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Previous work has identified the conjugative transposon Tn5397 from Clostridium difficile. This element was
shown to contain a group II intron. Tn5397 can be conjugatively transferred from C. difficile to Bacillus subtilis.
In this work we show that the intron is spliced in both these hosts and that nonspliced RNA is also present.
We constructed a mutation in the open reading frame within the intron, and this prevented splicing but did not
prevent the formation of the circular form of the conjugative transposon (the likely transposition intermediate)
or decrease the frequency of intergeneric transfer of Tn5397. Therefore, the intron is spliced, but splicing is not
required for conjugation of Tn5397.

Conjugative transposons are genetic elements that encode
their own integration, excision, and transfer functions. They
are remarkably promiscuous and are capable of being trans-
ferred across large phylogenetic distances. They are important
clinically, as they are one of the major vectors involved in the
spread of antibiotic resistance among bacterial pathogens.
There are several recent reviews describing the properties of
conjugative transposons (2, 17, 19, 20).

Tn5397 is a conjugative transposon isolated from the gram-
positive anaerobic pathogen Clostridium difficile strain 630 (15,
16). Tn5397 encodes tetracycline resistance via the tet(M) gene
and has been shown to be transferable by a conjugation-like
process from C. difficile 630 to Bacillus subtilis CU2189 and
back to C. difficile CD37 (16). It has also been shown to be able
to transfer between C. difficile strains (16). Furthermore,
Tn5397 has been shown to readily transfer from a B. subtilis
donor to a Streptococcus acidominimus recipient in a model
oral biofilm community, indicating that the element is likely to
be able to transfer to a new host in the natural environment
(18). Physical and genetic analysis has shown that Tn5397 is
related to the extensively studied conjugative transposon
Tn916 (7, 15, 16, 24). There are, however, some important
differences. The ends of the two elements are completely dif-
ferent, with the xis and int genes of Tn916 being replaced by a
gene called tndX in Tn5397. TndX is a member of the family of
large resolvase/invertase proteins. This protein is responsible
for the insertion and excision of Tn5397 (24).

The other major difference between Tn916 and Tn5397 is
that Tn5397 contains a group II intron, inserted into a gene
that is almost identical to orf14 from Tn916 (15). The Tn5397
version of this gene is termed orf14*. Group II introns are a
class of genetic elements that were first discovered in the ge-

nomes of eukaryotic organelles in fungi and in plants. They are
categorized by their secondary structure, which is essential for
splicing (12). As well as being capable of splicing, group II in-
trons can also transpose to allelic sites (a process called hom-
ing) at high frequency and to ectopic sites at a much lower
frequency (12). Some group II introns encode a multifunc-
tional protein, with maturase, reverse transcriptase, and endo-
nuclease activities (4). This protein acts on both RNA and
DNA and, together with the catalytic RNA of the intron, forms
a ribonucleoprotein (RNP) particle which is required to pro-
mote homing, splicing, and transposition activities (3, 4, 27,
28).

Over the past few years, group II introns have been found in
a number of different bacteria (5, 6, 8, 10, 13, 15, 26). In most
cases, however, splicing and mobility have not been reported to
occur in vivo. The main exception to this has been the dem-
onstration that the Lactococcus lactis intron Ll.ltrB, inserted
into the putative relaxase gene (ltrb) of the conjugative ele-
ment pRS01, is spliced and is capable of transposition (13, 14).
Furthermore, splicing of this intron was found to be required
for conjugal transfer of pRS01 (13). As the group II intron
within Tn5397 is inserted into a gene shown to be required for
conjugative transfer of the related conjugative transposon
Tn916 (21), the work described in this paper was designed to
see if the intron is spliced in vivo and if splicing is required for
conjugative transfer of Tn5397. We demonstrate that the in-
tron is spliced but that splicing is not a requirement for con-
jugative transfer of the host conjugative transposon.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains and plasmids used are
listed in Table 1. C. difficile and B. subtilis were routinely grown on or in brain
heart infusion (BHI) agar or broth (Oxoid, Basingstoke, U.K.). C. difficile strains
for RNA preparations were grown in Wilkins-Chalgren medium (Oxoid, Bas-
ingstoke). E. coli strains were grown on or in Luria-Bertani (LB) agar or broth.
C. difficile strains were grown anaerobically in an anaerobic chamber (Don
Whitley Scientific) (10% hydrogen, 10% carbon dioxide, and 80% nitrogen), and
B. subtilis and E. coli were grown aerobically. Antibiotics were used at concen-
trations of 10 mg/ml for tetracycline, 25 mg/ml for kanamycin, 25 mg/ml for
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rifampin, and 50 mg/ml for ampicillin. All antibiotics were obtained from Sigma
Aldrich, UK.

Mating experiments. Filter mating were carried out according to Wang et al.
(24).

RNA preparation. C. difficile RNA was isolated as described by Hundsberger
et al. (9), but the C. difficile strains were grown in Wilkins-Chalgren medium and
not BHI. B. subtilis RNA was isolated using the Qiagen RNeasy kit (Qiagen,
Basingstoke, U.K.), according to the manufacturer’s instructions.

RT-PCR and PCR. cDNA for reverse transcriptase PCR (RT-PCR) was pre-
pared using Superscript Rnase H reverse transcriptase according to the manu-
facturer’s instructions (Gibco-BRL). The primers used in these experiments were
I1 (59TGCCGAAGGCAGTCATGTGT), I2 (59AATCTATCCTCAATTGTTG
GGAT), I3 (59TTTCAGGGCGTTACTCCGTC), I4 (59AAATTACGTGCTTT
AGCTGGGA), I5 (59ACCACGAACCGCACAACAA), and I6 (59GCCAATC
ACAACCTTTTTA). PCR was carried out using a program of 94°C for 4 min,
followed by 35 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 to 3 min,
followed by a final extension of 4 min at 72°C. PCR from DNA templates was
carried out as above. The primers used in these experiments were 5397 (59AC
GTGTATCAAGCAGAGGGAATCG) and 5397t2 (59CCGGCCAAGCTTAA
TTAGTAAGCGTCTTGCTC). Products were analyzed on a 1 to 1.5% agarose
gel.

Recombinant DNA techniques. B. subtilis was transformed as described by
Agnoustopoulos and Spizizen (1). Genomic DNA was prepared using the Pure-
gene Gram-Positive DNA isolation kit (Flowgen). Plasmid preparations were
carried out using the Qiagen miniprep kit according to the manufacturer’s
instructions. DNA sequencing was carried out using the ABI BigDye terminator
mix (PE Biosystems) and analyzed on a Perkin Elmer 310 genetic analyzer. All
restriction enzymes were obtained from Promega.

Construction of the intron mutant. The ClaI fragment of the intron (Fig. 1)
was replaced with the aphA-3 kanamycin resistance gene (23). The resulting
mutant intron, IntronDkan, was cloned into the BamHI site of pUC18, generat-
ing pPPM70. Plasmid pPPM70 was linearized by digestion with ScaI and trans-
formed into B. subtilis::Tn5397 (BS6A; Table 1), selecting for kanamycin and
tetracycline resistance. Strains in which a double crossover had occurred with
resultant replacement of the intronic ClaI fragment with IntronDkan (as dem-
onstrated by PCR) were selected for further study.

RESULTS

Spliced mRNA can be detected from C. difficile containing
Tn5397. The Tn5397 group II intron is contained within orf14*,
which is almost identical to orf14 from Tn916 (15, 24). The
genetic organization of this region is shown in Fig. 1. In order
to determine if the intron is spliced, the primers I5 and I6 were
used in an RT-PCR on RNA isolated from C. difficile 630. A
product of 330 bp was obtained from cDNA generated with
random primers (Fig. 2A) and with cDNA template generated
with a specific primer from the coding strand. However, no
PCR product was observed when cDNA generated with a
specific primer from the noncoding strand was used as the
template, indicating, as expected, that splicing only occurs in
RNA identical to the coding strand (results not shown). The
330-bp PCR product was sequenced, and it consisted of an
in-frame ligation of the two flanking exons, the splice site being
located exactly as predicted from the secondary structure of
the intron (15). That the intronic open reading frame (ORF) is
transcribed was confirmed by RT-PCR using primers I1 and I2
(results not shown). The same results were obtained when the
cells were harvested at early, mid-, or late exponential phase
(results not shown).

Nonspliced intron-exon borders can be detected from C. dif-
ficile containing Tn5397. To determine if unspliced intron was
also present, RT-PCR with primer pairs I5 and I3 was used to
amplify the 59 intron-exon junction, and primers I4 and I6 were
used to amplify the 39 intron-exon junction. The results are
shown in Fig. 2A and show that both the 59 and 39 intron-exon
junctions are present in the C. difficile RNA. These results were
confirmed by DNA sequence analysis.

Spliced and nonspliced RNA can also be detected in B. sub-
tilis. RNA was prepared from the B. subtilis strain BS6A (18),
which contains Tn5397, to see if the intron is spliced in this
host. Essentially the same experiments as those described for
C. difficile 630 were carried out, and the RT-PCR gave
products of identical size as those shown in Fig. 2A for the
intron in C. difficile 630. Again, DNA sequencing of the PCR
products confirmed that they represented ligated exons and
intron-exon borders, indicating that both spliced and non-
spliced RNA is present in B. subtilis (results not shown).

Determination of relative amounts of spliced and non-
spliced intron. A dilution series of cDNA template prepared
from C. difficile strains 630 and FM1A (Table 1) were used in
RT-PCRs to determine the relative amounts of 59 intron-exon
junction, 39 intron-exon junction, and ligated exons. The re-

FIG. 1. Genetic organization of the region of Tn5397 containing the group II intron. orf14p is represented by the shaded boxes, and the group
II intron is represented by the open box. The arrows at the top indicate the position and direction of transcription of the ORFs within this area.
The positions of the ClaI sites used for constructing the mutant intron are shown. The binding sites and direction of the oligonucleotide primers
used in this investigation are shown by arrows; the names of the primers are beside the arrows. The scale is shown on the bottom line (in kilobases).

TABLE 1. Strains and plasmids

Strain or
plasmid Relevant properties Reference

or source

C. difficile
630 Wild-type strain containing Tn5397, Tetr 7
CD37 Recipient strain, Tets 7
FM1A CD37::Tn5397, Tetr This work

B. subtilis
BS6A B. subtilis::Tn5397, Tetr 18
BS16A BS6A::Tn5397 IntronDkan, Tetr Kanr This work

E. coli
DH5aMCR9 Host strain for pGEM T-easy vector Gibco-BRL

Plasmids
pGEM T-easy

vector
PCR product cloning vector Promega

pUC18 Cloning vector 25
pPPM70 pUC18 containing IntronDkan This work
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sults of this analysis are shown in Table 2. The results show that
the 59 intron-exon junction was apparently present at about a
106-fold-lower amount than the 39 intron-exon junction. There
also seems to be as much 39 intron-exon junction as spliced
intron. This could mean that the splicing of the 59 intron occurs
106 times faster than that of the 39 intron. Alternatively, some
of the intron intermediates may get degraded before splicing
is complete. Lariat is more stable than linear RNA, so if splic-
ing were aborted before finishing, the 39 half (with the lariat)
would be expected to persist longer than the 59 half.

Deletion of part of the intronic ORF prevents splicing but
does not prevent conjugative transposition of Tn5397. An in-
tron mutant was constructed in B. subtilis strain BS6A (see
Materials and Methods). The mutant was designated BS16A.
When RT-PCR using primers I5 and I6 was performed, a PCR
product of 478 bp was detected (lane 1, Fig. 2B). This product
did not correspond to the size expected of spliced intron. DNA
sequencing of the product showed that it resulted from mis-
priming with primer I5. Therefore, we could not detect splicing
in the mutant intron.

Previous work in our laboratory has shown that Tn5397
produces a circular form and that this molecule is likely to be
the conjugative transposition intermediate (24). In order to
determine if the B. subtilis strain containing the intron mutant
was still capable of excision and producing the circular form of
the transposon, primers reading out from the ends of the ele-
ment were used for PCR, as in Wang et al. (24). Using these
primers, a PCR product would only be produced if the element
circularizes and the left and right ends are ligated together. A
PCR product of the expected size (272 bp) corresponding to
the ligated ends of the transposon was produced in B. sub-
tilis BS6A (B. subtilis strain containing wild-type Tn5397)
and BS16A (BS6A::Tn5397 IntronDkan) (Fig. 2C). DNA se-
quencing of the PCR product showed that the two ends of
Tn5397 had been ligated together with a GA dinucleotide at
the joint between the ends of the element, as is the case in the
wild-type Tn5397 (24). These results show that splicing is not
required for production of the circular form of the element.

The B. subtilis strains BS6A and BS16A were used as donors

in a filter mating experiment with C. difficile CD37 as the re-
cipient. Transconjugants arose at a frequency of 2 3 1027 per
donor, a frequency similar to that previously reported for the
transfer of Tn5397 from B. subtilis to C. difficile (16, 24). All
transconjugants still contained the IntronDkan allele (con-
firmed by PCR and DNA sequencing; not shown). Therefore,
preventing splicing does not prevent conjugal transfer.

DISCUSSION

In this work, we have demonstrated that the intron from
Tn5397 splices in vivo in both C. difficile and B. subtilis. This is
an important observation as, although group II introns have
recently been found in a number of different bacteria (5, 6, 8,
10, 13, 15, 26), only the Lactococcus lactis group II intron
Ll.ltrB has previously been showed to be capable of in vivo
splicing (13). The same group II intron has also been found
independently in the putative relaxase gene of a conjugative
element inserted in the chromosome of L. lactis 712 (22).
Furthermore, the Ll.ltrB intron is more closely related to the
mitochondrial group II introns than to the other introns found
in bacteria (13). The Tn5397 intron falls within a group com-
posed of only bacterial introns. A secondary-structure compar-
ison of the introns also showed that the lactococcal intron
belongs to subgroup IIA and the Tn5397 intron to subgroup
IIB (S. Zimmerly, personal communication). Therefore, this is

FIG. 2. RT-PCR and PCR showing the presence of spliced and nonspliced RNA from C. difficile and B. subtilis and the presence of the circular
molecule in wild-type and mutant B. subtilis. (A) Template is RNA from C. difficile 630 containing wild-type Tn5397. Lane M, molecular size
markers; other lanes contain amplification products of primer combinations as follows: 1, I5 and I6; 2, I5 and I6, no RT; 3, I5 and I3; 4, I5 and
I3, no RT; 5, I4 and I6; 6, I4 and I6, no RT. (B) Template is RNA from strain B. subtilis BS6A, which contains the intron mutant IntronDkan. Lane
1, amplification products with primers I6 and I5; lane 2, primers I6 and I5, no RT. (C) PCR with primers 5397 and 5397t2 to amplify the junction
of the circular form. Lane M, molecular size markers. Lanes: 1, BS6A genomic DNA template; 2, BS16A genomic DNA template; 3, B. subtilis
CU2189 genomic DNA template.

TABLE 2. Template dilution PCRsa

C. difficile strain Primers used Lowest dilution giving
positive result

630 I5 1 I3 1022

I5 1 I6 1027–10210

I4 1 I6 1028–1029

FM1A I5 1 I3 1022

I5 1 I6 1027–10210

I4 1 I6 1028–10210

a Only the 330-bp product corresponding to ligated exons was observed using
primer pair I5 and I6.
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the first demonstration of in vivo splicing in a member of this
family of group II introns.

Most of the group II introns found in bacteria (including the
mitochondrion-like Ll.ltrB intron) have been found associated
with genes that are proven or likely to be involved in DNA
mobility or contained within mobile genetic elements (5, 6, 8,
10, 13, 15, 26). Splicing of the lactococcal intron Ll.ltrB was
required for conjugative transfer of the host element (13). In
contrast, however, our results show that splicing of the intron
is not required for conjugative transfer of Tn5397, even though
the gene interrupted by the intron in Tn5397 has been shown
to be required for conjugative transfer of the related conjuga-
tive transposon Tn916 (2). As the regions concerned with con-
jugation in Tn916 and Tn5397 are very closely related, we
expected that the orf14* gene product would also be required
for transfer of Tn5397. However, as the intron is located near
the 39 end of the gene, lack of splicing would only result in the
translated protein’s losing the last 23 amino acids, which may
not be required for full function. Furthermore, we cannot rule
out the possibility that splicing is required in C. difficile but not
in B. subtilis due to different host factors which may substitute
for the function provided by Orf14*.

As well as being located within genes, at least one group II
intron has been shown to be inserted in an intergenic region
within the class II transposon TnMerI1 (8). Therefore, there
appears to be no actual requirement for all group II introns
to be spliced. However, retention of this ability increases the
number of sites into which group II introns can transpose
without having an adverse effect on the viability of the host cell.
Therefore, it is not unexpected that these introns have retained
their splicing ability.

Demonstration that the Tn5397 intron splices in both B. sub-
tilis and C. difficile, and the results of Matsuura et al. (11) show-
ing that the L. lactis intron is capable of in vivo splicing in both
L. lactis and E. coli, indicates that group II introns are func-
tional in a wide range of distantly related hosts. Zimmerly and
coworkers (personal communication) have shown that there
has been extensive horizontal gene transfer of group II introns
in the past. The frequent association of these introns with
broad-host-range conjugal elements, such as Tn5397 and pRS01,
provides a means by which some of these introns are dispersed
to distantly related hosts, and the minimal requirement for
specific host factors allows the introns to be retained in their
new hosts.

In conclusion, we have shown that the group II intron within
Tn5397 is capable of splicing in both B. subtilis and C. difficile
but that splicing is not required for conjugal transfer of Tn5397.
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