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Bacterial conjugation is the unidirectional transfer of DNA
(often plasmids, but also other mobile genetic elements, or
even entire genomes), from a donor cell to a recipient cell. In
Gram-negative bacteria, it requires the formation of three
complexes in the donor cell: i-a large, double-membrane-
embedded transport machinery called the Type IV Secretion
System (T4SS), ii-a long extracellular tube, the conjugative
pilus, and iii-a DNA-processing machinery termed the relaxo-
some. While knowledge has expanded regarding molecular
events in the donor cell, very little is known about the ma-
chinery involved in DNA transfer into the recipient cell. Here,
focusing on systems principally involved in DNA transfer, we
provide an update on progress made on various mechanistic
aspects of conjugation.
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Introduction
Bacterial conjugation, discovered by Lederberg and
Tatum in 1945, is a process by which DNA, generally
plasmids or other mobile genetic elements, but also ge-
nomes, are transported unidirectionally from a donor cell
that contains the plasmid to a recipient cell that does not
[1]. Conjugation plays crucial roles in horizontal gene
www.sciencedirect.com
transfer and therefore bacterial evolution and adaptation,
and more particularly constitutes the principal means by
which antibiotic resistance genes spread among some of
the most dangerous pathogen populations [2e4].

While very little is known regarding the molecular re-
quirements in the recipient cell, knowledge about the
molecular events taking place in the donor cell has

expanded rapidly. In the donor cell, the formation and
action of three complexes are required: a DNA-
processing machinery, called “relaxosome,” that primes
the DNA before transport, a transport machinery, called
the Type IV Secretion System (T4SS), that powers the
DNA through the bacterial double-membrane, and a
long tubular helical polymer, the pilus, through which
the DNA might pass to reach the recipient cell [5e9].
While the T4SS is responsible for DNA transport, it is
also responsible for pilus biogenesis. Thus, the T4SS
plays two fundamental roles: first it must elaborate a

pilus, and once this task is completed, it must switch to
DNA transfer. We focus here on the structurally much
better-known complexes of Gram-negative bacteria.
The relaxosome
The relaxosome is a large complex that acts as a DNA
processing machinery. The relaxosome’s primary roles
are i- to prime the DNA for subsequent transfer and ii-
together with the T4SS ATPase VirD4, and using the
helicase unwinding activity of one of its components, to
power the transfer of DNA through the T4SS, through
the pilus, into the recipient cell [10,11].

Here, we will describe the relaxosome encoded by F-
family plasmids, one of the best studied complexes of
its kind. In F, the relaxosome is composed of 4 proteins

assembling in various stoichiometries (Figure 1a). The
largest and most essential component is TraI, the so-
called relaxase (1756 residues) [12]. It forms a complex
with three accessory proteins, TraY (131 residues) [13],
IHF (a heterodimer of IHFa and IHFb, (99 and 94
residues, respectively)) [14] and TraM (a homo-
tetramer of 127 residues subunits) [15], at a defined
site on the F plasmid called oriT (Figure 1a). The TraI
relaxase is a bi-functional enzyme that contains 4 do-
mains: a trans-esterase (TE) domain that displays a
nicking and joining activity, two helicase domains (one
vestigial (VH), so called because it has lost its
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Figure 1

The relaxosome, the TraI relaxase, and the oriT region. a) Schematic diagram of the relaxosome. The assembled relaxosome structure is not known and
therefore, only a diagram is shown. All proteins are labeled, as is oriT, where only the two TraI binding sites, traITE (in orange) and traIHelicase (in yellow) are
shown. The three main domains of TraI are colored as in b. In the zoom-in on oriT, the nic site is shown. b) Structure of the “tight” protease resistant form of
TraI (TraIHelicase) bound to ssDNA via its helicase domains. Representation is in orange, green, and blue ribbon for the TE, VH, and AH domains,
respectively. ssDNA is in red stick representation. A schematic representation of the domain structure of TraI is shown above the structure. Boundary
residues for each domain are indicated. c) The entire oriT region of the F plasmid. The oriT region contains two TraI binding sites (traITE in orange and
traIHelicase in yellow), 2 IHFab binding sites (IHFa and IHFb), 2 x TraY binding sites (sbyA and sbyC), and 3 TraM binding sites (sbmA-C). Color coding of
the IHF, TraY, TraM binding site is as in a for each individual protein. d) Zoom in on the TraI binding sites with two TraI proteins bound, one (TraI in its TE
“loose/flexible” conformation (TraITE)) bound to the DNA sequence in orange (representing the traITE binding site 50 of nic) through its TE domain, and the
other (TraI in its “tight” conformation (TraIHelicase) bound to the DNA sequence in yellow (representing the traIHelicase binding site 30 of nic) through its
helicase VH and AH domains.
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unwinding catalytic residues, and one active (AH)), and
a C-terminal domain (CTD), which may interact with
TraM [15,16] (Figure 1b). oriT is about 400 base pairs in
size and contains two binding sites for TraI, two for TraY,
two for IHF, and three for TraM (Figure 1c) [17e19].
The two binding sites of TraI are located on each side of
an important site termed the “nic” site (Figure 1, a and

c) [16]. This site is located on the strand of DNA that is
destined for transfer, the T-strand. During DNA
processing, the T-strand is nicked at nic, and the relax-
ase reacts covalently with the 50 phosphate resulting
from the nicking reaction. Thus the substrate to be
transferred is actually a protein-ssDNA conjugate. TraI
exists in two conformations, open and closed, also
termed TraITE and TraIHelicase, respectively, depending
on where TraI binds [16] (Figure 1d). Indeed, when
bound to the sequence 30 of nic (in yellow, site called
traIHelicase, in Figure 1, a, c and d), TraI is in a closed
Current Opinion in Structural Biology 2025, 90:102978
compact form and binds ssDNA through its helicase
domains, hence its name TraIHelicase. Its structure has
been determined by cryo-EM (Figure 1b) [16]. In
contrast, when bound to the sequence 50 of nic (in
orange, site called traITE, in Figure 1, a, c and d), it is in
an open conformation and bound through its TE
domain (hence its name TraITE) [16]. The TraITE
structure is unknown. Remarkably, the two TraI binding
sites were shown to accommodate two TraI molecules
simultaneously, one bound 30 of nic in the closed TraI-

Helicase conformation, the other bound 5’ of nic in the
open TraITE conformation (Figure 1d) [16].

At some point during conjugation (see details below), the
relaxosome is recruited to the T4SS via interactions of
TraM with the C-terminal tail of VirD4 [20]. It may also
occur through interactions of subdomains of TraI VH and
AH with yet-to-be-identified T4SS partners [21].
www.sciencedirect.com
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Conjugation mechanism in gram-negative bacteria Waksman 3
The type IV secretion system
Gram-negative T4SSs have been classified into two

categories [22]: the minimized T4SS which contains 12
components, termed VirB1-11 and VirD4 (according to
naming convention), and the expanded T4SS that
contains additional subunits (although not always
VirB11). Conjugative T4SSs belong to both categories.

In all Gram-negative bacterial conjugation systems, the
T4SS is composed of four subcomplexes: the outer-
membrane core complex (OMCC) embedded in the
outer membrane, the inner membrane complex (IMC) in
the inner membrane and two complexes primarily located

in the periplasm, a stalk/cylinder bridging IMC and
OMCC, and the arches/collar, surrounding the stalk base
(Figure 2a) [23e25]. In minimized conjugative systems,
Figure 2

Cryo-EM structure of the R388 T4SS, role of the bitopic protein VirB10 and m
schematic diagram (right) of the T4SS from the R388 plasmid. At left, the struc
are named the same color as in the structure and the diagram, except for the
diagram. b) New features of the most recent R388 T4SS [26] include 1- a fou
periphery of the VirB8 periplasmic domain ring and 2- two VirB10 regions, Vi
asymmetric unit of the arches. Here, a top view of the arches (in surface repres
The curved double arrow indicates the extent of the asymmetric unit. It conta
VirB10Arches regions labeled VirB10Arches A-B. c) Pilus biogenesis by conjuga
translocation are shown. VirB6 (shown in red surface) acts as the platform on
ribbon) are recruited at TM sites in the membrane and then translocated to thei
At each cycle, a layer of 5 VirB2 subunits insert under the previously assemb
likely to be VirB4 and VirB11, located just under VirB6. d) The most recent R
VirB10, which extends from the OM channel to the cytoplasm. VirB proteins are
Of note is the interaction of the VirB10IM segment that interacts with VirB6 at
position, VirB10 inhibits pilus biogenesis. In the presence of the recipient cell, th
allowing recruitment of VirB2 subunits and therefore pilus biogenesis to proce
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which are better known, the OMC is formed of 16 copies
of the VirB7, VirB9, and VirB10. It is divided into two
layers, the I-layer made of 16 of the N-terminal domains
(NTD) of VirB9 and VirB10, and the O-layer is made of
only 14 of the CTDs of VirB9 and VirB10 and also full-
length VirB7 [25,26]. Recently, the O- and I-layer have
been shown to exhibit great flexibility relative to one
another [26]. The functional significance of the OMC

layers symmetry mismatch and interlayer flexibility is
unclear. The stalk is formed of two proteins: a pentamer
of VirB5 sitting on top of a pentamer of VirB6, itself
anchored into the IM via TM-helices. The arches around
the base of the stalk are formed of 24 copies of the
periplasmic domain of VirB8, 18 of which form a ring,
while 6 of them protrude out (Figure 2b). Finally, the
IMC is made of a hexamer of a newly defined extended
echanism of pilus biogenesis by conjugative T4SS. a) Structure (left) and
ture as in Macé et al. (2022) [25] is shown in a ribbon diagram. All subunits
cyan and dark blue VirB4 subunits, which are all shown in dark blue in the
rth VirB8 subunit in the asymmetric unit of the arches, located at the
rB10Arches, bound to two of the 4 VirB8 periplasmic domains in the
entation) is shown with the VirB6 pentamer (part of the Stalk) in red ribbon.
ins 4 periplasmic domains of VirB8, labeled VirB8periA-D, and two
tive T4SS. Two cycles of subunit incorporation alternating binding and
to which VirB2 pilus subunits (shown in black (cycle 1) and gray (cycle 2)
r assembly site located at the membrane-distal side of the VirB6 pentamer.
led layer. The ATPases responsible for translocation are unknown but are
388 T4SS structure describes the most complete tracing of the protein
as in panel a, except for VirB10, which is shown in surface representation.
a site previously shown to be a site of VirB2 subunit binding. Thus, in this
is inhibition is lifted, presumably because VirB10IM dissociates from VirB6,
ed.
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protomer that was described recently as containing two
VirB4s, one VirB3, four TM helices of VirB8 N-terminal
tails, and the TM and cytoplasmic regions of VirB10 N-
terminal tails [26]. Variations in IMC architectures have
been noted: centrally located hexamers of protomers as
described by cryo-electron tomography and high-resolu-
tion cryo-EM [23,25,26], and side-by-side protomeric
hexamers as seen by negative-strain electron microscopy

and also as suggested by the hexameric structure of VirB4
alone where hexamerization was stabilized by fusion to
the constitutively-hexameric module hemolysin-coregu-
lated protein (HCP) [24,25].

The T4SS high-resolution structure provided a plausible
mechanism for pilus biogenesis [25]: central to this
mechanism is the suggestion that the TMs of the VirB6
pentamer serve as a recruitment site for pilus subunits
(VirB2) and that the periplasmic part of VirB6 serves as
the assembly site for the pilus (Figure 2c). Thus, in each

cycle of pilus subunit incorporation, five VirB2 subunits
are recruited to their recruitment sites. They are next
translocated to their assembly site on top of VirB6 by the
synergized action of the VirB4 and VirB11 ATPases
located underneath, freeing up the recruitment sites for
5 more VirB2s to bind. In the next cycle of translocation,
the newly recruited VirB2s translocate to the assembly
site to insert themselves under the first VirB2 pentameric
layer. Cycle after cycle of subunit recruitment and
translocation leads to a growing pilus that progressively
extends through the arches, and then through the I- and

O-layers and, finally, outside the cell, exposing the VirB5
subunit at its tip.

In their higher resolution work, Macé and Waksman
provided details of VirB10, redefining some of its struc-
tural details (Figure 2d) [25,26]. VirB10 is a bitopic
protein with its N-terminus in the cytoplasm and its C-
terminus in the OMCC [27]. In fact, it contains only one
folded domain, its CTD, the rest forming extended
peptidic structures that interact with most components
of the T4SS (Figure 2d): first a C-terminal soluble part in
the cytoplasm (VirB10cyto) that interacts with the IMC

and its ATPase center, then an IM TM helix (VirB10IM)
that interacts with VirB6 TMs, followed by periplasmic
segments that successively interact with the periplasmic
domains of VirB8s in the arches (VirB10Arches; Figure 2, b
and d) and with the VirB9 NTD in the OMC I-layer
(VirB10I-layer), and finally a CTD that interacts with
VirB9 CTD in the O-layer (VirB10O-layer). There, VirB10
forms the outer membrane channel (VirB10OM). Thus,
VirB10 is ideally located to sense any extracellular signal
(such as one emanating from contact with a recipient
cell) and transmit it to the IMC ATPase center [27].
The pilus
Four conjugative pilus structures have been published in
the last two years, one elaborated by the pKM101
Current Opinion in Structural Biology 2025, 90:102978
plasmid [28], two structures of a pilus elaborated by the
Ti plasmid [28,29] and one elaborated by the R388
plasmid [30]. They are essentially very similar to the
first structure ever determined of a conjugative pilus,
that elaborated by the F plasmid [31], consisting of a 5-
array helical polymer of similar pitch and rise
(Figure 3a). More importantly, they are all made of a
polymerizing unit composed of a stoichiometric complex

of a protein subunit, VirB2, and a phospholipid
(Figure 3b). There are, however, variations on this
theme. For example, the nature of the phospholipid may
vary (see details in review by Costa et al., 2023 [6]).
Recently, the publication of the pilus structure from the
R388 plasmid provided distinct variations with appar-
ently important biological consequences [30]. First, as
opposed to all other pilus systems studied so far, this
pilus was shown to be produced only when recipient
cells are present, indicating that without recipient cells,
pilus biogenesis in the donor cell is tightly inhibited.

This observation was consistent with the fact that in the
higher resolution structure of the corresponding T4SS
by Macé and Waksman [26], VirB10IM is shown to bind
the VirB6 TM where VirB2 is recruited, thereby
preventing VirB2 recruitment to VirB6 and thus inhib-
iting pilus biogenesis. It was hypothesized that the
presence of recipient cells and the resulting contacts
between cells may induce dissociation of VirB10IM from
VirB6 TMs, lifting the inhibitory effect of VirB10IM on
pilus biogenesis, and therefore leading to pilus forma-
tion. A second feature of the R388 pilus structure is that

the two acyl chains of the phospholipid are splayed [30]
(Figure 3b,c). In F or pED208 and other pilus systems,
the chains are parallelly arranged [31] (Figure 3b,c).
Interestingly, F and pED208 pili are known to be
retractable, the phospholipid reintegrating its pool in
the inner membrane, while doing so at no energy cost
since the acyl chains are also parallel in the membrane.
For R388, reintegration of the phospholipid in the
membrane during retraction could be energetically
costly, necessitating the acyl chains to transition from
splayed to parallel. So it was hypothesized that the R388
pilus is unable to retract, and this was investigated

experimentally by live cell imaging of the R388 pilus
during conjugation. And indeed, no retraction event was
observed [30].

Whether the pilus is the conduit for the relaxase-ssDNA
conjugate has been the subject of debates. However, two
reports have provided additional evidence that it is
indeed the case. Using live cell imaging and adequate
fluorescent probes, Goldlust et al. (2023) [32] and
Beltrán et al. (2023) [33] were able to show that,
although most cells undergo conjugation when in direct

contact with each other, some are able to transfer DNA
through the pilus (Figure 3d). However, the pilus may
also operate (and, as a matter of fact, may be the sole
operator) as a conduit for ssDNA even when cells are in
direct contact: indeed, in conjugation systems like F-
www.sciencedirect.com
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Figure 3

Pilus structure and function. a) Structure of the R388 pilus. Four helical arrays are shown in gray surface, whereas one helical array is shown in gray
ribbon except for one subunit in this array that is shown in blue as in panel b, right panel. The lipid is omitted from this representation. b) Structure of the
VirB2 subunit of the F (left) and R388 (right) pilus. The type of lipid is indicated for each pilus. The structures are similar in that they both show bound
structures with lipids, and are hairpin of helical elements. However, they differ slightly in the organization of these helical elements as detailed in
Vadekkepat et al. (2024) [30]. Labeling of secondary structures is as in Ref. [30]. c) Zoom in on the lipid structure. Left: PG 32:1 observed in the F pilus;
Right: PG 32:1 observed in the R388 pilus. Both are shown in such a way that the headgroups are in the same orientation. This view illustrates the fact
that the two acyl chains in F are parallel while in R388, they are splayed. d) Plasmid transfer between physically distant cells. In this experiment conducted
by Goldlust et al. (2023) [32], donor cell pilus subunits are labeled fluorescently green, while recipient cells express ParB fused to m-Cherry. Thus, the
green fluorescence tracks the pilus while red fluorescence tracks dsDNA production. The first 3 panels at left show the data recorded at the indicated
times after mixing donor and recipient cells. The last 3 panels at right report on a schematic interpretation of what is seen in each of the 3 left panels,
respectively. From these results, it can be seen that cells may exchange DNA when distant from each other, provided that a pilus serves as a conduit to
transport DNA from one to the other. Scale bar is 1 mm.
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family plasmid (and unlike R388; see above), the pilus is
known to retract [34] as the donor and recipient cells are
brought into proximity, possibly leaving a mini-pilus to
serve as substrate conduit through the membranes of the
donor cell. However, this remains to be demonstrated.

Concerning the role of the phospholipid in pilus func-
tion, there’s been speculation that without it, the lumen
of the pilus would be lined with positive charges,
hampering the transit of the ssDNA through the pilus.
Recently, Patkowski et al. (2023) have established that
the presence of phospholipids in the F pilus contributes
to its structural stability, important for successful de-
livery of DNA during conjugation [35].
Mechanism of conjugation
As progress is made in describing the succession of
molecular events occurring during conjugation, a better
grasp of its mechanism emerges, although many of the
mechanistic details remain unknown.

A plausible mechanism for conjugation is described here
(Figure 4). Conjugation starts with pilus biogenesis
www.sciencedirect.com
powered by the combined action of the VirB4 and
VirB11 ATPases (step 1 in Figure 4a; details in
Figure 2c). Once pilus biogenesis is completed, VirB11
might dissociate, and the VirD4 ATPase (also referred to
as coupling protein) is recruited to the T4SS (through
its binding to VirB10cyto [36]), simultaneously allowing

recruitment of the relaxosome to the T4SS, which in the
F plasmid system may occur via its interactions between
VirD4 and TraM [20] and also interactions involving
TraI [21] (step 2 in Figure 4a). The next steps in the
conjugation process, those leading to substrate transfer
to the recipient cell, are described in Figure 4b.

In F-family plasmids, the pilus is known to retract, and
most conjugation events occur when donor and recipient
cell membranes are in direct contact. The molecular
basis for one such contact has been particularly well
described recently, the interaction of TraN in the donor

cell with Omp proteins in the recipient cell [37,38]. In
the Klebsiella pneumoniae plasmid pKpQIL, TraN interacts
with OmpK36, while TraN from the Shigella flexneri
plasmid R100-1 or Salmonella typhimurium pSTL, in-
teracts with OmpW and Escherichia coli F plasmid TraN
Current Opinion in Structural Biology 2025, 90:102978
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Figure 4

Conjugation mechanism. a) Pilus biogenesis. Pilus formation is shown in step 1 but the mechanism involves a number of steps illustrated in Figure 2c. In
step 2, pilus biogenesis is completed and VirD4 replaces VirB11, in a still-unknown position (shown here centrally), and recruits the relaxosome. Here the
F plasmid relaxosome is shown schematically as in Figure 1a. Relaxosomes always include a relaxase and IHFab, but the number of plasmid-encoded
accessory proteins varies from 2 in F (TraYand TraM) to 1 in R388 (TrwA). b) The relaxase-ssDNA conjugated substrate transfer. The pilus makes contact
with a recipient cell (perhaps through the interaction of the pilus tip protein VirB5 [43] and an unknown receptor ((indicated); step 3) and/or the donor and
recipient cells are brought together by a retracting pilus to form tight junctions stabilized by the interaction between mating pair stabilization proteins (see
main text). Establishment of these donor-recipient cell interactions activates a yet-to-be-identified signal (indicated by a bolt) that triggers the formation of
a DNA bubble near the nic site (step 4), allowing a second TraI molecule to bind in its “closed” helicase conformation to the traIHelicase binding site 30 of nic
(step 5). This TraI will be used for DNA unwinding in the 50 to 30 direction. In the meantime, the relaxosome’s TraI, presumably in its TraITE “open”
conformation, binds to the traITE binding site 50 of nic, nicks the T-strand at nic, and covalently reacts to the 50 phosphate arising from the nicking reaction
(step 6). This triggers the engagement and passage of the resulting relaxase-ssDNA conjugate through the T4SS and the pilus, and into the recipient cell
(step 7). This requires the unfolding of the relaxase [44] and the unwinding of the dsDNA. The unfoldase is unknown; the helicase is TraIHelicase. In this
mechanism, unfolded TraITE is assumed to go first and then the ssDNA, although this remains to be demonstrated. Passage of the relaxase-ssDNA
conjugate might require the opening of the VirB6 channel. Next, TraITE, once in the recipient cell, refolds, while the ssDNA is continually pushed through
into the recipient cell through action of TraIHelicase or the combined action of the VirD4 ATPase and TraIHelicase (step 8). Once the end of the T-strand
appears in the recipient cell (step 9), rejoining of the two ssDNA ends can occur in a reverse reaction to nicking and the plasmid is circularized (step 10).
At this stage its replication in the recipient cell can occur. As does that of the R-strand (the one complementary to the T-strand) in the donor cell.
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interacts with OmpA. Structural studies of TraN/Omp
interactions and subsequent sequence analysis have

identified several isoforms of TraN, revealing for the
first time a potential mechanism for conjugative spe-
cies specificity.

Many aspects of the mechanism presented in Figure 4
remain to be clarified or substantiated. For step 1, the
mechanism of pilus biogenesis proposed by Macé et al.
(2022) [25] requires further probing and the lever arm
responsible for translocating VirB2 subunits from their
VirB6 TM-binding site, out of the IM and on to their
assembly sites remains to be identified. In step 2, it is

not known where VirD4 locates within the conjugative
T4SSs. Is it centrally placed as the negative-stained EM
of the T4SS with VirD4 bound suggests [39]? Also un-
known in steps 3 and 4 is the nature of the interaction
partners that mediate the attachment of the pilus to the
recipient cell surface, and that of the signal that arises
from cell-cell or pilus-cell contacts and their mechanism
of propagation to the IMC and relaxosome to create a
DNA bubble around nic. Also unclear is the mechanism
of engagement of the relaxase-ssDNA conjugated
Current Opinion in Structural Biology 2025, 90:102978
substrate with and through the T4SS in step 7, as is the
path of the substrate through the machinery and the

identity of unfoldase that unfolds the relaxase. The
possibility that the ATPase VirD4 in synergy with
TraIhelicase may drive the relaxase-ssDNA conjugate
through the T4SS and the pilus remains to be tested.
Interestingly, a recent report has described the inherent
ability of relaxase-ssDNA conjugates to move through
hemolysin nanopores at various speeds [40]. Also, in
another report, Ryan et al. (2024) describes a potential
implication of architectural asymmetry in enabling DNA
transport [41]. Generally, the role of the striking sym-
metry mismatch we observed along the T4SS (16 and

14-fold symmetry of the I and O layers of the OMCC,
the 5-fold symmetry of the stalk and the 6-fold sym-
metry of the IMC) remains to be clarified. Finally, how
the 50- and 30-ends of the T-strand come within suffi-
cient proximity for the relaxase to catalyze the reverse
joining reaction and recircularize the plasmid DNA in
the recipient cell is unknown. It also should be noted
that the pilus biogenesis mechanism proposed by Macé
et al. (2022) [25] might not apply to expanded conju-
gative T4SS, such as F-family plasmids. That’s
www.sciencedirect.com
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because i- F-family systems have many more component
subunits; ii- F-family systems have no VirB11; and iii-
their VirB6 is much larger.

In conclusion, although initiated more than 70 years ago,
the field of conjugation is in ebullition, energized by a
number of new studies that have provided a plethora of
new mechanistic insights. Such rapid progress raises the

possibility that conjugation systems may be successfully
targeted for inhibition to assist in the fight against the
spread of antibiotic resistance. Given the demonstrated
conserved and plastic features of T4SSs [42], one could
safely assume that such compounds may work across
many conjugative systems.
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