapertussis or between these two spe-
cies and a third resident of the respiratory tract.

inverted repeats are in bold, and restriction sites mentioned in the
text are indicated. Partial sequences of a number of independently
isolated IS1001 copies are also shown. For these sequences, only
differences with IS1001 are indicated. Identical bases are repre-
sented by dots. The IS1001a, -b, and -c sequences are based on
copies of the element found in pRPP2, pRPP3, and pRPP4, respec-
tively. PCR primers A, Z, and R are indicated.
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PRPP1 CGTCCACGCTTTTCT = IS1001 mmm TTTTTTCTACCTGGG
—— —_—

PRPP2 mmIS1001amm AAAAAAAAACCCCAT

PRPP3 mmIS1001lbmm TTTTTTTTCCAGGCG

PRPP4 GTCCCGCAAAAAAAA mmIS1001cmm AAAAAAAAGGGCGCC
—_— —_—

FIG. 6. Flanking sequences of isolated copies of IS1001. Desig-
nations of plasmids containing the IS1001 copies are indicated on the
left. Sequences found flanking IS1001 are indicated, and direct
repeats are underlined.

IS1001-like sequences were not found in B. pertussis or in
B. bronchiseptica strains isolated from humans and dogs.
However, in B. bronchiseptica strains isolated from pigs and
a rabbit, a repeated element that hybridized to IS1001 was
found. Upon testing by means of PCR using primer R or
primers A and Z (see Materials and Methods), DNA frag-
ments with the expected sizes were generated with these
latter strains, indicating a high degree of homology with
IS1001 (not shown). Based on phylogenetic relationships, B.
Dpertussis and B. parapertussis are considered descendants of
B. bronchiseptica (19). The distribution of 1S1001-like ele-
ments in the genus Bordetella may suggest that B. paraper-
tussis has evolved from a particular B. bronchiseptica clone
carrying an IS1001-like element. Alternatively, it is possible
that B. parapertussis and B. bronchiseptica have acquired
the IS1001-like element independently. The absence of com-
mon hybridization bands between the two species suggests
different primary insertion sites and indicates independent
acquisition. Analysis of more B. bronchiseptica strains for
the presence of IS1001-like elements and determination of
their nucleotide sequences may provide further insight into
the evolution of Bordetella species.

Because of their mobile nature, IS elements can be located
at different sites in the chromosome, and often variable copy
numbers are found (9). Thus, probes derived from IS ele-

1 2 3 4 5

6.6—
44—

23—
20—

FIG. 7. Southern blot of chromosomal DNA from B. paraper-
tussis clinical isolates. A fragment derived from 1S1001 (probe 3;
Fig. 1) was used as a probe. Chromosomal DNA was digested with
Pstl. Lanes: 1, strain 841805; 2, strain 840750; 3, strain 840994; 4,
strain 841637; 5, strain 850038. The remaining B. parapertussis
strains (Table 1) showed identical hybridization patterns. B. pertus-
sis Tohama and Wellcome 28 and two B. bronchiseptica human
isolates (Table 1) did not hybridize with this probe (not shown). The
sizes (in kilobases) and positions of HindIII-digested lambda marker
DNA are indicated on the left.

J. BACTERIOL.

1 2 3 4 5 6 7 8

23.1 —

94
8.6 —
44—

23—
20— —

FIG. 8. Southern blot of chromosomal DNA from B. paraper-
tussis and B. bronchiseptica digested with Sphl and hybridized with
IS1001 (probe 3). Lanes: 1, B. parapertussis B24; 2 to 4, B.
bronchiseptica B14, B15, and B16, respectively (pig isolates); S, B.
bronchiseptica B171, a rabbit isolate; 6 to 8, B. bronchiseptica B19,
B20, and B81 (dog isolates). The sizes (in kilobases) and positions of
Hindlll-digested lambda marker DNA are indicated on the left.

ments are potentially useful for distinguishing strains of a
single species by means of restriction fragment length poly-
morphism (28). No restriction fragment length polymor-
phism was observed in B. parapertussis when 1S1001 was
used as a probe, suggesting a clonal divergence of this
species, which may have evolved relatively recently. In
contrast, different hybridization profiles were observed in all
four B. bronchiseptica strains harboring the I1S1001-like
element. This finding suggests that these B. bronchiseptica
strains are genetically more diverse than the B. parapertus-

10 20 30 40 50 60
HLDRKLHBSLGGWQGYGVERVEWPEDPGRTLSIYLKPTAKVHLCEQCGARCRQVHE’ITVR Is1001
VTGQRL ------------------- l‘Jl"l‘)l’!A\’lLAC-RVADBDRHCRRCGEEGV-\’n’U‘Jé‘}TR 151096

10
70 80 90 100 110

RVRDLPIFEYRWLHV'PRRRLWCBQCGGP-RLERIAWWRYQRVTDRLAQACSQLL--QS 1s1001

TIAHEPFGWRPTALLVTIRRYRCAGCAHVWRQDASMABPRARLSRRALRWALEALVCQH 1581096
40 60 70

120 130 40 150 160 170
SNVQAVARFPEIGWHTVKT— -LDKARLRASVREPDWSKI BYLAHDBFALH-- -KGHRYAT Is1001

LSVARVAEALAVSWNTANNAVLAEGQRVLIADPARPDGVAVIGVDEHVWRHTRRGDKYVT 151096
110 120 130 140

180 190 210 220
VWD-’PI ----- GRQVLHIGPGRSRBTARAFFBQLPPGMQRIKAVAI DMTTAYELEIQ 1S1001
VI IDLTPVRDGTGPARLLDHVEt‘;ﬁél‘(l‘(;FAl‘);'ﬁéRl;&éWRl‘)l‘!‘}l.)‘}‘}A}.ﬂ-)GFsGFKTMT 151096
1 190 210

230 240 250 270 280
AHSPQAEIVYDLFHWAKYGREVID-RVRVDQANQLRQDRPARRI IKSSRWLLLRNRDNL Is1001

BBLPDAATVHDPPHVVRLAGNALDECRRRVQLATCGHRGRSTDPLYRS-RRTLHTGADLL 1s1096

220 230 240 250 260 270
290 300 310 320 330
DRQQAVRLDELDQANQPLLTVYVLRDELKRLWFYQRPAHAR ----- QAWNHWY EQAEQSG 1S1001

TDRQKARLAALFMNAHAEI EATWAHY QRTVMYREPDRTKGRTHHAALITTLSTGVPTS 151096
280 290 300 310 320 33

340 50 360 370 380 390
IAALNTFAQRLKGYLHGILARCRHP-LNTSIVEGINNTIKVIKRRAYGYRDQEYFFLK-- Is1001
L’i‘éial'i‘i;él‘lTi‘!'(l(RAADVLAYFDRPGTSNGP’I‘EAINGRLEHLRGSALGFRNLTNYIARSL I1s1096
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400
----- IRAAFPGNAR 1s1001
LE‘!‘GG]"]’Ri‘&l‘..{ZQPRR 151096
400 410

FIG. 9. Homology between proteins encoded by IS1001 and
IS1096 of M. smegmatis. Dashes indicate gaps introduced to in-
crease the number of matches. Identical and similar amino acids are
represented by double and single dots, respectively. The percentage
of identity between the two sequences is 20.5.
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sis strains analyzed. A similar conclusion was reached on the
basis of multilocus enzyme genotypes (20).

One of the aims of this study was to isolate a repeated

sequence that could be used to identify B. parapertussis in
clinical samples. The occurrence of IS1001-like sequences in
some B. bronchiseptica strains does not limit the usefulness
of IS1001 as a tool for identifying B. parapertussis, since B.
bronchiseptica is very rarely isolated from humans. More-
over, the three human isolates that we analyzed did not
harbor 1S1001-like sequences. We are currently comparing
diagnosis of pertussis based on serology and culturing with a
PCR-based diagnosis, using IS481- and IS1001-specific se-
quences.
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