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Abstract

Integrative and conjugative elements (ICEs, a.k.a., conjugative transposons) are
mobile elements that are found integrated in a host genome and can excise and transfer
to recipient cells via conjugation. ICEs and conjugative plasmids are found in many
bacteria and are important agents of horizontal gene transfer and microbial evolution.
Conjugative elements are capable of self-transfer, and also capable of mobilizing other
DNA elements that are not able to self-transfer. Plasmids that can be mobilized by
conjugative elements are generally thought to contain an origin of transfer (oriT), from
which mobilization initiates, and to encode a mobilization protein (Mob, a relaxase) that
nicks a site in oriT and covalently attaches to the DNA to be transferred. Plasmids that
do not have both an oriT and a cognate mob are thought to be non-mobilizable. We
found that Bacillus subtilis carrying the integrative and conjugative element ICEBsI can
transfer three different plasmids to recipient bacteria at high frequencies. Strikingly,
none of the plasmids contain dedicated mobilization-oriT functions. Plasmid
mobilization required conjugation proteins of ICEBs1, including the putative coupling
protein. In contrast, plasmid mobilization did not require the ICEBs1 conjugative
relaxase or co-transfer of ICEBs1, indicating that the putative coupling protein likely
interacts with the plasmid replicative relaxase and directly targets the plasmid DNA to
the ICEBs1 conjugation apparatus. These results blur the current categorization of
mobilizable versus non-mobilizable plasmids and indicate that conjugative elements
play an even more significant role in horizontal gene transfer than previously

recognized.



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Lee, Thomas, Grossman 3

Introduction

Integrative and conjugative elements (ICEs, also known as conjugative transposons)
are mobile elements found integrated in a host genome. Under certain conditions, ICEs
can excise, circularize, and transfer to recipient cells via conjugation. ICEs and
conjugative plasmids are found in many bacterial species and contribute to the
acquisition of new traits, including antibiotic resistance.

Conjugative elements encode components of a transmembrane conjugation (mating)
apparatus (often called the mating pore formation or Mpf complex) used to translocate
DNA from donor to recipient. They also encode a relaxase protein that processes the
element's DNA by nicking and covalently attaching to the element's origin of transfer
(oriT) creating a relaxosome complex. An element-encoded coupling protein interacts
with the relaxosome complex and the mating machinery to recruit (or couple) the
substrate DNA to the mating apparatus and to facilitate transfer of the relaxase and a
single strand of DNA to a recipient (1, 18, 42, 46, 49).

ICEBs1 (Fig. 1) is a conjugative transposon found integrated at the gene for tRNA-
Leu?2 (trnS-leu2) in Bacillus subtilis (5, 10). ICEBs] is particularly useful for the study of
conjugation. Several of the ICEBsI genes are similar to genes in other ICEs, including
Tn916 (8, 10, 41), the first conjugative transposon identified (17). ICEBsI gene
expression is induced during the RecA-mediated SOS response or when the cell sensory
protein Rapl is expressed and active (5). Analyses of ICEBs1 functions are facilitated by
the ability to induce ICEBs1 gene expression simply by overproduction of Rapl from an
exogenous promoter, leading to excision of ICEBs1 from the chromosome of >90% of
the cells in a population (5, 32). Induction of gene expression also leads to nicking of
ICEBsl1 by its relaxase (encoded by nicK) at a site in oriT (34). Nicking and subsequent

unwinding by a host-encoded helicase (PcrA) are required for conjugative transfer and
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for autonomous plasmid-like replication of ICEBs1 (33). Several ICEBsI genes encode
proteins required for transfer from donor to recipient, and high mating efficiencies of 1-
10% transconjugants per donor (7, 32, 34) are obtained with B. subtilis recipients that do
not contain ICEBs1 (4). ICEBs1 can also transfer to other Gram-positive bacterial species
(5).

Many transposons and plasmids are not capable of self-transfer to recipient cells, but
can be mobilized by the conjugation machinery of conjugative elements (19, 46). These
mobilizable transposons (a.k.a., integrative mobilizable elements) and plasmids
typically contain a dedicated oriT and encode a cognate relaxase protein (Mob) for
mobilization. Mobilizable transposons excise from the genome prior to transfer,
whereas the Mob / oriT-containing plasmids are autonomous genetic elements with their
own replication functions (Rep and ori) that are separate from the transfer functions
(Mob and oriT). Similar to the relaxase and oriT of conjugative elements, Mob and oriT
of mobilizable elements are needed to create a relaxosome that then interacts with a
coupling protein that will function to transfer the mobilizable DNA. Coupling proteins
are typically encoded by the conjugative element, but can also be encoded by the
mobilizable element (11, 46).

We found that B. subtilis ICEBs1 donors are capable of efficiently mobilizing three
different plasmids, pC194, pBS42, and pHP13 (Fig. 2) that replicate by rolling circle
replication (RCR) and are typically described as non-mobilizable (30, 43, 44, 46),
although very low efficiencies of mobilization of pC194 and a relative of pBS42 by the
conjugative transposon Tn916 have been reported (38, 45). The three plasmids used
here contain an origin of replication, but are not known to contain an origin of transfer
or mobilization functions. For pBS42, we found that the plasmid replicative relaxase

was required for plasmid mobilization. Our results indicate that, similar to the ICEBs]



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

Lee, Thomas, Grossman 5

relaxase (33), the plasmid replicative relaxases may function in both replication and
DNA transfer. The plasmid relaxase may facilitate DNA transfer by interacting with the
conjugation machinery of ICEBs1. These findings indicate that many more plasmids
than previously thought might be readily mobilized and disseminated by conjugative

elements.

Materials and Methods

Strains and alleles. B. subtilis strains were either cured of ICEBs1 (ICEBs1°) (5) or
carried one of several derivatives of ICEBsI (Fig. 1B-E). All B. subtilis strains are listed in
Table 1 and are derived from the lab strain JH642 (trp phe; not shown in genotypes in
Table 1). Chromosomal alleles and plasmid DNA were introduced into B. subtilis by
natural transformation (24). Important alleles and plasmids are described below.

Strains that were used as donors in conjugation experiments contained Pspank(hy)-
rapl integrated at amyE, amyE::{(Pspank(hy)-rapl) spc}, for IPTG-inducible
overproduction of Rapl that causes induction of ICEBsI gene expression (5). To monitor
transfer of ICEBs1, a derivative {ICEBs1 A(rapl-phr])342::kan}) (Fig 1B) encoding
resistance to kanamycin was typically used, as previously described (5).

ICEBs1 A(conG-yddM)319::kan (Fig 1C) is an insertion-deletion that removes several
essential conjugation genes and replaces them with the kan cassette. The mutation
removes 661 bp from the the 3' end of conG (of the 2,445 bp conG open reading frame),
782 bp from the 5' end of yddM (of the 939 bp yddM open reading frame) and everything
between the two genes (34).

ICEBs1 AnicK306 (Fig. 1D) is a 519 bp deletion that disrupts the ICEBsI conjugative

relaxase encoded by nicK, but leaves a functional oriT (34).
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For this study, a 1,113 bp unmarked, in-frame ICEBs1 deletion AconQ848 (Fig. 1E)
was constructed that fuses the first two codons to the last 107 codons of conQ (of the
1440 bp conQ open reading frame), using the same method described for construction of
AnicK306 (34). The Acon(Q848 allele does not appear to affect the function of oriT, which
likely overlaps the 3' end of conQ and the 5' end of nicK (34) (Fig. 1A).

Four truncated derivatives of ICEBs1 were inserted at thrC to test for
complementation of the AconQ848 mutant (Fig. 1F-I). thrC229::{(ICEBs1-303 A(conQ-
attR)::tet) mis} (Fig. 1I) and thrC229::{(ICEBs1-1637 A(conQ-attR)::cat) mls} (Fig. 1H) did
not complement the AconQ848 deletion as they only contain ICEBs1 genes upstream of
conQ, from int to ydcP (Fig. 1H-I). In contrast, thrC229::{(ICEBs1-304 A(ydcS-attR)::tet)
mis} (Fig. 1F) and thrC229::{(ICEBs1-337 A(nicK-attR)::cat) mis} (Fig. 1G) both contain
wild type conQ and complement the Acon(Q848 mutant. These ICEBsI derivatives are
integrated at thrC and are unable to excise due to loss of attR. A(conQ-attR)::tet and
A(conQ-attR)::cat remove sequences starting with the 109" codon of conQ. AnicK-attR::cat
removes sequences starting immediately downstream of the conQ stop codon. A(ydcS-
attR):tet removes sequences starting immediately downstream of the nicK stop codon.
tet was from pDG1513 (22). cat was from pGEM-cat (50). All four alleles at thrC were
derived from thrC229::{(ICEBs1 A(rapl-phr1)342::kan) mls} (34) and were constructed
using the long-flanking homology PCR method (48) or one-step isothermal DNA
assembly (20). Introduction of the AconQ-attR, AnicK-attR and AydcS-attR alleles into
thrC229::{(ICEBs1 Arapl-phr])342::kan) mls} yielded tetracycline-resistant or
chloramphenicol-resistant, kanamycin-sensitive transformants due to replacement of
the Arapl-phrl::kan insertion.

Strain CALS89 is streptomycin-resistant (str-84) and cured of ICEBs1 (ICEBs1°) and

was used as the recipient in mating experiments. It also contains a comK::spc null
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mutation that prevents acquisition of DNA by transformation (natural genetic
competence). Results from mobilization experiments with different alleles of ICEBs1
are summarized in Fig. 1.

Plasmids. Three different plasmids were used, pC194, pBS42, and pHP13 (Fig. 2).
All three plasmids use rolling circle replication and express chloramphenicol-resistance
in B. subtilis. pC194 is 2.9 kb and from Staphylococcus aureus (26) (Fig. 2A). pBS42 (6)
(Fig. 2B) and pHP13 (23) (Fig. 2C) are 4.8 kb shuttle vectors designed to replicate in
Escherichia coli and B. subtilis. pBS42 has replicons from pBR322 (E. coli) and pUB110 (S.
aureus | B. subtilis). pHP13 has replicons from a pUC plasmid (E. coli) and pTA1060 (B.
subtilis). Although pUB110 from S. aureus and pTA1060 from B. subtilis are mobilizable
plasmids, their Mob /oriT functions are not present on pBS42 and pHP13 (9, 37, 44). The
‘mobU sequence in pBS42 (Fig. 2B) is a non-functional portion of the 3’ end of the mobU
gene from pUB110.

We constructed two derivatives of pBS42 to test for the requirement of the
replicative relaxase in conjugative transfer. In one plasmid, pCAL1738, the plasmid
relaxase gene repU is disrupted at the Nsil site (Fig. 2B). To allow for plasmid replication
in the absence of functional RepU, the inserted DNA fragment contains the replication
origin (oriN) and the cognate replication initiator gene (repN) from plasmid pLS32 of B.
subtilis subsp. natto (25, 35, 47). oriN-repN support bi-directional theta replication (25,
47). As a control, pCAL1737 contains the intact origin of replication and relaxase gene
from pBS42 and the oriN-repN fragment is inserted in the truncated mob ('mob) in pBS42
at the Nsil site (Fig. 2B). B. subtilis strain CAL1749 contains the control plasmid
pCAL1737 and forms smaller colonies and grows 15-20% slower than normal in LB

liquid medium supplemented with chloramphenicol. The presence of two active
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replicons, orill-repU and oriN-repN, on pCAL1737 may affect plasmid stability and cell
growth.

pCAL1737 and pCAL1738 were constructed using one-step isothermal DNA
assembly (20) to piece together three DNA fragments: the 3.13 kb Nsil-Nsil fragment of
pBS42; a PCR product with the 1.64 kb Nsil-Nsil fragment of pBS42; and a PCR product
with the 1.22 kb oriN-repN region. The assembly reactions were designed to yield
plasmids identical to those generated by ligation of the oriN-repN fragment into full
length pBS42, linearized at the Nsil restriction site in repU or in ‘mob (Fig. 2B). The oriN-
repN sequence was obtained from pDL110 (35) and transcription of repN was co-
oriented with the disrupted ‘mob and repU reading frames. The 1.22 kb insert includes
251 bp upstream and 112 bp downstream of the 861 bp repN open reading frame.

Conjugation and mobilization assays. Cells were grown at 37°C in LB medium,
supplemented with chloramphenicol when necessary to select for maintenance of the
plasmids. Donor cells were induced for ICEBsI gene expression and conjugation by
addition of IPTG for 1 hour. Mixtures of donor and recipient cells were filtered onto
nitrocellulose membranes and incubated on agar containing minimal salts as described
(32). Cells recovered from the filters after mating were plated onto solid media to select
for transconjugants.

Transconjugants containing ICEBs1 (kan) were resistant to kanamycin (from ICEBsI)
and streptomycin (from the recipient). Transconjugants containing a plasmid were
resistant to chloramphenicol (from a plasmid) and streptomycin (from recipient).
Mating efficiencies were calculated as the percent of transconjugant colony forming
units (CFU) recovered per donor CFU present in the original mating mixture plus or

minus the standard deviation.
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Results

In the course of defining the ICEBs1 oriT (34), we found that plasmids previously
described as non-mobilizable appeared to be mobilized by ICEBsI. Based on these
preliminary findings, we characterized the mobilization of three plasmids, pC194,
pBS42, and pHP13, by ICEBs1. All three plasmids (Fig. 2) use rolling circle replication
and express chloramphenicol-resistance in B. subtilis. These plasmids do not have a
known oriT and none contain an intact mob gene (21, 30, 44, 46). Thus, pC194, pBS42 and
pHP13 are typically described as non-mobilizable.

Mobilization of plasmids by ICEBs1

We found that all three plasmids were mobilized by ICEBs1 (Table 2, line 1; Fig. 1B).
In these experiments, donor strains containing ICEBsI marked with a gene encoding
resistance to kanamyecin (kan), with or without the indicated plasmid (all encoding
chloramphenicol resistance), were grown in rich medium (LB) and ICEBs1 gene
expression was induced by ectopic expression of rapl from a fusion to a Lacl-
repressible-IPTG-inducible promoter (Pspank(hy)-rapl) for one hour. Production of
active Rapl induces ICEBs1 gene expression, excision, and conjugation ability (5). The
recipients did not contain ICEBs1 (ICEBs1°) and were defective in the development of
genetic competence (comK::spc) and hence non-transformable. Activated donors were
mixed with recipient cells at a ratio of ~1:1 and mating efficiencies were determined
(Materials and Methods).

pBS42 and pC194 were transferred with frequencies of ~3% plasmid-containing
transconjugants per donor and pHP13 was transferred with a frequency of ~0.07%
plasmid-containing transconjugants per donor. Plasmid transfer was dependent on the
presence of ICEBs1 in the donor as there was no detectable acquisition of

chloramphenicol-resistance from cells that did not contain ICEBs1 (Table 2, line 2).
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Plasmid transfer required components of the ICEBs]1 mating machinery. An ICEBsI
mutant that is missing genes from conG to yddM {A(conG-yddM)319::kan} (Fig. 1C) is
defective in ICEBs1 conjugation (34). This mutant was incapable of mobilizing all three
plasmids tested (Table 2, line 3; Fig. 1C). Together, these results indicate that ICEBs1
can mobilize the three plasmids pHP13, pBS42, and pC194, and that mobilization
requires at least some of the ICEBs] mating components.

Transfer of ICEBsl itself was not affected by the presence of any of the three
plasmids tested. The mating efficiency of ICEBsI from plasmid-free donors was
approximately 6% (Table 3, line 1), similar to that reported previously (32). The mating
efficiencies of ICEBs1 from plasmid-containing donors (Table 3, lines 2-4) were
indistinguishable from that from the plasmid-free strain.

Acquisition of both ICEBs1 and a plasmid by a single recipient

We analyzed transconjugants that acquired a plasmid to determine the frequency
that they also acquired ICEBs1. In experiments analogous to those described above
(Table 2), single colonies of plasmid-containing transconjugants (chloramphenicol-
resistant) were picked and tested for resistance to kanamycin, indicative of acquisition
of ICEBs1. Of the transconjugants acquiring pBS42, pC194, or pHP13, 19%, 45%, and
35%, respectively (of =200 transconjugants tested for each plasmid), also acquired
ICEBs1. If transconjugants that acquired both the plasmid and ICEBs1 received the
elements from a single donor, then these relatively high frequencies of co-transfer
indicate that once a mating pair is formed, it is likely that both elements will be
transferred.

In these mating experiments, the ratio of donor to recipient was approximately 1:1,
and it seemed possible a single transconjugant could have acquired ICEBsI from one

donor and a plasmid from another. If so, then the frequency of co-transfer should drop
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if the ratio of donor to recipient is reduced. We repeated the mating experiments
described above using a donor to recipient ratio of 1:100, rather than 1:1. Of the
transconjugants that acquired pBS42, pC194, or pHP13, 20-60% (of 100 transconjugants
tested for each plasmid) also acquired ICEBs1. Furthermore, of the transconjugants that
acquired ICEBs1, between 2-20% also acquired pBS42, pC194, or pHP13 (of =100
transconjugants tested for each plasmid). Together, these results indicate that a single
donor is capable of transferring both ICEBs1 and a plasmid and that the relatively high
frequency of co-transfer indicates that once a mating pair is formed, it is likely that both
elements will be transferred.

Plasmid mobilization does not require the ICEBs1 relaxase NicK or transfer of
ICEBs1

There are several mechanisms by which plasmids and transposons can be mobilized.
Mobilizable elements typically contain an oriT and a gene (mob) that encodes a
conjugative relaxase (40, 46). The mob gene product nicks a site in oriT and is required
for mobilization. Plasmids (or transposons) lacking mob functions can sometimes be
mobilized by cross-recognition of an oriT site on the mobilizable element {e.g., (13)}.
Plasmids (or transposons) lacking both mob and oriT functions can sometimes be
mobilized when the plasmid integrates into a conjugative element and is transferred in
cis as a co-integrate with the conjugative element {e.g., (12)}. In these situations,
mutations in the relaxase gene of the conjugative element prevent transfer of the
conjugative element and also prevent mobilization of the plasmid (or transposon). Since
the plasmids used here do not contain mob and a cognate oriT, we tested whether the
ICEBs1 relaxase was required for mobilization of these plasmids.

Using an ICEBs1 nicK null mutant, we found that plasmid mobilization was

independent of the ICEBs1 relaxase and of ICEBs]1 transfer. Although the ICEBs1
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relaxase encoded by nicK is essential for ICEBs1 transfer (34), it was not required for
plasmid mobilization. There was no detectable decrease in mobilization of pHP13,
pBS42, and pC194 from ICEBsI donors lacking nicK (Table 4, lines 1, 2; Fig. 1D). In the
same experiment, there was no detectable transfer of ICEBsI (<0.00002%
transconjugants per donor), as previously reported (34). These results indicate that the
ICEBs1 relaxase NicK is not needed for plasmid mobilization. Thus, transfer is not
occurring by cross-recognition of an oriT on the mobilized plasmids by the ICEBs1
relaxase. Furthermore, since the relaxase mutant is incapable of transferring ICEBs1,
these results demonstrate that plasmid mobilization does not require co-transfer with
ICEBs1. Instead, plasmid mobilization by ICEBs] is likely mediated by direct transfer of
the plasmid DNA through the ICEBs1 conjugation machinery.

The plasmid replicative relaxase RepU is required for pBS42 plasmid
mobilization

Since ICEBs1-mediated plasmid mobilization did not require the ICEBsI-conjugative
relaxase, it seemed possible that mobilization would require the plasmid replicative
relaxase. To test this, we disrupted the relaxase gene (repU) of pBS42 by inserting a
DNA fragment into the Nsil site in repU (Fig. 2B). Since repU is needed for replication of
pBS42, the inserted fragment contained an origin of replication (oriN) and the gene
(repN) encoding the cognate replication initiator. oriN-repN support bi-directional theta
replication (25, 47). As a control, we also inserted the oriN-repN fragment into the Nsil
site in the fragment of mobU that is present on pBS42 (Fig 2B).

We found that the replicative relaxase of pBS42 is needed for ICEBsI-mediated
mobilization of pBS42. The plasmid with repU disrupted, pCAL1738 {pBS42 repU::(oriN-
repN)} was not detectably mobilized by ICEBs1 (<10° % plasmid-containing

transconjugants per donor). Transfer of ICEBs1 was normal from these donors (~6% +
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2% transconjugants/donor) indicating that the ICEBs1 transfer machinery was
functional. In contrast, the control plasmid pCAL1737 {pBS42 ‘mob::(oriN-repN)} in
which repU is not disrupted was still mobilized (~0.7% =+ 0.1% plasmid-containing
transconjugants/donor), indicating that the presence of oriN-repN did not prevent
mobilization. Based on these results, we conclude that the plasmid replicative relaxase
RepU is required for pBS42 mobilization and is most likely functioning as both a
replicative and a conjugative relaxase.

The putative coupling protein of ICEBs1 is required for conjugation and plasmid
mobilization

Transfer of conjugative elements typically requires a coupling protein, an ATPase
that interacts with the relaxosome (relaxase attached to DNA) and the conjugation
apparatus, coupling the two complexes and enabling transfer of the relaxase and the
covalently attached substrate DNA (36). The coupling proteins typically have an FtsK-
like motor domain needed for function and are encoded adjacent to or very near the
gene encoding the relaxase (28, 39, 46). conQ (previously called ydcQ) of ICEBs1 (Fig. 1)
encodes the putative coupling protein (28).

We found that conQ was required for transfer of ICEBs1. We made an in-frame
deletion in conQ and integrated this into ICEBs1 (Fig. 1E). Following overproduction of
Rapl and induction of ICEBs1, the conQ null mutant was unable to transfer ICEBs1 to
recipients (<10° % transconjugants per donor, CAL848) (Fig. 1E).

We also found that the conQ deletion does not significantly affect oriT function nor
was it polar on the downstream genes needed for conjugation. The inability of the conQ
mutant to transfer was largely relieved when conQ, along with all the ICEBsI genes
upstream of conQ were expressed in trans (Fig. 1G) (mating efficiency of ~1%

transconjugants per donor, JT339). The upstream genes were provided in addition to
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conQ because we commonly find that complementation (and presumably protein
production) is more efficient when upstream genes are included {e.g., (7)}. The control
that provided all the upstream genes, but not a functional conQ, was unable to restore
conjugation to the ICEBs1 AconQ mutant (<10° % transconjugants per donor, JT338; Fig.
1H). We conclude that conQ is required for ICEBs1 conjugation, that the AconQ
mutation is not polar on downstream conjugation genes, and that it does not affect oriT
function or nicking of oriT by the ICEBsI relaxase.

conQ was also required for mobilization of pHP13, pBS42 and pC194, none of which
encode their own dedicated coupling protein. When the conQ null mutant was used as
donor, there was no detectable transfer of any of the three plasmids to recipient cells
(Table 4, line 3; Fig. 1E). The inability of the conQ mutant to mobilize the plasmids was
largely relieved when conQ, along with all the ICEBsI genes upstream of and one gene
(nicK) downstream of conQ were expressed from an ectopic locus (Table 4, line 4; Fig.
1F). The control that provided all the upstream genes, but not a functional conQ, was
unable to restore mobilization to the conQ mutant (Table 4, line 5; Fig. 11). Since nicK is
not needed for plasmid mobilization (Table 4, line 2), these results indicate that the
defect in mobilization was due to loss of conQ and not a polar effect on downstream
genes, and that the putative coupling protein of ICEBs] is likely needed to recruit a

plasmid-associated relaxasome complex to the ICEBs1 mating machinery.

Discussion
Experiments described here indicate that ICEBsI of B. subtilis is capable of
mobilizing at least three different plasmids, pC194, pBS42, and pHP13. Mobilizable

plasmids are thought to require dedicated mobilization functions; a conjugative
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relaxase (Mob) and a cognate oriT, that are separate from the replication functions.
None of the plasmids used here have dedicated mobilization functions. Mobilization
by ICEBs1 requires the ICEBs1 conjugation machinery and the putative coupling
protein, ConQ. In characterized systems, the coupling protein is needed to link the
relaxasome complex, which contains a conjugative relaxase attached to the 5' end of a
single strand of DNA, to the conjugation machinery (14, 36, 46). Plasmid mobilization
by ICEBs1 did not require the ICEBs1 relaxase encoded by nicK indicating that
mobilization was not due to cross-recognition of a cryptic oriT on the plasmids or co-
transfer of ICEBs1 and plasmid DNA. Mobilization of pBS42 required the replicative
relaxase RepU of pBS42, indicating that this replicative relaxase can also function as a
conjugative relaxase. These findings have practical applications for the characterization
of ICEBs1 genes and the genetic manipulation of heterologous bacteria. In addition, our
findings indicate that there is more potential for horizontal gene transfer of non-
conjugative plasmids than previously recognized.

Practical applications of plasmid mobilization for genetic studies

Plasmid mobilization can be used to help characterize genes involved in
conjugation. For example, some of the genes required for conjugation of ICEBs1 were
needed for plasmid mobilization, including at least some of the genes encoding the
conjugation machinery and the putative coupling protein. Other functions required for
ICEBs1 conjugation, including the relaxase and the ability to excise from the
chromosome (data not shown), were not needed for plasmid mobilization. These
differences between transfer of ICEBs1 and mobilization of plasmids can be used to help
delineate the steps at which different ICEBs1 or host gene products act.

Plasmid mobilization by ICEBs1 could also be a useful and efficient way to

introduce DNA to strains that are difficult to transform. ICEBsI can be transferred to
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other organisms (5), and at least some of the plasmids used here are capable of
replicating in other organisms. Cloning and genetic manipulations could be done with
plasmids in E. coli or B. subtilis and then the desired plasmids could be mobilized from
B. subtilis by ICEBs1 into other Gram-positive organisms that are suitable recipients for
conjugation. Other conjugative elements have been used for plasmid mobilization (16),
but the high efficiencies of mobilization by ICEBsI and the ability to easily manipulate
B. subtilis make mobilization by ICEBs1 an attractive system for use with Gram positive
bacteria.

Functional relationship between replicative and conjugative relaxases

Duplication of pC194, pBS42, and pHP13 requires a plasmid origin of replication
(ori) and a cognate replicative relaxase (Rep) that enables rolling circle replication (29).
The first steps in production of a substrate for conjugation and for rolling circle
replication are similar. Both require a relaxase (a conjugative or replicative relaxase)
that nicks a site in an origin (origin of transfer or origin of replication). The relaxase
becomes covalently attached to the cognate origin and serves to mark the site for
transfer or replication. Following nicking, a helicase is required for unwinding the
double-stranded DNA substrate for either conjugation or replication. Many rolling
circle replicating plasmids in Gram positive organisms use the host-encoded helicase
PcrA for replication (29). Similarly, ICEBsI uses PcrA both for replication and for
conjugation, although replication is not required for conjugation (33).

The conjugative relaxases are similar to the replicative relaxases, although they are
generally thought to belong to different sub-types of the relaxase family (19, 27, 31).
However, recent work demonstrated that the ICEBsI conjugative relaxase NicK also
functions as a replicative relaxase using a single origin for both conjugative transfer and

replication (33). Results presented here indicate that at least three different replicative
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relaxases, from pC194, pBS42 (pUB110), and pHP13 (pTA1060), likely also function as
conjugative relaxases. This is in contrast to the prevalent view that mobilizable
plasmids have separate replication (Rep/ori) and mobilization (Mob/oriT) functions
(21, 46).

Previous studies found that certain plasmids from B. thuringiensis or B. subtilis could
be mobilized in the absence of mobilization functions (2, 3, 38, 45). For example, the
conjugative transposon Tn916 can mobilize pC194 from B. subtilis to B. thuringiensis at a
low frequency (38), even though pC194 is still described as not being mobilizable. In
addition, mobilization of pUB110 by the conjugative transposon Tn916 from B. subtilis
into B. thuringiensis did not require the pUB110 mob gene (45). It was proposed that
pUB110 might contain a Tn916-like oriT that could be recognized by the Tn916
conjugative relaxase. Based on results presented here, we think a more likely possibility
is that the replicative relaxases from pUB110 and pC194 also function as conjugative
relaxases and that plasmid mobilization by Tn916 is likely independent of the Tn916
relaxase.

Likely mechanism of plasmid mobilization in the absence of dedicated
mobilization functions

Plasmid mobilization mediated by ICEBs1 probably occurs by a mechanism similar
to transfer of ICEBs1. We propose that the plasmid replicative relaxasome, consisting of
the replicative relaxase attached to plasmid DNA, and perhaps associated with the
helicase PcrA, interacts with the putative coupling protein from ICEBs1, ConQ. This
interaction might be analogous to the interactions between coupling proteins and the
cognate relaxasomes from ICEs and conjugative plasmids (14, 15, 36). The coupling
protein ConQ would then recruit the plasmid relaxasome to the ICEBs1 conjugation

machinery at the cell membrane. Interactions between the coupling protein and the
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helicase PcrA and/or the target DNA could also be involved, either in addition to or
instead of interactions with the replicative relaxase. However, the lower efficiency of
pHP13 mobilization by ICEBsI as compared to pC194 and pBS42 mobilization argues
against mobilization primarily occurring through interactions between the coupling
protein and the helicase PcrA. We postulate that the specificity comes from protein-
protein interaction between the relaxase and the coupling protein. In this case, the
lower efficiency of pHP13 mobilization may be due to a lower affinity of the pHP13
replicative relaxase for the ICEBsI coupling protein and for components of the ICEBs1
conjugation machinery

Evolutionary implications

The evolutionary and functional relationship between conjugative and replicative
relaxases likely enables direct mobilization of certain rolling circle-replicating plasmids
by conjugative elements. Two lines of evidence blur the distinction between conjugative
and replicative relaxases. 1) At least three plasmids that are mobilized by the ICEBs1
conjugation machinery encode a single relaxase that may mediate both replication and
mobilization. 2) The relaxase from ICEBs1 is clearly bifunctional, serving as a
conjugative relaxase and a replicative relaxase for ICEBs1 conjugation and rolling circle
replication (33). We suspect that many, and perhaps most, conjugative relaxases can
function as replicative relaxases with the cognate oriT functioning as an origin of
replication. Similarly, many replicative relaxases may function in conjugation. The key
distinguishing feature between conjugative and non-conjugative replicative relaxases
might be the ability to interact with a coupling protein, necessary for conjugation but
not replication.

The persistence of plasmids in bacterial populations is likely due to benefits they

confer on the host cell or to their efficient dissemination to new hosts by horizontal
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transfer. Otherwise, the burden placed on the host by the plasmid is thought to result
in loss of the plasmid. Based on the lack of a mob gene, approximately 60% of 1,730
sequenced plasmids are inferred to be non-mobilizable (46). Because of this inference, it
was proposed that persistence of many of these "non-mobilizable" plasmids is due to
unknown benefits conferred upon the host (46). The ability of ICEBs1 to mobilize three
plasmids lacking dedicated mob functions indicates that many “non-mobilizable”
plasmids may in fact be mobilizable. This could account for the persistence of so many
"non-mobilizable" plasmids, indicating that the impact of conjugation on plasmid

mobilization and persistence may be much greater than previously thought.

Acknowledgments
We thank M. Berkmen for helpful discussions and M. Berkmen and K. Menard for
comments on the manuscript. This work was supported, in part, by NIH grant

GM50895.

References

1. Alvarez-Martinez, C. E., and P. J. Christie. 2009. Biological diversity of prokaryotic
type IV secretion systems. Microbiol Mol Biol Rev 73:775-808.

2. Andrup, L., J. Damgaard, and K. Wassermann. 1993. Mobilization of small plasmids
in Bacillus thuringiensis subsp. israelensis is accompanied by specific aggregation. ]
Bacteriol 175:6530-6536.

3. Andrup, L., O. Jorgensen, A. Wilcks, L. Smidt, and G. B. Jensen. 1996. Mobilization
of "nonmobilizable" plasmids by the aggregation-mediated conjugation system of
Bacillus thuringiensis. Plasmid 36:75-85.

4. Auchtung, J. M,, C. A. Lee, K. L. Garrison, and A. D. Grossman. 2007. Identification
and characterization of the immunity repressor (ImmR) that controls the mobile
genetic element ICEBsI of Bacillus subtilis. Mol Microbiol 64:1515-1528.

5. Auchtung, J. M., C. A. Lee, R. E. Monson, A. P. Lehman, and A. D. Grossman.
2005. Regulation of a Bacillus subtilis mobile genetic element by intercellular
signaling and the global DNA damage response. Proc Natl Acad Sci U S A
102:12554-12559.



479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Lee, Thomas, Grossman 20

Band, L., and D. J. Henner. 1984. Bacillus subtilis requires a "stringent" Shine-
Dalgarno region for gene expression. DNA 3:17-21.

Berkmen, M. B., C. A. Lee, E. K. Loveday, and A. D. Grossman. 2010. Polar
positioning of a conjugation protein from the integrative and conjugative element
ICEBs1 of Bacillus subtilis. ] Bacteriol 192:38-45.

Bi, D., Z. Xu, E. M. Harrison, C. Tai, Y. Wei, X. He, S. Jia, Z. Deng, K. Rajakumar,
and H. Y. Ou. 2012. ICEberg: a web-based resource for integrative and conjugative
elements found in Bacteria. Nucleic Acids Res 40:D621-626.

Boe, L., M. F. Gros, H. Te Riele, S. D. Ehrlich, and A. Gruss. 1989. Replication
origins of single-stranded-DNA plasmid pUB110. ] Bacteriol 171:3366-3372.

Burrus, V., G. Pavlovic, B. Decaris, and G. Guedon. 2002. The ICESt1 element of
Streptococcus thermophilus belongs to a large family of integrative and conjugative
elements that exchange modules and change their specificity of integration. Plasmid
48:77-97.

Cabezon, E,, J. I. Sastre, and F. De La Cruz. 1997. Genetic evidence of a coupling
role for the TraG protein family in bacterial conjugation. Mol Gen Genet 254:400-406.
Clark, A. J., and G. J. Warren. 1979. Conjugal transmission of plasmids. Annu Rev
Genet 13:99-125.

Daccord, A., D. Ceccarelli, and V. Burrus. 2010. Integrating conjugative elements of
the SXT/R391 family trigger the excision and drive the mobilization of a new class
of Vibrio genomic islands. Mol Microbiol 78:576-588.

De La Cruz, F., L. S. Frost, R. J. Meyer, and E. L. Zechner. 2010. Conjugative DNA
metabolism in Gram-negative bacteria. FEMS Microbiol Rev 34:18-40.

De Paz, H. D., D. Larrea, S. Zunzunegui, C. Dehio, F. De La Cruz, and M. Llosa.
2010. Functional dissection of the conjugative coupling protein TrwB. ] Bacteriol
192:2655-2669.

Francia, M. V., A. Varsaki, M. P. Garcillan-Barcia, A. Latorre, C. Drainas, and F. De
La Cruz. 2004. A classification scheme for mobilization regions of bacterial plasmids.
FEMS Microbiol Rev 28:79-100.

Franke, A. E., and D. B. Clewell. 1981. Evidence for a chromosome-borne resistance
transposon (Tn916) in Streptococcus faecalis that is capable of "conjugal” transfer in
the absence of a conjugative plasmid. ] Bacteriol 145:494-502.

Frost, L. S., R. Leplae, A. O. Summers, and A. Toussaint. 2005. Mobile genetic
elements: the agents of open source evolution. Nat Rev Microbiol 3:722-732.
Garcillan-Barcia, M. P., M. V. Francia, and F. De La Cruz. 2009. The diversity of
conjugative relaxases and its application in plasmid classification. FEMS Microbiol
Rev 33:657-687.

Gibson, D. G,, L. Young, R. Y. Chuang, J. C. Venter, C. A. Hutchison, 3rd, and H.
O. Smith. 2009. Enzymatic assembly of DNA molecules up to several hundred
kilobases. Nat Methods 6:343-345.

Grohmann, E., G. Muth, and M. Espinosa. 2003. Conjugative plasmid transfer in
gram-positive bacteria. Microbiol Mol Biol Rev 67:277-301.

Guerout-Fleury, A. M., K. Shazand, N. Frandsen, and P. Stragier. 1995. Antibiotic-
resistance cassettes for Bacillus subtilis. Gene 167:335-336.

Haima, P., S. Bron, and G. Venema. 1987. The effect of restriction on shotgun
cloning and plasmid stability in Bacillus subtilis Marburg. Mol Gen Genet 209:335-
342.

Harwood, C. R., and S. M. Cutting. 1990. Molecular Biological Methods for Bacillus.
John Wiley & Sons, Chichester.



528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lee, Thomas, Grossman 21

Hassan, A. K., S. Moriya, M. Ogura, T. Tanaka, F. Kawamura, and N. Ogasawara.
1997. Suppression of initiation defects of chromosome replication in Bacillus subtilis
dnaA and oriC-deleted mutants by integration of a plasmid replicon into the
chromosomes. ] Bacteriol 179:2494-2502.

Horinouchi, S., and B. Weisblum. 1982. Nucleotide sequence and functional map of
pC194, a plasmid that specifies inducible chloramphenicol resistance. ] Bacteriol
150:815-825.

Ilyina, T. V., and E. V. Koonin. 1992. Conserved sequence motifs in the initiator
proteins for rolling circle DNA replication encoded by diverse replicons from
eubacteria, eucaryotes and archaebacteria. Nucleic Acids Res 20:3279-3285.

Iyer, L. M., K. S. Makarova, E. V. Koonin, and L. Aravind. 2004. Comparative
genomics of the FtsK-HerA superfamily of pumping ATPases: implications for the
origins of chromosome segregation, cell division and viral capsid packaging.
Nucleic Acids Res 32:5260-5279.

Khan, S. A. 2005. Plasmid rolling-circle replication: highlights of two decades of
research. Plasmid 53:126-136.

Koehler, T. M., and C. B. Thorne. 1987. Bacillus subtilis (natto) plasmid pLS20
mediates interspecies plasmid transfer. ] Bacteriol 169:5271-5278.

Koonin, E. V., and T. V. Ilyina. 1993. Computer-assisted dissection of rolling circle
DNA replication. Biosystems 30:241-268.

Lee, C. A,, J. M. Auchtung, R. E. Monson, and A. D. Grossman. 2007. Identification
and characterization of int (integrase), xis (excisionase) and chromosomal
attachment sites of the integrative and conjugative element ICEBs1 of Bacillus
subtilis. Mol Microbiol 66:1356-1369.

Lee, C. A, A. Babic, and A. D. Grossman. 2010. Autonomous plasmid-like
replication of a conjugative transposon. Mol Microbiol 75:268-279.

Lee, C. A,, and A. D. Grossman. 2007. Identification of the origin of transfer (oriT)
and DNA relaxase required for conjugation of the integrative and conjugative
element ICEBs1 of Bacillus subtilis. ] Bacteriol 189:7254-7261.

Lin, D. C., and A. D. Grossman. 1998. Identification and characterization of a
bacterial chromosome partitioning site. Cell 92:675-685.

Llosa, M., F. X. Gomis-Ruth, M. Coll, and F. De La Cruz. 2002. Bacterial
conjugation: a two-step mechanism for DNA transport. Mol Microbiol 45:1-8.
Meijer, W. J., G. B. Wisman, P. Terpstra, P. B. Thorsted, C. M. Thomas, S.
Holsappel, G. Venema, and S. Bron. 1998. Rolling-circle plasmids from Bacillus
subtilis: complete nucleotide sequences and analyses of genes of pTA1015, pTA1040,
pTA1050 and pTA1060, and comparisons with related plasmids from gram-positive
bacteria. FEMS Microbiol Rev 21:337-368.

Naglich, J. G., and R. E. Andrews, Jr. 1988. Tn916-dependent conjugal transfer of
PC194 and PUB110 from Bacillus subtilis into Bacillus thuringiensis subsp. israelensis.
Plasmid 20:113-126.

Osborn, A. M., and D. Boltner. 2002. When phage, plasmids, and transposons
collide: genomic islands, and conjugative- and mobilizable-transposons as a mosaic
continuum. Plasmid 48:202-212.

Roberts, A. P., M. Chandler, P. Courvalin, G. Guedon, P. Mullany, T. Pembroke, J.
I. Rood, C. J. Smith, A. O. Summers, M. Tsuda, and D. E. Berg. 2008. Revised
nomenclature for transposable genetic elements. Plasmid 60:167-173.

Roberts, A. P., and P. Mullany. 2009. A modular master on the move: the Tn916
family of mobile genetic elements. Trends Microbiol 17:251-258.



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603

42.

43.

44.

45.

46.

47.

48.

49.

50.

Lee, Thomas, Grossman 22

Schrider, G., and E. Lanka. 2005. The mating pair formation system of conjugative
plasmids-A versatile secretion machinery for transfer of proteins and DNA. Plasmid
54:1-25.

Selinger, L. B., G. G. Khachatourians, J. R. Byers, and M. F. Hynes. 1998.
Expression of a Bacillus thuringiensis delta-endotoxin gene by Bacillus pumilus. Can ]
Microbiol 44:259-269.

Selinger, L. B., N. F. Mcgregor, G. G. Khachatourians, and M. F. Hynes. 1990.
Mobilization of closely related plasmids pUB110 and pBC16 by Bacillus plasmid
pXO503 requires trans-acting open reading frame beta. ] Bacteriol 172:3290-3297.
Showsh, S. A,, and R. E. Andrews, Jr. 1999. Analysis of the requirement for a
pUB110 mob region during Tn916-dependent mobilization. Plasmid 41:179-186.
Smillie, C., M. P. Garcillan-Barcia, M. V. Francia, E. P. Rocha, and F. De La Cruz.
2010. Mobility of plasmids. Microbiol Mol Biol Rev 74:434-452.

Tanaka, T., and M. Ogura. 1998. A novel Bacillus natto plasmid pLS32 capable of
replication in Bacillus subtilis. FEBS Lett 422:243-246.

Wach, A. 1996. PCR-synthesis of marker cassettes with long flanking homology
regions for gene disruptions in S. cerevisiae. Yeast 12:259-265.

Wozniak, R. A., and M. K. Waldor. 2010. Integrative and conjugative elements:
mosaic mobile genetic elements enabling dynamic lateral gene flow. Nat Rev
Microbiol 8:552-563.

Youngman, P., H. Poth, B. Green, K. York, G. Olmedo, and K. Smith. 1989.
Methods for Genetic Manipulation, Cloning, and Functional Analysis of Sporulation
Genes in Bacillus subtilis, p. 65-87. In 1. Smith, R. A. Slepecky, and P. Setlow (ed.),
Regulation of Procaryotic Development. ASM Press, Washington, D.C.



603

604

Table 1. B.

Lee, Thomas, Grossman 23

subtilis strains®

Strain

Relevant genotype (reference)

CAL13

ICEBs1° amyE:{(Pspank(hy)-rapl) spc} (34)

CAL89

ICEBs1" comK::spc str-84 (5)

CAL306

AnicK306 A(rapl-phrl)342::kan amyE::{(Pspank(hy)-rapl) spc} (34)

CAL421

A(conG-yddM)319::kan amyE::{(Pspank(hy)-rapl) spc} (34)

CALS848

AconQ848 A(rapl-phrl)342::kan amyE::{(Pspank(hy)-rapl) spc}

CAL1034

A(conG-yddM)319::kan amyE::{(Pspank(hy)-rapl) spc}; pHP13 (cat mls)

CAL1392

ICEBs1° amyE::{(Pspank(hy)-rapl) spc}; pBS42 (cat)

CAL1393

A(rapl-phrD)342::kan amyE::{(Pspank(hy)-rapl) spc}; pBS42 (cat)

CAL1395

AnicK306 A(rapl-phrD)342::kan amyE::{(Pspank(hy)-rapl) spc}; pBS42 (cat)

CAL1396

A(conG-yddM)319::kan amyE::{(Pspank(hy)-rapl) spc}; pBS42 (cat)

CAL1397

ICEBs1° amyE::{(Pspank(hy)-rapl) spc}; pHP13 (cat mls)

CAL1398

A(rapl-phrD)342::kan amyE::{(Pspank(hy)-rapl) spc}; pHP13 (cat mis)

CAL1400

AnicK306 A(rapl-phrD)342::kan amyE::{(Pspank(hy)-rapl) spc}; pHP13 (cat mls)

CAL1532

ICEBs1° amyE::{(Pspank(hy)-rapl) spc}; pC194 (cat)

CAL1533

A(rapl-phrD)342::kan amyE::{(Pspank(hy)-rapl) spc}; pC194 (cat)

CAL1535

AnicK306 A(rapl-phrD)342::kan amyE::{(Pspank(hy)-rapl) spc}; pC194 (cat)

CAL1548

A(conG-yddM)319::kan amyE::{(Pspank(hy)-rapl) spc}; pC194 (cat)

CAL1590

AconQ848 thrC229::{(ICEBs1-303 AconQ-attR::tet) mis} A(rapl-phr])342::kan
amyE::{(Pspank(hy)-rapl) spc}

CAL1591

AconQ848 A(rapl-phrI)342::kan amyE::{(Pspank(hy)-rapl) spc}; pBS42 (cat)

CAL1592

AconQ848 A(rapl-phrI)342::kan amyE::{(Pspank(hy)-rapl) spc}; pC194 (cat)

CAL1593

AconQ848 thrC229::{(ICEBs1-304 AydcS-attR::tet) mis} A(rapl-phr])342::kan
amyE::{(Pspank(hy)-rapl) spc}; pBS42 (cat)

CAL1594

AconQ848 thrC229::{(ICEBs1-304 AydcS-attR::tet) mis} A(rapl-phr])342::kan
amyE::{(Pspank(hy)-rapl) spc}; pC194 (cat)

CAL1595

Acon Q848 thrC229::{(ICEBs1-303 AconQ-attR::tet) mis} A(rapl-phrI)342::kan
amyE::{(Pspank(hy)-rapl) spc}; pBS42 (cat)
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CAL1596

Acon Q848 thrC229::{(ICEBs1-303 AconQ-attR::tet) mis} A(rapl-phr])342::kan
amyE::{(Pspank(hy)-rapl) spc}; pC194 (cat)

CAL1597

AconQ848 A(rapl-phrI)342::kan amyE::{(Pspank(hy)-rapl) spc}; pHP13 (cat mls)

CAL1598

AconQ848 thrC229::{ICEBs1-304 AydcS-attR::tet) mls} A(rapl-phrl)342::kan
amyE::{(Pspank(hy)-rapl) spc}; pHP13 (cat mls)

CAL1599

Acon Q848 thrC229::{ICEBs1-303 AconQ-attR::tet) mis A(rapl-phr])342::kan
amyE::{(Pspank(hy)-rapl) spc} }; pHP13 (cat mls)

CAL1749

A(rapl-phrl)342::kan amyE::{(Pspank(hy)-rapl) spc}; pCAL1737 {pBS42 cat
‘mob::(oriN-repN)}

CAL1751

A(rapl-phrl)342::kan amyE::{(Pspank(hy)-rapl) spc}; pCAL1738 {pBS42 cat
repU::(oriN-repN)}

JMA168 | A(rapl-phrl)342::kan amyE::{(Pspank(hy)-rapI) spc} (5)

JT298 AconQ848 thrC229::{(ICEBs1-304 AydcS-attR::tet) mis} A(rapl-phr])342::kan
amyE::{(Pspank(hy)-rapl) spc}

JT338 AconQ848 thrC229::{ICEBs1-1637 AconQ-attR::cat) mis} A(rapl-phr])342::kan
amyE::{(Pspank(hy)-rapl) spc}

JT339 AconQ848 thrC229::{1CEBs1-337 AnicK-attR::cat) mls} A(rapl-phrl)342::kan

amyE::{(Pspank(hy)-rapl) spc}

*Strains are derived from laboratory strain JH642 and contain trpC and pheA mutations.
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Table 2. Mobilization of plasmids by ICEBs1.

ICEBs1 in donor® Plasmid mobilization (%)"
pBS42 pCIoi | pHPI3
1 A(rapl-phrl)::kan 28+1.6 27+19 0.068 +0.04
2 None <0.00002 <0.00002 <0.00002
A(conG-yddM)::kan <0.00002 <0.00002 <0.00002

* Donor strains contained the indicated plasmid (chloramphenicol resistant) and
amyE::{Pspank(hy)-rapl spc} for overproduction of Rapl to induce ICEBsI. Donor strains
contained pBS42, pC194, and pHP13 and ICEBs1 A(rapl-phr)342::kan (CAL1393,
CAL1533, and CAL1398, respectively); no ICEBs1 (CAL1392, CAL1532 and CAL1397,
respectively); and ICEBsI A(conG-yddM)::kan (CAL1396, CAL1548 and CAL1034,

respectively).

® The recipient strain in the mating experiments was CAL89 (ICEBs1° comK::spc str).
Values for the A(rapI-phrl)::kan donors are the means from 9 (pBS42), 4 (pC194), and 5
(pHP13) independent mating assays. Mating assays with donors defective for plasmid
mobilization yielded no detectable transconjugants (<0.00002%) in at least two
independent experiments. Plasmid mobilization was calculated as percent Cm" Str®
transconjugant CFU per donor CFU in the original mating mixture plus or minus the

standard deviation.
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Table 3. Transfer of ICEBsl1 is not affected by the presence of plasmids.

Percent transfer
Plasmid (strain) of ICEBs1°
1 None (JMA168) 6.3 +3.5
2 pBS42 (CAL1393) 9.9+5.1
3 pC194 (CAL1533) 7.0+3.6
4 pHP13 (CAL1398) 7.3+3.1

* Donor strains contained the indicated plasmid, ICEBs1 with the A(rapI-phrI)342::kan

allele and amyE::{Pspank(hy)-rapl spc} for overproduction of RaplI to induce ICEBs1.

® The recipient strain in the mating experiments was CAL89 (ICEBs1° comK::spc str).
Transconjugants containing ICEBs1 were selected as resistant to kanamycin (from
ICEBs1) and streptomycin (from the recipient). Values for percent transfer of ICEBs1 are
the means from 5 independent mating assays (9 for pBS42) and are calculated as the
percent Kan" Str® colony-forming units (CFU) per donor CFU in the original mating

mixture plus or minus the standard deviation.
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Table 4. Plasmid mobilization does not require ICEBs1 nickase NicK, but does

require the putative coupling protein ConQ.
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ICEBs1 in donor® Plasmid mobilization (%)"
pBS2 (n) | pCl9% () | pHPI3 ()
1| A(rapI-phrI)::kan 28+1.6(9) | 27+19(4) | 0.068 +0.04 (5)
2 | AnicK306 36+2.0(4) | 3.2+0.64 (2) 0.15+0.12 (4)
3 | AconQ848 <0.00005 (4) | <0.00005 (3) <0.00005 (2)
4 | AconQ848/thrC::conQ* 2.7 +1.8(2) 88+51(2) | 0.094+0.02(2)
5 | AconQ848/thrC::conQA | <0.00005 (2) | <0.00005 (2) <0.00005 (2)

* Donor strains contained the indicated plasmid (chloramphenicol-resistant),
amyE::{(Pspank(hy)-rapl) spc}, the ICEBs1 A(rapI-phrl)342::kan allele (present in all
donors but not indicated in lines 2-5), mutations in nicK or conQ (lines 2-5), and trans-
acting ICEBs1 genes at thrC (lines 4 and 5). Donor strains contained pBS42, pC194, and
pHP13 and: ICEBs1 A(rapl-phrl)342::kan (CAL1393, CAL1533, and CAL1398,
respectively, as in Table 2); AnicK306 A(rapl-phr)342::kan (CAL1395, CAL1535, and
CAL1400, respectively); AconQ848 A(rapI-phrI)342::kan (CAL1591, CAL1592, and
CAL1597, respectively); AconQ848 A(rapIl-phrI)342::kan thrC::conQ™ (CAL1593, CAL1594,
and CAL1598, respectively); and AconQ848 A(rapl-phrl)342::kan thrC::conQA (CAL1595,
CAL1596, and CAL1599, respectively).

Although plasmid mobilization did not require nicK, nicK is required for transfer of
ICEBs1 from plasmid-containing donors. There was no transfer of ICEBs1 from
plasmid-containing AnicK306 donors (data not shown).

The thrC::conQ" (line 4) used for plasmid mobilization contains the ICEBsI genes
upstream from and including conQ and nicK (Fig. 1). Since nicK is not needed for
mobilization, the defect in the AconQ848 mutant is due to loss of conQ and not a polar
effect on downstream genes. The thrC::conQA (thrC::{ICEBs1 AconQ-attR::tet}) (line 5)
contains all ICEBsI genes upstream of conQ, but not a functional conQ (Fig. 1). This was
used as a control for the complementation (line 4).

"Percent plasmid mobilization was determined as described for Table 2. Values are
the mean from >2 independent experiments + the standard deviation. The number of

independent experiments for each strain (n) is indicated in parentheses.
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Figure 1. Map of ICEBs1 and various mutants.

A. Genetic map of ICEBs1. ICEBsI is shown in its linear integrated form. Open
arrows indicate open reading frames and the direction of transcription. Gene names are
indicated above the arrows. The origin of transfer (oriT) is indicated by a thick black line
overlapping the 3' end of conQ and the 5' end of nicK. oriT is needed for ICEBs1 transfer
(34) and replication (33). The small rectangles at the ends of ICEBs1 represent the 60 bp
direct repeats that contain the site-specific recombination sites in the left and right
attachment sites, attL and attR, that are required for excision of the element from the
chromosome.

B-E. Schematic diagram of deletion mutations in ICEBs1 in donor strains. Thin
horizontal lines represent the regions of ICEBs1 that are present in the donor strains.
Gaps in the line represent the regions of ICEBs1 that are deleted. Antibiotic-resistance
markers that are inserted in some of the alleles are not shown. A(rapIphrI) (B, D, E) (5)
and A(conG-yddM) (C) (34) are deletion-insertion mutations with a kanamycin-resistance
gene inserted (not shown). AnicK (E) and AconQ (F) are unmarked in-frame deletion
mutations that do not disrupt the expression of downstream genes and do not disrupt
oriT.

F-1. Schematic diagram of truncated ICEBs1 derivatives integrated at thrC. These
constructs cannot excise due to deletion of attR and were used to provide ICEBs1 genes
in trans for complementation tests of the ICEBs1 AconQ mutant. Thin horizontal lines
represent the regions of ICEBs]1 that are present at thrC.

B-1. The ability of plasmids to be mobilized or of ICEBsI to be transferred from

various donor strains are summarized as + or -. nd indicates not determined.
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Figure 2. Plasmid maps.

Schematic diagrams of plasmids pC194 (A), pBS42 (B), and pHP13 (C), all mobilized
by ICEBs1. The approximate size of each plasmid is indicated under the plasmid name.
Circles represent each plasmid and are not shown to scale. Thin black arrows and gene
names within each circle represent functional genes or, in the case of ‘mobU (B), a non-
functional 3' fragment of mobU (missing the 5'end). Antibiotic resistance genes include
cat (chloramphenicol resistance) and mlis (macrolide, lincosamide, and streptogramin
resistance). Small open arrows on each circle represent the origin of replication, which
contains the site for nicking by the cognate replicative relaxase (encoded by rep, repU,
and rep60). The sequences flanking the nic sites in each plasmid ori are highly
conserved. The orientation of the open arrows indicates the direction of leading strand
synthesis for rolling circle replication. pBS42 (B) and pHP13 (C) are composites of
segments from several plasmids (6, 23). The junctions and sources of the different
segments are indicated by the intersecting lines and plasmid names on the perimeter of
each circle. For pBS42 (B) the location of two Nsil restriction sites is indicated with a line
and an "N". The three plasmids have a 0.98 kb sequence in common that contains cat.

Other DNA sequences common to all three plasmids are <12 bp.
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