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Abstract—The review considers experimental data on the conjugal transfer of plasmids in the Bacillus cereus
and Bacillus subtilis groups (the transfer of large self-transmissibl e plasmids and the mobilization of small plas-
mids). Conjugation in bacilli is compared with conjugation in E. coli dependent on the F factor. Conjugation of

bacilli in their natural habitatsis also discussed.
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Conjugation in bacteria was described by J. Leder-
berg as far back as 1946. Since then, the number of
studies devoted to this phenomenon hasincreased in an
avalanche-like manner. Conjugation, as atype of bacte-
rial mating, is used for the mapping of chromosomes
and for the transfer of plasmids from one cell to
another. Some aspects of conjugation, such asthe prep-
aration of cells for contact, the cell-to-cell contact
itself, and the mechanisms by which DNA is trans-
ferred between cells, are studied not only by geneticists
but also by researchers working in the field of bacterial
biochemistry and physiology. Conjugation is also of
interest to researchers studying microbial ecology and
the horizontal transfer of plasmids and chromosome
genes in the natural habitats of microorganisms [1-3].
Some aspects of conjugation are specific to bacterial
genera (including Bacillus) and even species.

Before proceeding further, let us briefly consider
conjugation in Escherichia coli, which is dependent on
the F factor (fertility factor, which represents a sex or
conjugative plasmid) and has been comprehensively
studied. The results of the investigation of the F factor
of E. coli provided the basis for nearly all later studies
of conjugation in various bacteria, including conjuga-
tion in E. coli dependent on conjugative plasmids that
differ from the F factor. Relevant information concern-
ing conjugation in E. coli, which was considered in a
number of reviews [4—10], will be compared with that
concerning conjugation in bacilli.

1. THE STRUCTURE AND ROLE
OF THE F FACTOR IN E. COLI CONJUGATION

The F factor is a large (about 100 kb) circular plas-
mid, occurring in cells in 1-2 copies. The F factor
genome, which is completely sequenced, has the fol-
lowing functional regions: the tra region, whose genes
are arranged in an operon responsible for cell contact
and DNA transfer to afemale cell; the so-called |eading
region, which is the first to enter the female cell; three

loci with the repFIA, repFIB, and repFIC genes, which
control replication; and three transposable elements,
Tn1000, 1S2, and 1S3 (the latter in two copies). Due to
their transposable elements, the F factor can integrate
with other plasmids and bacterial chromosomes, form-
ing cointegrates.

Conjugation begins when male (or donor) and
female (or recipient) cells comeinto contact. The male,
but not female, cells carry the F factor and have sex fim-
briae, or sex pili, which are flexible appendages about
20 uminlength (i.e., severa timeslonger than the cells
themselves). Sex pili havethe form of ahollow cylinder
with an outer diameter of about 80 A and aninner diam-
eter of about 20 A, made of helically packed pilin pro-
tein subunits. One cell typically has 1-2 pili (some-
times more). The intracellular ends of sex pili liein the
periplasmic space, between the inner membrane and
the cell wall. Sex pili are assembled from the pilin sub-
units in the periplasmic space. The composition of the
sex pilus tip dightly differs from that of the pilus
remainder, due to which DNA-containing filamentous
phages (like M13 and fd) bind to the pilus tip, whereas
RNA -containing phages (like R17 and M S2) bind later-
ally to the remainder of the pilus. The synthesis of sex
pili is controlled by 17 genes located in the tra region
of the F factor. This region occupies no less than one-
third of the whole length of the F factor and contains
overall 36 genes. The sex pili whose synthesisin E. coli
is independent of the F factor are shorter, less flexible,
and are made of pilins that differ from the F-dependent
pili (or F pili). The F factor—dependent conjugation is
more efficient in liquid media, whereas conjugation
dependent on other sex factorsis more efficient on solid
surfaces, such as the surface of membranes filters or
agar media.

When the tip of the pilus of a male cell touches a
female cell, the pilus contracts. The contraction and a
cascade of subsequent events are induced by a signal
generated in response to the contact of the pilustip with
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the surface receptors of the female cell. Until the pilus
contracts, the male and female cells can easily be sepa-
rated by shaking. Otherwise, the female and male cells
come into close contact viatheir walls, forming aggre-
gates of 2 to 50 cells. These aggregates are difficult to
separate. The cell wall at the site of contact becomes
electron-dense, ultimately giving riseto a pore, through
which DNA can pass from the donor to the recipient
cell. It haslong been considered that donor DNA enters
recipient cells through the contracted hollow pilus, but
there is not as yet any convincing evidence to confirm
this. Some researchers suggest that the pilus merely
serves as a harpoon to drag a recipient cell up to the
donor cell, while donor DNA passesinto thefemalecell
through the pore[11]. Which of these viewpointsistrue
remains unknown.

Conjugating bacteria cells obey the law (known as
the surface exclusion) postul ating that the recipient cell
should not have the same conjugative plasmid as the
donor cell. Otherwise, the frequency rate of conjuga-
tionwill bevery low, if it existsat all. Thus, theinfertile
homosexual conjugation (bacterial sodomy) between
two donor cells is prohibited. The surface exclusion
phenomenon depends on at least two genes located in
thetraregion of the F factor, traT and traS, which gov-
ern the synthesis of cell-wall and cytoplasmic proteins,
respectively. These proteins stabilize mating pairs and
presumably promote DNA transfer, unless the interact-
ing cells are heterosexual. If this is the case, the TraTl
and TraS proteins hinder the formation of cell aggre-
gates. The mutation of the traT and traS genes
increases the frequency of formation of homosexual
cell aggregates. One should not confuse the incompati-
bility of cells, which hinders the contact of two cells
and the transfer of DNA into the female cell, and the
incompatibility of two different plasmids that are
already present in the same cell (not necessarily due to
conjugation). In the latter case, one of the two plasmids
isinevitably eliminated in daughter cells because of the
replicative incompatibility of plasmids belonging to
different incompatibility groups (the so-called inc
groups).

A population of male cells always contains a small
number of cells with a female phenotype, which carry
the F factor but do not produce sex pili and thereby are
unable to be DNA donors. This transient phenotype,
whose frequency increases, for instance, in the late-log-
arithmic E. coli culture, islikely to be due to nonfunc-
tional tra genes.

In any case, at the first step of conjugation, an open
channel or poreisformed between two conjugating het-
erosexual cells, through which the male DNA (in the
simplest case, the F factor) can pass into the female
cell. This event, however, is preceded by the second
step of conjugation, lying in the formation of a DNA—
protein complex (the so-called relaxosome), which
introduces a single-strand nick at the nic site of the F
factor within the oriT recognition region and induces
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unwinding of the supercoiled DNA at this site. The
relaxosome contains the enzyme relaxase (with the
properties of helicase) encoded by the tral gene of the
F factor, as well as some proteins with endonucleolytic
activity. At the third step of conjugation, the nicked
DNA strand of the F factor istransferred into the recip-
ient cell with ATP as the source of energy.

At the third conjugation step, an important role is
played by the TraD protein molecules, localized
between the cell wall and the cytoplasmic membrane at
the site of pore formation. TraD proteins, which belong
to afamily of TraG-like proteins, are formed by various
conjugative plasmids. The interaction of the TraD pro-
teinswith the relaxosome has recently been reported by
Szpirer et al. [12]. The transfer of the single-strand
DNA into the donor cell is accompanied by the strand
displacement DNA synthesis in the donor cell and the
synthesis of acomplementary DNA strand in the recip-
ient cell. After the completion of DNA synthesis, the
female cell acquires a copy of the F factor, thereby
changing its sex to male. On the other hand, the donor
cell retainsits F factor dueto replacement synthesisand
remains male as well.

TheF factor isnot only capabl e of self-transmission
but is also able to promote the transfer of other repli-
cons, such as nonnconjugative plasmids and chromo-
somes. Nonnconjugative plasmids can be transferred
either by conduction or by donation. In the case of con-
duction, the F factor forms a composite structure (or
cointegrate) with a nonnconjugative plasmid (such as
pBR322) with the involvement of the Tn1000 transpo-
son located on the F factor. Then the cointegrate is
transferred into a recipient cell, where it breaks down
into components. Donation isthe transfer of anonncon-
jugative plasmid when a cointegrate is not formed and
can occur even if the F factor and nonnconjugative plas-
mids (such as ColE1l) do not have sequences (trans-
posons or sufficiently extended homologous regions)
necessary for the formation of cointegrates. Of interest
is the fact that some mutations of the tra genes inhibit
the transfer of the F factor itself but do not block the
transfer of plasmid ColE1 by the mechanism of dona-
tion. The first conjugation step (i.e., the formation of
sex pili and the pilus-mediated contact of mating cells)
is necessary for donation to occur. This step is imple-
mented by the conjugative plasmid. The second step of
conjugation (the formation of relaxosome and DNA
nicking and unwinding) can occur independently of the
F factor, since many small plasmids have the oriT
region and are able to produce Mob proteins, which are
homol ogues of relaxase. The third step of conjugation
by donation (the transfer of donor DNA into the recipi-
ent cells) again requires conjugative plasmids, sincethe
necessary coupling proteins are produced, as a rule,
only by such plasmids.

The F factor integrated into the host cell chromo-
some with the aid of transposable elements or by means
of homol ogous recombination promotes the transfer of
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this chromosome into a female cell (formally, such a
transfer isaparticular case of conduction). The transfer
of the E. coli chromosome, which is 35 times longer
than the sex plasmid, lasts about 100 min and can be
interrupted at any time (most frequently, the chromo-
some fails to be completely transferred). Figuratively,
the F factor works as alocomotive pushing ahead along
train and entering, if ever, the female cell after the last
wagon. The transfer of chromosome with the aid of the
F factor was studied in agreat number of works, whose
consideration is beyond the scope of this review, espe-
cialy asthereisno evidencethat bacillar chromosomes
can aso be transferred through conjugation. The differ-
ent mechanisms of F-factor transfer into female cells
are depicted in the figure.

Bacterial conjugation systems are very diverse. In
addition to the F factor and its variants and derivatives,
E. coli canimplement conjugation with the aid of other
conjugative plasmids, such as R factors and Col plas-
mids. Conjugation in different bacteria may differ not
only in the length and morphology of sex pili. For
instance, the same salmonella cell may have either
short (for mating on a solid surface) or long pili (for
mating in liquid media). Bacilli and some other bacteria
can come into mating contact without the involvement
of pili (see below). Some mating bacteria, such as
enterococci, can form very large aggregates, which
comprise thousands of cells and are easily seen by the
naked eye [13, 14]. It should be noted that a peculiarity
of enterococci is that they have a complex pheromone
system, which determines which cells will be DNA
donors and which will be DNA recipients [15].

Conjugative transposons, another type of sex plas-
mids, have recently been reviewed by Kameneva [16].
These transposable elements emerge from bacterial
chromosomes, forming circular plasmidlike structures.
Transposons have a size (60—100 kb) similar to that of
many conjugative plasmids and contain the extended
tra region, the mob gene, and the ori T region. The Mob
protein produced by transposonsisableto bindto oriT
and to induce single-strand nicks and relaxation. Like
conjugative plasmids, conjugative transposons are
capable of self-transmission and the transfer of small
nonnconjugative plasmids by the mechanisms of dona-
tion and conduction.

Conjugation is possible between bacterial cells
belonging to different species and genera, between bac-
terial and plant cells (an example is the transfer of the
Ti plasmid from agrobacteria to plant cells), between
bacteriaand yeasts (e.g., between E. coli and Saccharo-
myces cerevisiae [17]), and even between bacterial and
mammalian (HelL a) cells[18].

Before turning to the problem of conjugation in
bacilli, let us briefly consider some terminological
problems. Sometimes bacterial and, especially, bacillar
conjugation is called transconjugation or transception,
whilearecipient cell with an acquired plasmidiscalled
transconjugant or transcipient. | do not adhere to this
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{3 Nonconjugative plasmid

Bacterial chromosome

Different types of the conjugal transfer of repliconswith the
involvement of the F factor: (1) the transfer of the sex plas-
mid (the F factor) alone, (2) the transfer of the sex and
nonconjugative plasmids without forming a cointegrate
(donation), (3) the transfer of the sex and nonconjugative
plasmids with the formation of a cointegrate (conduction),
and (4) thetransfer of the sex plasmid and bacterial chromo-
some with the formation of a cointegrate.

terminology and instead will use the terms mobilization
(to designate the transfer of nonnconjugative plasmids,
particularly due to donation) and mobilizable plasmids
(to designate plasmids that became transposable in the
course of conjugation).

2. CONJUGATION IN THE B. CEREUS AND
B. SUBTILIS GROUPS

Although bacilli comprise agreat number of genera
and species, conjugation was studied in representatives
of only two bacillar groups, the group of B. cereus and
the group of B. subtilis.

2.1. The B. cereus Group

This group includes three species, B. cereus, B. thu-
ringiensis, and B. anthracis. The G + C content in the
DNA of these bacilli is 34—35 mol %. B. thuringiensis
is the most industrially important bacterium of this
group, as it is a producer of delta-endotoxin and ther-
mostable beta-exotoxin, which possess insecticidal
activity. These toxins kill caterpillars and the larvae of
blood-sucking dipteras and beetles by damaging their
intestines. B. thuringiensis spore preparations are
sprayed as biopesticides at pest-contaminated sites.
Deltatoxin is synthesized in the phase of spore forma-
tion and may comprise up to 30% of the total cellular
protein. Dueto its high concentration in cells, thistoxin
occurs in the form of large crystals, occupying about
one-third of the total cell volume. The genes that con-
trol toxin synthesis are mainly localized on large plas-
mids. Some strains of B. thuringiensis have up to



520

17 plasmids from 1-2 to 300400 kb in size, which
comprise 20-25% of the total cellular DNA. The com-
plex plasmid profile of B. thuringiensis makes it very
difficult to determine the function of the particular plas-
mids of this bacterium. Some strains of B. thuringiensis
do not produce toxins [19, 20]. There are more than
20 subspecies of B. thuringiensis, which differ in the
serotypes of flagellar antigens and in some other char-
acteristics.

B. anthracis is important in human and veterinary
medicine, asit is the causal agent of anthrax. Like the
B. thuringiensis toxins, the B. anthracis toxins are
mainly encoded by plasmid genes.

B. cereus can grow in foodstuffs and may cause bac-
terial food poisoning.

The conjugal transfer of plasmidsin B. thuringiensis
was discovered in the laboratory headed by B. Carlton
at the University of Georgia, the United States[21, 22].
Thetransfer of large plasmids (60—80 kb) was observed
when donor cells bearing these plasmids were grown in
a liquid medium together with recipient cells bearing
other plasmids, including a streptomycin-resistance
plasmid (this allowed the colonies grown from the
donor and recipient cellsto be distinguished). The pres-
ence of foreign plasmids in the recipient cells was
detected by electrophoresis and by the immunologic
reaction of plasmid-encoded delta-endotoxin with its
antibodies. The frequency of the conjugal transfer of
large plasmids between the donor and recipient cells
was very high (up to 75%). Researchers from thislabo-
ratory also detected the transfer of small cryptic plas-
midsto the recipient B. thuringiensis cellsand thelarge
plasmids of B. thuringiensis to the recipient B. cereus
cells.

Investigations along these lines were aso carried
out inthelaboratory headed by C. Thorne at the Univer-
Sity of Massachusetts, the United States [23, 24]. The
donor strains B. thuringiensis subsp. thuringiensis,
morrisoni, toumanoffi, alesti, and israelensis carried large
plasmids pXO11 through pXO16 from 80 to 190 kb in
size (some of which encoded toxin synthesis) and the
small tetracycline resistance plasmid pBC16, which
was isolated from B. cereus and introduced into the
donor strains by means of transduction. The recipient
strains of B. thuringiensis, B. cereus, and B. anthracis
were resistant to streptomycin. To detect the mabiliza-
tion of plasmid pBC16 during conjugation in aliquid
medium, colonies resistant to both streptomycin and
tetracyclinewere selected. Depending on therecipient, the
frequency of pBC16 transfer varied from 107 to 108 per
recipient cell, but it was in most cases high. The recip-
ient cells with the transferred plasmid pBC16 were
found to contain aso large plasmids and small cryptic
plasmids from the donor cells. Conjugants with the
large plasmids acquired the properties of donor cells.
When in B. anthracis cells, the large plasmid pOX12
promoted the conjugal transfer of some large plasmids
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of B. anthracis controlling the synthesis of the anthrax
toxin and the virulence factor of this bacterium.

To elucidate which of the numerous plasmids of
B. thuringiensis are responsible for toxin synthesis,
researchers from the laboratory headed by
R. Azizbekyan at the Institute of Genetics and Selec-
tion of Industrial Microorganisms, Moscow, Russia,
carried out experiments on the conjugal transfer of
large plasmids from the toxin-producing donor strains
of B. thuringiensis into the recipient B. cereus strain.
The donor strains were marked by introducing the
erythromycin resistance plasmid pAMf1. Therecipient
strain was resistant to tetracycline due to spontaneous
mutation. Conjugation was carried out both in aliquid
medium and on the membrane surface. Conjugants
resistant to both antibiotics were examined by electro-
phoresis for the presence of large plasmids. It was
found that the conjugants, which were produced at a
low frequency rate (10~ to —107%), also carried large
plasmids and produced toxin. Enzyme immunoassay
showed that the toxin produced by the conjugant
B. cereus cells was identical to that produced by the
donor B. thuringiensis cells. It was likely that plasmid
PAM[1 promoted the mobilization of some plasmids
of B. thuringiensis. An el ectron microscopic analysis of
the conjugation mixture showed the presence of short
bridges and fused regions between the surface layers of
cells, although convincing evidence that these cells are
conjugants was not presented [25, 26]. It should be
noted that the transfer of the bacteriocin-producing
ability between different B. thuringiensis strains during
mixed cultivation was first described as far back as
1979 (without discussing the mechanism of this trans-
fer) [27]. The important role of plasmid pAMf1 in the
transfer of toxin-encoding plasmids was aso shown by
Lerecluset al. [28].

The most comprehensive investigations of conjuga-
tion in B. thuringiensis were carried out in the labora-
tory headed by L. Andrup at the National Institute of
Occupational Health, Copenhagen, Denmark. B. thur-
ingiensis was studied as a potential contaminant of the
respiratory and gastrointestinal tracts of greenhouse
workers dealing with pesticide preparations containing
spores of this bacterium. The bacterium found in the
organisms of the workers proved to be harmless, but its
investigation was continued with reference to conjuga:
tion and some other aspects [29-37].

Experiments were carried out with the B. thuring-
iensis subsp. israelensis and kurstaki. The donor strain
carried a large conjugative plasmid, pX016 (200 kb),
and, in some experiments, conjugative plasmidspHT73
and pAW63. To facilitate the detection of conjugative
plasmids, they were marked by the chloramphenicol
resistance transposon Tn5401. Plasmid pBC16 and
some small plasmids constructed on the basis of vectors
with the sigma- and theta-type replication served as
mobilizable plasmids. Conjugation was observed in a
liquid medium and reguired the presence of plasmid
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pX 16 in one of the mating partners. Cellsthat lost this
plasmid, for instance, as aresult of heating to atemper-
ature of more than 40°C, were incapable of conjuga-
tion. On the other hand, conjugation was not observed
when both donor and recipient cells contained the same
conjugative plasmid (i.e., the surface exclusion mecha-
nism was functional). Plasmid pXO16 was transferred
at a very high frequency, so that amost al recipient
cells received it. Plasmid pBC16 was transferred at a
much lower frequency rate (103to 5 x 10~ per recipi-
ent cell). Conjugating bacteriaformed large aggregates,
which contained thousands of cells and were visible to
the naked eye. Electron microscopic analysis showed
the presence of very short bridges between two or
sometimes more mating cells [32]. Aggregation was
observed only for cells of which one contained plasmid
pX016 and the other lacked it. In monocultures of
recipient and donor cells, intercellular bridges were not
formed. Thus, cell aggregation proved to be the first
step of conjugation. According to the data of electron
microscopy, the structure of the cell walls at the sites of
cell-to-cell contact was altered (personal communica
tion of G. Jensen).

The treatment of plasmid-free cells with proteinase
K prevented their aggregation with plasmid-bearing
cells. Presumably, conjugative plasmid imparted the
Agr* phenotype to bacteria cells, while female cells
had the Agr— phenotype.

The transfer of conjugative plasmids began as soon
as donor and recipient cells came into contact and
lasted for 3.5-4 min. After each coupling event, the
donor cell required a 10-min relaxation period to be
capable of the next coupling act, while therecipient cell
required a 40-min period to become able to donate the
acquired plasmid (i.e., to become a male cell). Conju-
gation bridges could be formed between one donor cell
and severa recipient cells; however, large plasmids
were transferred only to one of the recipient cells. The
transfer of two small nonnconjugative plasmids, pC194
and pE194, to one recipient cell at atime was a rare
event (7 x 1077 per recipient cell). Conjugation was
most efficient when the proportion between the donor
and recipient cells was 1 : 200. The relationship
between the efficiency of conjugation and the concen-
tration of recipient cells could be described by the
Michaelis-Menten equation [37]. The phenomenon of
cell competence, such as that observed in the growing
B. subtilis culture, was not revealed. Nor were phero-
mones that stimulate conjugation detected.

In addition to the native plasmid pBC16, researchers
also used itsderivatives with deletionsand inversionsin
the mob gene and the ori T region, plasmid pX14-3 with
the sigma-type replication and its derivatives with an
altered structure of the mob gene, and the truncated
pLS20 and pAM[1 plasmid derivatives with theta-type
replication. Experiments showed that alterationsin the
maob gene reduced the mobilization frequency no more
than tenfold (it should be noted that the reduction of the
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mobilization frequency could be due not only to the
gene dteration itself but also to a smaller number of
pLS20 and pAMf1 copies, their slow replication, and
other reasons). With the other conjugative plasmid
studied, pAW63, the mobilization of plasmid pBC16
required the native mob gene. The presence of theoriT
region was anecessary condition of mobilization. Plas-
mids with theta-type replication could be transferred
from the donor cells that carried plasmid pXO16 [32].

The B. thuringiensis subsp. thuringiensis was able
to transfer plasmid pXO16 to 14 different recipient
B. thuringiensis subspecies and to B. cereus. Another
conjugative plasmid, pAW®63, could be transferred
from B. thuringiensis subsp. kurstaki to the species
B. cereus, B. licheniformis, B. sphaericus, and B. subti-
lis[34]. B. thuringiensis was also able to transfer plas-
mid pBC16 to awide range of recipient bacillar species
(B. cereus, B. megaterium, B. brevis, B. subtilis. B. pol-
ymyxa, and B. sphaericus) [38].

2.2. The B. subtilis Group

The G + C content of the DNA of this group aver-
ages 42.9%. The best studied representative of this
group is the laboratory strain B. subtilis Marburg (or
B. subtilis 168). The group also includes numerous soil
isolates of B. subtilis and three subspecies, B. subtilis
W23, B. subtilis (niger), and B. subtilis (natto), which
are sometimes considered to be separate species. The
species B. pumilus, B. licheniformis, B. atropheus,
B. mojavensis, and B. polymyxa are also members of
this group, since their DNA can transform the B. subti-
lis 168 cells, albeit with a much lower efficiency than
the homologous DNA. About 30% of B. subtilis strains
(but not B. subtilis 168) carry small cryptic plasmids
about 10 kb in size (sometimes one strain can carry
even two different plasmids) [39]. These small plas-
mids with sigma-type replication are very similar in
their gene composition, although their host strainswere
isolated in different geographical areas [40]. Large
cryptic plasmids (40 to 100 kb in size) with predomi-
nant theta-type replication are not so frequent (they are
present in 5—7% of B. subtilisisolates) as small cryptic
plasmids [40]. In general, the number of plasmids in
representatives of the B. subtilis group is much smaller
(and their role is not so important) than in B. thuring-
iensis.

B. subtilis 168 iswidely used for laboratory and bio-
technological purposes. B. subtilis (natto) is a starter
strain in the production of natto (fermented soybeans
very popular in Japan).

The studies of the conjugal transfer of plasmids in
B. subtilis began in the early to mid-1980s. Klier et al.
[41] described a hybrid plasmid constructed from the
B. thuringiensis plasmid involved in toxinogenesis and
the bifunctional E. coli-B. subtilis vector pHV 33. The
hybrid plasmid wasintroduced (by transformation) into
B. subtilis 168, which was then incubated in a liquid
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medium with an atoxic strain of B. thuringiensis. The
toxin-producing conjugants were formed at afrequency
rate of 10~ to 10-5. Oultram and Young investigated the
conjugal transfer of the streptomycin-resistance plas-
mid pAM[B1 (26.5 kb) of Sreptococcus faecalis and
found that this plasmid was transferred, at arate of 107
to 108, from S faecalis to B. subtilis 168 and from
B. subtilis to Clostridium acetobutylicum and vice
versa[42].

Koehler and Thorne investigated B. subtilis (natto)
with the large plasmid pLS20 (55 kb), which was
marked by lincomycin and streptogramin resistance by
introducing transposon Tn917 [43]. The donor strain
was marked by tetracycline resistance by introducing
the tetracycline-resistance plasmid pBC16 into the
regenerating protoplasts of this strain. This allowed the
transfer of large conjugative and small nonnconjugative
plasmids to be easily detected. Conjugation was per-
formed on the membrane surface. When the donor cells
contained plasmid pLS20, plasmid pBC16 was trans-
ferred to the pL S20-lacking recipient cells of the same
strain at afrequency of 10 per donor cell. About 44%
of the conjugants acquired plasmid pLS20 as well. In
this conjugation system, also mobilizable were the
small 5.4-kb cryptic plasmid pL S19 native to the donor
strain and the small foreign plasmid pUB110 prelimi-
narily introduced into the donor cells, while the small
plasmids pC194 and pE194 were not mobilizable.

Plasmid pBC16 could also be transferred from
B. subtilis (natto) to other bacillar species (B. subtilis
168, B. licheniformis, B. thuringiensis, B. cereus, and
B. megaterium) at afrequency of 10 to 105, depend-
ing on the species. The lowest transfer frequency was
observed for B. megaterium. The large conjugative
plasmid pL S20 could betransferred only to aB. subtilis
strain deficient in restriction enzymes. Plasmid pBC16
was transferred by the mechanism of donation rather
than by the mechanism of conduction. Indeed, if con-
duction (which is associated with the formation of the
pLS20 and pBC16 cointegrate and its subsequent
breakdown in the recipient cells) were the case, the
structure of the plasmid pBC16 isolated from the recip-
ient cells would have been altered. The failure of the
transfer of the large plasmid pLS20 during interspecies
mating can be accounted for by itsrestriction.

The mechanism of the conjugal transfer of small
plasmids pBC16 and pUB110 mobilized by the large
plasmid pX0O503 was studied by Selinger et al. [44].
Plasmid pX0503 is a derivative of pLS20 with the
inserted transposon Tn917 (see above). The donor
strain contained plasmid pX O503 and the derivatives of
the small plasmids pBC16 and pUB110. The recipient
strain was arifampicin-resistant B. pumilus strain. Mat-
ing was carried out on the membrane surface. The small
native plasmids were mobilized at arate of 2.5 x 1074,
i.e., tenfold more frequently than the conjugative plas-
mid itself. To elucidate the necessity of the mob gene
homologue (the so-called ORF@) and the oriT site
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localized in the flanking region of this gene, fragments
of some E. coli plasmids were inserted into the ORF3
region. The resultant hybrid plasmids were transferred,
if at al, at least 100-200 times less frequently than the
native plasmids. Deletions in the respective regions of
pUB110 and pBC16 produced the same effect. Alter-
ationsin the other regions of the small plasmids did not
influence their mobilization.

The detrimental effect of deletions and insertionsin
the mob region on the process of mobilization was
greatly mitigated if the donor cells contained not only
altered but also native plasmids, for instance, pUB110
together with pUCBB (a hybrid of puUB110 and
pUC18). In this case, native plasmid and hybrid plas-
mid with the defective mob gene were mobilized at
nearly equal frequency rates, indicating that the defi-
ciency of the defective mob gene product was compen-
sated for by the synthesis of this product from the plas-
mid with the native mob gene (in other words, the
native mob gene was trans-active, likely due to the abil-
ity of its product (relaxase) to freely diffuse throughout
the cell cytoplasm). But when the oriT region was
defective, no complementation was observed, presum-
ably due to the fact that, in order to be able to maobilize
small plasmids, the product of the mob gene (irrespec-
tive of whether it is foreign or not) must interact with
the oriT region of the transferred plasmid. The recom-
binationa association of native and defective plasmids
was not necessary, as is evident from the occurrence of
mobilization in the presence of the recE4 (recAd) muta-
tion, which prohibits homologous recombination in
B. subtilis.

Our experiments on conjugation in B. subtilis and
other bacilli were carried out with soil isolates of
B. subtilis bearing large plasmids. Donor strains were
prepared by introducing the kanamycin-resistance plas-
mid pUB110 into the protoplasts of these isolates. The
recipient strain was either the restriction-deficient
B. subtilis strain RM 125 or one of the B. subtilis 168
(BD170 trpC2 thr5) auxotrophs. The recipient strains
had the chromosomal marker of chloramphenicol resis-
tance, which alowed conjugants to be easily selected
through their resistance to both chloramphenicol and
kanamycin.

We succeeded in isolating at least two strains with
large plasmids, B. subtilis 1387(p1387-3) and
B. subtilis 19(p19) (the latter strain was isolated by
M.A. Titok (Belarusian State University) from aforest
soil in Belarus). The size of these plasmids was 36 and
95 kb, respectively. The frequency rate of the conjugal
transfer of pUB110 with the aid of plasmid p1387-3
was very low (107), the transfer being observed only to
the restriction-deficient strain and only on solid media
[45]. At the same time, the frequency rate of the conju-
gal transfer of pUB110 withthe aid of plasmid p19 was
quite high (107 per recipient B. subtilis cell). The
mobilization of pUB110 did not require adeficiency of
restriction enzymesin the recipient strain and occurred
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at nearly equal frequency rates on solid and in liquid
media [46-48].

To determine the frequency rate of the simultaneous
transfer of plasmid pUB110 and the conjugal plasmid
p19, we used kanamycin- and chloramphenicol-resis-
tant conjugants as the donor and erythromycin-resi stant
B. subtilis cells asthe recipient. None of the 100 conju-
gant colonies tested was able to transfer plasmid
pUB110. Thisindicated that plasmid p19 was absent in
the conjugants. Nor was it detected by electrophoresis.
Plasmid pl19 marked by the erythromycin-resistance
transposon Tn917 could be transferred to the recipient
B. subtilis 168 strain at afrequency rate of 10~7. Such a
low frequency rate explainswhy the transfer of plasmid
p19 was not detected in experiments without the selec-
tion of conjugants (unpublished data). Thus, the mobi-
lization of plasmid pUB110 accompanied by the trans-
fer of p19 occurs at a very low frequency. It should be
noted that cells containing both plasmids, p19 and
pUB110, and grown in the presence of high kanamycin
concentrationswere proneto the elimination of p19 and
were unable to mobilize pUB110 [49]. The reason for
thisis unknown.

In the next experiment, we used the plasmid p19-ree
strain B. subtilis 19 as the recipient and found that the
mobilization of pUB110 was accompanied by the
transfer of the large conjugative plasmid pl19. The
transfer of p19 in this experiment can be explained by
the fact that the recipient and the donor belonged to the
same B. subtilis strain 19 and, hence, had the same
restriction—modification systems, which provided for
better integrity of the large plasmid (p19) during its
transfer from the donor to the recipient [50].

When the donor and the recipient contained the
large plasmid p19, the mobilization frequency of plas-
mid pUB110 decreased tenfold [50], which was pre-
sumably due to the surface exclusion phenomenon (see
above).

Experiments with the termination of plasmid trans-
fer by vigorous shaking of the liquid conjugation
medium showed that the transfer of plasmid pUuB110
began not later than 20 min after the mating cells came
into contact. The optimal temperature for plasmid
mobilization was 30-37°C. At 21°C, mobilization
occurred with a delay and was less efficient. Large cell
aggregates visible to the naked eye were not formed.
Thetreatment of cellswith proteinase K diminished the
efficiency of plasmid transfer no more than two- to three-
fold. Cells from the midexponential growth phase were
most competent to plasmid transfer.

In the next experiment, the tetracycline-resistant
plasmid pBC16 was introduced into the regenerating
protoplasts of B. subtilis 19(p19). The native plasmid
pBC16 was transferred to recipient cells with about the
same frequency as plasmid pUB110. The pBC16 deriv-
ative with the inverted mob gene (the derivative was
obtained from Jensen) was transferred four orders less
efficiently, which was in agreement with the data of
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Andrup et al. [32] concerning plasmid transfer in
B. thuringiensis. The presence of the mob-bearing
small cryptic plasmid pV in the recipient cells aug-
mented the transfer frequency of the pBC16 derivative
by 100 times (presumably, due to the transaction of the
“foreign” mob gene).

The ability of B. subtilis to mobilize plasmids with
theta-type replication was studied using the truncated
erythromycin-resistant derivative plasmid pCB20
(8 kb) of the large plasmid pSM 19035 with the theta-
type replication. It was found that this derivative plas-
mid was transferred four to five orders of magnitude
less efficiently than plasmid pUB110 [50].

Experiments were carried out not only with B. sub-
tilis but also with other bacillar species and gram-posi-
tive bacteria, such as B. subtilis (niger), B. subtilis
(natto), B. sphaericus, B. megaterium, B. polymyxa,
B. licheniformis, B. globigii, B. thuringienss,
B. mesentericus, B. amyloliquefaciens, B. pumilus, and
S. aureus. All recipient strains were streptomycin-
resistant. Conjugants were selected on mediawith kan-
amycin and streptomycin. It was found that plasmid
pUB110 was transferred to al the bacillar strains stud-
ied except for B. mesentericus, thetransfer to B. subtilis
(natto) and B. polymyxa being even more efficient than
to B. subtilis 168. The plasmid transfer to B. sphaeri-
cus, B. globigii, and B. thuringiensis was two to three
orders of magnitude less efficient than to the other
recipients studied. Experiments with staphylococci
showed that plasmid pUB110 could not be transferred
to these bacteria [50]. Sometimes, the incubation of
B. subtilistogether with other bacillar speciesinhibited
the growth of one of the partners (presumably, because
of the action of bacteriocins), which could influencethe
calculation of the mobilization frequency of pUB110.
Similar effects accompanying heterologous bacterial
mating were observed by other researchers.

2.3. The Conjugal Transfer of Plasmids
in the Natural Habitats of Bacilli

It is likely that the conjugal transfer of large and
small plasmidsis one of the major mechanisms of their
distribution in the natural habitats of bacilli. Direct evi-
dence for the existence of such transfer was obtained
for B. subtilis and B. thuringiensis. Thus, plasmid
pBC16 was mobilized during the combined infection of
some caterpillars with different B. thuringiensis strains
[51, 52]. The transfer of the large conjugative plasmid
pX 016 marked by the Tn504 transposon was observed
between different B. thuringiensis strains incubated in
riverine water or during the infection of mosquito lar-
vae. Under these conditions, plasmid pBC16 was not
mobilized [53]. The transfer of a conjugative plasmid
was al so observed between the spore-forming and non-
spore-forming B. thuringiensis strains incubated in
microcosms with sterile soil [54, 55]. The small plas-
mid pFT10 was transferred, albeit at a low rate,
between B. cereus and B. subtilisin sterile soil and in
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sometypesof nonsterile soil [56]. The conjugal transfer
of plasmid pUB110 was observed (both at 30°C and
room temperature) in microcosms with either sterile or
nonsterile garden soil that was preliminarily contami-
nated with the vegetative cells or spores of B. subtilis19
(p19 pUB110) [57]. It should be noted that nearly al
small cryptic plasmids found in the soil isolates of
B. subtilis contained the mob gene, suggesting that the
conjugal transfer of bacillar plasmids is widely spread
in nature [40, 58, 59]. There is evidence that conjuga-
tion isless sensitive to unfavorable environmental con-
ditions than the other mechanisms of horizontal gene
transfer in bacteria [1-3].

CONCLUSION

Although the literature dealing with conjugation in
bacilli islimited (the list of relevant publications cited
in this review comprises 40 references), it still allows
some generalizationsto be made. Conjugative plasmids
in bacilli (especialy in B. thuringiensis) are quite
numerous. Their size variesfrom 40 to 150 kb. The fre-
guency rate of conjugation varies widely. In many
cases, conjugation occurs only on solid surfaces (mem-
branes and agar media). Bacillar cells lack structures
resembling the sex pili of gram-negative bacteria (at
least, such structures have not yet been detected). When
in contact, heterosexual bacillar cells form aggregates,
which may comprise thousands of cells and, if so, can
be seen by the naked eye. Cell aggregates are most
likely formed with the involvement of proteins and
other constituents of the cell surface, whose synthesisis
regulated, directly or indirectly, by conjugative plas-
mids. The formation of pores at the site of the bacillar
cell contact is not confirmed directly. The phenomenon
of surface exclusion is manifested to a certain degree.
The conjugal transfer of chromosomal genes has not
yet been shown. At the same time, there is convincing
evidence that large self-transmissible conjugative plas-
mids and small mobilizable plasmids can be trans-
ferred, albeit at different frequency rates and sometimes
not simultaneously. The structure of bacillar conjuga
tive plasmids and the mechanism of their transfer have
been far from adequately studied, which is a serious
gap in the research on bacillar conjugation. Some large
conjugative plasmids, such as pMRCO1 of Lactobacil-
lus lactis [60] and pSK41 of Saphylococcus aureus
[61] have been completely sequenced. It was found that
the tra region of the 60-kb plasmid pMRCO1 has
16 genes, whereas the 15-kb tra region of the 46.4-kb
plasmid pSK41 has 13 genes. Similar sizes of conjuga-
tive plasmids and their tra regions can be anticipated
for bacilli. It should be noted that fragments of some
replicons of large bacillar plasmids have already been
sequenced [62, 63].

The mobilization of small bacillar plasmids likely
does not require the formation of recombinational coin-
tegrates with conjugative plasmids and, hence, does not
occur through the mechanism of conduction. Conse-
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guently, in bacilli, as in other gram-positive bacteria,
donation isthe major mechanism of plasmid transfer. In
any case, the presence of the mob gene or its homo-
loguesis anecessary condition of plasmid mobilization
in bacilli. The synthesis of relaxase (the mob gene prod-
uct) can be controlled not only by the mob gene of the
transferred plasmid but aso by the homol ogous gene of
another small plasmid. The origin of the signal that trig-
gers the functioning of the mob gene of small plasmids
is unknown, although it was suggested that such signal
may come from large conjugative plasmids. Experi-
ments performed in Andrup’s and our laboratories
showed that small plasmids can a so be mobilized even
if the mob genes of these plasmids are defective. It
remains to be elucidated whether these defective genes
performed their function at the expense of the function
of other plasmids (including conjugative) or whether
the migration of small plasmids to the recipient cellsin
this case was due to aternative mechanisms.

To conclude, the conjugal transfer of plasmids in
bacilli isarapidly developing line of research. Bacillar
conjugation and the F factor—dependent conjugation in
E. coli have much in common. For this reason, the
investigation of bacillar conjugation is of general scien-
tific significance. Manipulations on the conjugal trans-
fer of plasmidsin bacilli are rather simple and can eas-
ily be used for biotechnological purposes. Of great
interest is the conjugal transfer of chromosomal genes
in bacilli, although, to the best of our knowledge, there
is only one publication devoted to this problem [64].
Some difficulties that researchers may face in dealing
with this problem are related to the action of restriction
enzymes, which prevent the transfer of large fragments
of chromosomal DNA between different mating strains
and species. This can be surmounted by searching for
transposon-containing conjugative plasmids that will
be able to form cointegrates of plasmids and chromo-
somes. Transposons and |S elements of such a type
have recently been found by Nagai et al. [65] and by
researchers from Bron's and our laboratories [66, 67].
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