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�
Sex as a genetic process provides a way of
counteracting the accumulation of deleterious
mutations as well as helping to increase 

the genetic variations that underpin adaptation and
evolution. Although bacteria are haploid and do not 
have a sexual cycle, they do have a variety of mechanisms
for genetic exchange that provide some of the advan-
tages of sex. Transformation (uptake of naked DNA),
transduction (bacteriophage-mediated DNA transfer)
and conjugation (cell–cell contact-mediated transfer)
can all result in DNA movement from one bacterium 
to another. However, conjugation is the only process 
that could transfer the whole of the chromosome.
Conjugation is also the process that is most like sex 
in higher organisms – it appears to occur between pairs 
of bacteria, one of which is designated male on the 
basis of carrying the conjugative apparatus that is 
needed for mating-pair formation and subsequent 
DNA transfer.

� F is no longer the only paradigm
Bacterial sex, originally discovered by Joshua Lederberg,
is mediated by a plasmid called F (for Fertility factor)
(Fig. 1). Many other mobile genetic elements (plasmids
and transposable elements) also encode conjugative
transfer systems. The broad host range IncP-1 plasmids
and the Ti plasmids from Agrobacterium tumefaciens 
are now the most intensively studied systems from
Gram-negative bacteria. Ti plasmids carry two transfer
systems – one for sex between bacteria and the other 
for sex between bacteria and plants. Remarkably, 
DNA sequencing has revealed that the basic apparatus 
for both Ti transfer processes and the IncP-1 transfer 
are fundamentally the same. There are also remarkable
similarities between this DNA transfer process and 

toxin protein export to target eukaryotic cells in
Bordetella pertussis as well as DNA uptake during
transformation of Helicobacter pylori. Given this
apparently all-purpose mechanism for macromolecular
transfer, these systems have rightly become the centre 
of much attention.

Other types of transfer systems also exist, especially in
Gram-positive bacteria. The pheromone-stimulated
transfer among enterococci and the simple transfer
systems of Streptomyces, which appear to depend on
hyphal fusion rather than a sophisticated mating-pair
formation apparatus, illustrate this diversity.

� Why is bacterial sex encoded by mobile
genetic elements?
Since sex is such an obvious benefit to the host bacteria
why shouldn’t this be a basic chromosomal function?
Well, the transfer systems that we know would not have
evolved so rapidly if they were a permanent part of the
chromosome – in practice mating pairs undergoing
conjugation normally break down before there is time to
transfer the whole chromosome. Mutant transfer systems
better able to transfer DNA would not be selected
because the mutant transfer apparatus would not be
inherited by the bacteria to which DNA transfer takes
place. However, if the transfer apparatus is part of a
smaller element then it will transfer completely and
more efficient mutants will be selected. The fact that a
conjugative element can integrate into the chromosome
at many sites allows all chromosomal genes to benefit
from the transfer process, rather than the limited set if
there was always just one transfer origin at a fixed point.
Thus conjugative mobile DNA can benefit both itself
and its host while promoting genome evolution.

Bacterial sex
Christopher M. Thomas

Chris Thomas
explains the ins 
and outs of genetic
transfer between
bacteria.

BELOW:
Fig. 1. Plasmid-positive donor
bacteria produce a pilus that
contacts recipient bacteria (A) and
draws them together so that
surface fusion takes place,
creating a bridge through which
DNA can be driven by rolling circle
replication initiated by nicking at
oriT, the transfer origin, in the
donor bacterium. Integration into
the chromosome (B) can mobilize
chromosomal DNA. Transfer to
plasmid-containing bacteria (C)
can promote inter-plasmid
recombination. Broad host range
plasmids can allow transfer of
genes to diverse species (D). 
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� Visualizing the transfer process
Søren Molin’s group in Lyngby, Denmark, has pioneered
the use of plasmids tagged with a reporter gene encoding
green fluorescent protein to visualize transfer as it occurs.
This reporter is repressed by a gene inserted into the
chromosome of donor bacteria. When transfer takes
place to a bacterium without this repressor, the reporter
gene gets switched on and the cell becomes fluorescent.
Transfer into recipients can therefore be enumerated in
situ, for example in a biofilm, without the need to isolate
the bacteria. An alternative way of visualizing the
process is illustrated in Fig. 2. Such studies should help
to reveal aspects of the transfer process at the single-cell
level not previously accessible.

� Conjugation is not an exclusively
heterosexual process
F+ bacteria are not good recipients in F-mediated
transfer – a phenomenon called surface exclusion and
found in most other conjugative systems. These
functions help dissociate mating bacterial pairs when
transfer has taken place. Surface exclusion should prevent
one plasmid transferring into a cell that is already
occupied by an identical or closely related plasmid.
However, recent data shows that F-like plasmids
undergo frequent recombination with each other – so
they must frequently enter the same cell. Data with
IncP-1 plasmids and small bacteriocin-producing
plasmids suggest that recombination between related
plasmids may be a widespread phenomenon.

� Conjugative elements and biofilms
F and many other plasmids will promote biofilm-
formation (Fig. 3) by helping adherence to a variety of
surfaces and recruitment of other bacteria. The plasmid
transfer apparatus appears to play a role in this effect, but
surprisingly, this effect can be seen in a pure culture of 
F+ bacteria – ‘recipients’ are not needed. The explanation
may be that in many natural environments at low
temperature, only a small proportion of the bacteria

express surface exclusion so F can transfer into bacteria
already carrying F. Thus recombination can take 
place between the incoming and resident plasmid. The 
result will be that genetic changes occurring within 
a population will rapidly be shuffled between bacteria
and fitter plasmids will evolve quickly.

� The horizontal gene pool
Bacterial sex allows rapid adaptation to changing
circumstances. Traits useful in specialized niches but
dispensable in others are retained by only a few bacteria,
but these dominate in selective environments. Thus 
any one strain may only carry a fraction of the traits 
to which the species has access. Since mobile elements
can establish themselves without homologous recom-
bination, they can carry such extra genes to diverse
species. This provides a pool of genes accessible to many,
and exclusive to none. Conjugative mobile elements
therefore play a vital role in the diversity and adaptability
of bacteria and the study of this pool should form a vital
component of any genomics programme.
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FAR LEFT (OPPOSITE PAGE):
Fig. 2. Time-lapse fluorescence
microscopy of R751 plasmid DNA
entering Escherichia coli recipient
cells (arrows). Cartoons
highlighting the cell of interest are
adjacent to each time-lapse series.
Non-fluorescent donor cells
contain the plasmid R751: : lacO
that has been engineered to carry
binding sites for the fluorescent
hybrid protein LacI-GFP that is
being made in the green recipient
cells. As R751: : lacO enters into
the recipient during conjugative
transfer, LacI-GFP rapidly
aggregates to the plasmid molecule
and allows visualization of plasmid
establishment. The timing of
images is indicated in minutes at
the top-left hand corner of each
image. 
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ABOVE LEFT (THIS PAGE):
Fig. 3. The presence of a 
variety of plasmids can promote
biofilm formation on a glass slide 
in standard growth medium as
compared to the bacterial host
without a plasmid that leaves the
slide completely clean. This
property is not confined to
plasmids with just one type of
pilus, although the effect is most
marked with F-like plasmids.
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