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ABSTRACT Conjugative plasmids of incompatibility group C (IncC), formerly known
as A/C,, disseminate antibiotic resistance genes globally in diverse pathogenic spe-
cies of Gammaproteobacteria. Salmonella genomic island 1 (SGI1) can be mobilized
by IncC plasmids and was recently shown to reshape the conjugative type IV secre-
tion system (T4SS) encoded by these plasmids to evade entry exclusion. Entry exclu-
sion blocks DNA translocation between cells containing identical or highly similar
plasmids. Here, we report that the protein encoded by the entry exclusion gene of
IncC plasmids (eexC) mediates entry exclusion in recipient cells through recognition
of the IncC-encoded TraG. protein in donor cells. Phylogenetic analyses based on
EexC and TraG. homologs predicted the existence of at least three different exclu-
sion groups among IncC-related conjugative plasmids. Mating assays using Eex pro-
teins encoded by representative IncC and IncA (former A/C;) and related untyped
plasmids confirmed these predictions and showed that the IncC and IncA plasmids
belong to the C exclusion group, thereby explaining their apparent incompatibility
despite their compatible replicons. Representatives of the two other exclusion
groups (D and E) are untyped conjugative plasmids found in Aeromonas sp. Finally,
we determined through domain swapping that the carboxyl terminus of the EexC
and EexE proteins controls the specificity of these exclusion groups. Together, these
results unravel the role of entry exclusion in the apparent incompatibility between
IncA and IncC plasmids while shedding light on the importance of the TraG subunit
substitution used by SGI1 to evade entry exclusion.

IMPORTANCE IncA and IncC conjugative plasmids drive antibiotic resistance dissem-

ination among several pathogenic species of Gammaproteobacteria due to the diver-

sity of drug resistance genes that they carry and their ability to mobilize antibiotic

resistance-conferring genomic islands such as SGI1 of Salmonella enterica. While his-

torically grouped as “IncA/C,” IncA and IncC replicons were recently confirmed to be

compatible and to abolish each other’s entry into the cell in which they reside dur-

ing conjugative transfer. The significance of our study is in identifying an entry ex- Citation Humbert M, Huguet KT, Coulombe F,
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grons that confer resistance to clinically important families of antibiotics, including

May 2019 Volume 201 Issue 10 e00731-18 Journal of Bacteriology jb.asm.org 1


https://orcid.org/0000-0002-1841-7854
https://orcid.org/0000-0001-6318-6904
https://doi.org/10.1128/JB.00731-18
https://doi.org/10.1128/JB.00731-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:Vincent.Burrus@USherbrooke.ca
https://crossmark.crossref.org/dialog/?doi=10.1128/JB.00731-18&domain=pdf&date_stamp=2019-3-11
https://jb.asm.org

Humbert et al.

B-lactams and B-lactamase inhibitors, cephalosporins, carbapenems, aminoglycosides,
tetracyclines, quinolones, trimethoprim, and sulfonamides (1, 4). IncC plasmids also
participate in the emergence of drug-resistant bacteria through the mobilization of
unrelated multidrug resistance-conferring genomic islands, such as MGIVchHai6 of V.
cholerae and Salmonella genomic island 1 (SGI1) (5, 6).

Plasmid incompatibility and exclusion are two distinct processes preventing a
bacterium that carries a plasmid from being a suitable recipient for the acquisition of
an identical or similar plasmid. Incompatibility results from the inability of similar
plasmids to be propagated stably in the same cell line due to interference between
their respective replication or partition functions. The process of exclusion presents a
barrier against DNA transfer during conjugation between two bacterial cells carrying
related elements (7). Conjugation is mediated by a type IV secretion system (T4SS), a
multiprotein nanomachine that spans the cell envelope to translocate proteins and
DNA from a donor cell to a recipient cell (8). Two mechanisms of the process of
exclusion occurring during conjugation have been described previously (9). Surface
exclusion prevents close contact between cells, whereas entry exclusion impedes DNA
transfer after formation of the mating pair. Entry exclusion has been studied in F-like
conjugative plasmids (10) and in plasmids of the IncHIT (11), Incl1/Incly (12), IncN/IncW
(13, 14), and IncPa incompatibility groups (15), as well as in integrative and conjugative
elements (ICEs) of the SXT/R391 family (16). Apart from IncHI1 plasmids, these conju-
gative elements encode an entry exclusion (Eex) protein that is required in the recipient
cell but not in the donor cell to exert entry exclusion. For F-like plasmids and SXT/R391
ICEs, the Eex protein in the recipient cell interacts with a protein of the T4SS in the
donor cell, namely, the VirB6-like mating-pair stabilization protein TraG (10, 16). For
Incl1/Incly plasmids, the Eex protein interacts with TraY in the donor cell (12). This
VirBé-like protein plays the same role as TraG but was given a different name due to
inconsistencies in the naming of T4SS proteins encoded by different plasmid types (17).
Related conjugative elements carrying orthologous and yet divergent exclusion sys-
tems can fall into different exclusion groups that do not exclude each other (12, 18, 19).
Entry exclusion has been shown to be an essential feature of conjugative plasmids and
is thought to be ubiquitous among conjugative elements (20). However, the mecha-
nisms by which entry exclusion factors interact with each other and interfere with DNA
transfer are not yet understood.

IncC plasmids are closely related to IncA conjugative plasmids such as pRA1 from
the fish pathogen Aeromonas hydrophila (21). Upon initial characterization in the early
1970s, pRA1 was found to be compatible with plasmids of all known compatibility
groups, including IncC plasmids (22, 23). However, marked entry exclusion was also
observed when the IncC pR57b plasmid or plP40a plasmid was transferred to a
recipient carrying the IncA plasmid pRA1 (24). At the time, these observations led
Hedges (25) to combine IncA and IncC plasmids to form the “A-C complex.” The term
“IncA/C” was introduced later for reasons that remain unclear and has become wide-
spread since then in the literature (1). Ambrose et al. (26) recently confirmed the
compatibility of IncA and IncC replicons and recommended avoiding the use of the
term “IncA/C” because it causes unnecessary confusion. Those authors also showed that
the apparent “incompatibility” likely results from IncA and IncC plasmids exerting entry
exclusion effects on one another, thereby suggesting the existence of a shared mech-
anism of exclusion. By analogy with F-like plasmids and the SXT/R391 ICEs, they
proposed a small open reading frame (ORF) that is conserved in IncA and IncC plasmids
and immediately downstream of traG as a potential candidate for an entry exclusion
determinant.

Our group recently showed that SGI1 encodes three T4SS subunit proteins, TraNs,
TraHg, and TraGg, that are distantly related to the corresponding TraN¢, TraHc, and
TraGc proteins encoded by IncC plasmids (27). The three protein subunits alone are
insufficient to form a functional conjugative T4SS, and SGI1 requires a helper IncA or
IncC plasmid for transfer (28). However, the substitution of TraGs of SGI1 for the
VirB6-like TraGc subunits of the IncC F-type T4SS in donor cells has been shown to allow
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TABLE 1 E. coli K-12-derivative strains, plasmids, and genomic islands used in this study

Journal of Bacteriology

Strain. plasmid, or Source or
genomic island Relevant genotype or phenotype“ reference(s)
Strains
CAG18439 MG1655 lacZU118 lacl42:Tn10 (Tc) 54
BW25113 F~ A(araD-araB)567 AlacZ4787(:rrB-3) A~ rph-1 A(rhaD-rhaB)568 hsdR514 37
GG56 Nx" derivative of BW25113 (Nx) 55, 56
VB112 Rfr derivative of MG1655 (Rf) 57
Plasmids
pAsadc Cm" conjugative plasmid from A. salmonicida JF2267 (Cm) 58
pVCR94 IncC conjugative plasmid from V. cholerae O1 El Tor (Su Tm Cm Ap Tc Sm) 59
pVCR94AX Sur derivative of pVCR94, lacking the large fragment containing the multidrug resistance gene cluster 59
pVCR945P Sp" derivative of pVCR94AX (pVCR94AX2) (Sp Su) 29
pVCR94Kn Kn" derivative of pVCR94AX (pVCR94AX3) (Kn Su) 29
pVCR945PAacaCD pVCR945P AacaCD (Sp Su) 29
pVCR945PAA pVCRI4P A(vcrx004-vcrx028) A(verx030-verx059) (Sp Su) This study
pVCR945PAB pVCR94°P A(vcrx064-vcrx069) (Sp Su) This study
pVCR945PAC pVCR945P Avcrx076 (Sp Su) This study
pVCR94°PAD pVCR94P A(vcrx085-verx141) (Sp Su) This study
pVCR945PAE pVCR945P Avcrx145 (Sp Su) This study
pVCR94°PAtraG pVCR94°P AtraGc (Sp Su) 27
pBAD30 Ofiy5a araC Pgap (Ap) 39
peexC pBAD30::eexC (vcrx145 of pVCR94AX) (Ap) This study
peexCrev pBAD30::eexCrev (vcrx145 in reverse orientation) (Ap) This study
ptraGg pBAD30::traGs (traGg from SGI1) (Ap) 27
peexC2 pBAD30::eexC2 (YR71pYR1_0178 of pYR1) (Ap) This study
peexC3 pBAD30::eexC3 (pKHM-243_0211 of pKHM-1) (Ap) This study
peexC1 pBAD30::eexC1 (pRAT_0150 of pRAT) (Ap) This study
peexD pBAD30::eexD (sequence 139329 to 139709 of pAhD4-1) (Ap) This study
peexE pBAD30::eexE (sequence 156821 to 157174 of pAsa4c) (Ap) This study
ptraGg pBAD30::traG, (sequence 153216 to 156770 of pAsadc) (Ap) This study
pCmE pBAD30::eexCmE (Ap) This study
pEmC pBAD30::eexEmC (Ap) This study
pClo CloDF13:TnAAECORV (pSU4628) (Ap) 60
pSIM6 Thermoinducible expression of ARed recombination (ori®* Ap) 61
pKD3 cat (Cm) template for one-step chromosomal gene inactivation 37
pKD4 aph (Kn) template for one-step chromosomal gene inactivation 37
pTTO1 tetM (Tc) template for one-step chromosomal gene inactivation 62
pE-FLP Constitutive expression of Flp recombinase (ori®® Ap) 38
Genomic islands
SGI SGI1 inserted into the 3" end of trmE (Ap Cm Sp Sm Su Tc) 29
SGI1Kn AIn104::aph mutant of SGI1 devoid of the integron In104 (Kn) 27
SGI1KnAtraGg AIn104:aph AtraGg mutant of SGI1 (Kn) 27

aAp, ampicillin; Cm, chloramphenicol; Kn, kanamycin; Nx, nalidixic acid; Rf, rifampin; Sp, spectinomycin; Sm, streptomycin; Su, sulfamethoxazole; Tc, tetracycline; Tm,
trimethoprim; ts, thermosensitive.

SGI1 transfer to a recipient strain carrying an IncC plasmid, thereby suggesting that
entry exclusion cannot occur in this context (27). Since the Eex determinant of IncC and
related plasmids was unknown, we investigated the exclusion system of IncC plasmids
to identify the eex gene. Phylogenetic analyses and exclusion assays revealed that all
known IncC and IncA plasmids belong to the same exclusion group and allowed us to
define additional exclusion groups in more distantly related, untyped conjugative
plasmids.

RESULTS

Identification of the gene mediating IncC plasmid entry exclusion in recipient
cells. BLASTP analysis of the predicted translation products of all open reading frames
of IncC plasmid pVCR94AX (GenBank accession number KF551948.1) (Table 1) failed to
reveal any significant homology with any known exclusion proteins encoded by
conjugative plasmids or ICEs. To examine whether this IncC plasmid was able to
mediate entry exclusion, we used two differentially marked derivatives carrying either a
kanamycin resistance gene (pVCR94K") or a spectinomycin resistance gene (pVCR94%P).
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FIG 1 Mapping of IncC exclusion functions. (A) Linear schematic representation of pVCR94AX gene map. The positions and orientations
of open reading frames (ORFs) are indicated by arrows. Colors depict the function deduced from functional analyses and BLAST
comparisons as follows: orange, replication and partition; blue, conjugative transfer; red, transcriptional repression; green, transcriptional
activation; white, unknown function. The positions of fragments deleted in pVCR945P (AA to AE) are indicated by backslashes, and lengths
of deletions are indicated below the schematic representation. (B) Exclusion of pClo transferred from a donor strain bearing pVCR94%" by
a set of deletion mutants of pVCR945F in recipient cells. The donor strain was E. coli VB112 bearing pVCR94%" and pClo (Ap"). All recipient
strains were derivatives of E. coli GG56 that were either plasmid free (—) or bearing pVCR945° (wild type [WT]) or its deletion mutants.
(C) Expression of eexC (vcrx145) in a recipient strain is sufficient to exclude transfer of pVCR945p. The donor strain E. coli GG56 bearing
pVCR945P was mated with E. coli CAG18439 carrying peexC as the recipient without or with arabinose (+Ara). Each bar represents
the mean of results from three independent experiments, with error bars indicating the standard deviations. Exclusion indices (EI)
are indicated at the bottom of each bar. Statistical analyses were carried out on the logarithm of the values using one-way analysis
of variance (ANOVA) with Dunnett’s multiple-comparison test (B) and an unpaired t test (two-tailed) (C) to compare induced transfer
and noninduced transfer. Statistical significance is indicated as follows: ****, P < 0.0001; **, P < 0.01; *, P < 0.05; ns, not significant.

pVCR94K" and pVCR94°P were introduced into a rifampin-resistant Escherichia coli K-12
strain and a nalidixic acid-resistant E. coli K-12 strain, respectively. Since incompatibility
between these two virtually identical plasmids prevented the isolation of transconju-
gant colonies, we monitored the transfer of ampicillin-resistant, broad-host-range
mobilizable plasmid pCloDF13 (pClo), which relies entirely on the mating pore of
pVCR94Kn for transfer (27). pClo was thus used as a proxy to assess entry exclusion
occurring between the two strains, each bearing a different differentially marked
plasmid. The frequency of transfer of pClo to a plasmid-free recipient strain was ~130
times higher than the frequency of transfer to an isogenic recipient strain carrying
pVCR94°P (Fig. 1B). This value represents the exclusion index (El) as defined by others
(16, 20) and confirms that our pVCR94 derivatives exert entry exclusion effects on each
other. In this study, we concluded that no exclusion was present when El values were
below 3.

We next used the same approach to map the pVCR94°P genes that mediate
exclusion in recipient cells using recipient strains harboring a set of deletion mutations
of pVCR94°p. These mutants lack either the acaCD transcriptional activator genes or five
regions encompassing mostly genes of unknown function (AA to AE in Fig. TA). None
of the mutations was found to affect pVCR94°P stability as long as spectinomycin was
used as the selective agent. Deletion of acaCD had no effect on exclusion (El = 90) of
pClo (Fig. 1B), suggesting that expression of entry exclusion in recipient cells is not
controlled by the master activator of IncC conjugative transfer genes (29). Similar levels
of exclusion were also observed using the AA, AB, and AC mutants (El > 120), showing
that none of those three regions contains exclusion genes. Although the frequency of
transfer of pClo was not restored to the level observed in using a plasmid-free recipient
strain, exclusion was reduced when the recipient carried either the AD (El = 29) or AE
(El = 18) mutants of pVCR945P (Fig. 1B). This result indicates that the absence of region
D or region E in the recipient facilitates the transfer of pClo, either by directly abolishing
an exclusion mechanism or by destabilizing pVCR94°P in the recipient cells, thereby
weakening exclusion.
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FIG 2 TraG of SGI1 abolishes EexC-mediated IncC entry exclusion. Mating assays were carried out using
as donors GG56 bearing pVCR94%P alone or in association with SGI1&" or its AtraGs mutant or ptraGs.
CAG18439 strains bearing peexC or peexCrev (negative control that contains eexC in the reverse
orientation relative to the Py, promoter) were used as recipient strains. Each bar represents the mean
of results from three independent experiments, with error bars indicating standard deviations. Exclusion
indices (El) are indicated at the bottom of each bar. Statistical analyses were carried out on the logarithm
of the values using one-way ANOVA with Sidak’s posttest to compare each bar to its corresponding
control. “x” indicates that the frequency of transfer was below the detection limit (<1078). ***¥,
P < 0.0001; ns, not significant.

Since a single open reading frame, vcrx145, is present in the deletion region AE,
further experiments were carried out to determine its function. By analogy with
SXT/R391 ICEs and F-like plasmids, this small ORF downstream of traG (Fig. 1A) was
recently proposed as a potential candidate for an entry exclusion determinant in IncC
and IncA plasmids (26). vcrx145 was cloned under the control of the arabinose-
inducible Pz, promoter and introduced into a tetracycline-resistant (Tc") E. coli recip-
ient strain to test whether its expression was sufficient to mediate exclusion. The
frequency of transfer of pVCR94°P to the recipient strain expressing vcrx145 was
considerably lower (El = 2,604) than the frequency of transfer to the same recipient
strain in the absence of arabinose (Fig. 1C). Therefore, expression of vcrx145 in recipient
cells is sufficient to mediate entry exclusion of pVCR94°P. On the basis of these
observations and evidence presented below, we renamed vcrx145 “eexC” (for “entry
exclusion of IncC plasmids”).

TraG is the entry exclusion factor in donor cells. We have previously reported
that SGI1 encodes three T4SS subunits, namely, TraNg, TraHs and TraGg, that are
expressed under the control of the IncC-encoded AcaCD master activator (27). We
found that despite weak relatedness (37% identity), the TraGg subunit encoded by SGI1
displaces the IncC-encoded TraGc in the T4SS of IncC plasmids (27). Consequently, SGI1
transfers efficiently between donor and recipient cells that both carry an IncC plasmid.
This observation suggests that TraGc in the donor cells and EexC in the recipient cells
are interacting partners that together mediate entry exclusion. To test this hypothesis,
we monitored the transfer of pVCR94°P from donor strains carrying or devoid of a
chromosomal copy of SGITK" into a recipient strain expressing eexC. SGITK" is a
kanamycin-resistant derivative of SGI1 that lacks the multidrug resistance complex
integron In104 (27).

When SGI1K™ was present in the donor strain, exclusion was deficient (El = 0.63), as
pVCRI4°P transfer rates were virtually identical between the recipients expressing eexC
and those not expressing eexC (Fig. 2). In contrast, when SGITKnAtraGg was used in the
donor, transfer of pVCR945P was excluded by recipients expressing eexC (El > 64). As
reported previously (27), transfer of pVCR94°P was also impaired by the coresident
SGI1Kn (150-fold reduction compared to a donor lacking SGI1K"). This impairment is
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likely due to the alteration of the T4SS by the SGl1-encoded TraHg subunit that
displaces the pVCR94°P-encoded TraHc subunit (64% identity between TraH subunits)
(27). TraH subunits are localized in the periplasm/outer membrane and predicted to be
involved in mating apparatus assembly and stabilization (30). Therefore, to confirm that
TraGg alone could alleviate exclusion mediated by EexC interacting with TraG., we used
a donor strain devoid of SGITX" and containing ptraGs to express only traGs. When
TraGg was produced in the donor, no exclusion was exerted toward the IncC plasmid
(El = 0.94) (Fig. 2). Taken together, these results strongly suggest that TraG. interacts
with EexC to mediate exclusion. Considering that, like other F-type Eex/TraG pairs, EexC
and TraGc are predicted to be inner membrane proteins (PSORT-B cytoplasmic mem-
brane scores of 10 and 4.12, respectively) and that TraGc is required in the donor while
EexC acts in the recipient, the exclusion mechanism is most likely entry exclusion rather
than surface exclusion (10, 16, 20).

Clustering of EexC and TraG. orthologues suggests multiple-entry exclusion
groups. Conjugative elements of the same family can belong to different entry
exclusion groups. For instance, F-like plasmids F and R100 do not exclude each other
(18). Likewise, cells bearing the ICE SXT inhibit the entry of a second copy of the ICE,
but not R391, and vice versa (16). To assess the diversity of entry exclusion groups and
determine their specificity among genetic elements related to IncC conjugative plas-
mids, we searched the GenBank database for EexC and TraG. homologs. In several
instances, such as pAhD4-1 of Aeromonas hydrophila, eex loci were not annotated in the
nucleotide sequences. Therefore, we performed searches using tblastn (see Data Sets
S1 and S2 in the supplemental material). A phylogenetic analysis of the unique
representatives of EexC and TraG. homologs was then carried out. In both the TraG and
Eex trees, IncA and IncC plasmids clustered together (Fig. 3A and B), which is consistent
with recent data confirming that IncC and IncA plasmids exclude each other and
therefore belong to the same exclusion group (26). In fact, Eex homologs encoded by
all IncC and IncA plasmids seem to form a unique lineage of EexC-like proteins that also
contain putative Eex proteins encoded by untyped plasmids pHDAS3.2 and pHDZAT1.1
of the aphid endosymbiont “Candidatus Hamiltonella defensa” and pKMH-1 of Citro-
bacter freundii (Fig. 3A). This analysis also revealed that plasmids such as pVCR94,
pMR0211, pKP-Gr642, and pEI-MS-17-156-1, which code for strictly identical TraGc
proteins (Fig. 3B; see also Data Set S1), can encode relatively divergent EexC proteins
(Fig. 3A), suggesting that the small eex genes are evolving at a higher rate than their
cognate traG partners. However, eexC genes exhibit very little diversity among IncC
plasmids, as more than 96% of these plasmids in our data set (254 of 263) encode the
same EexC protein as pVCR94 (Data Set S2). A strictly identical EexC protein is also
encoded by non-IncC elements, such as the hybrid IncC/IncX3 plasmid pSL131_IncA/
C-IncX3 of Salmonella enterica subsp. enterica serotype Lomita and the IncFIB plasmid
pYT3 of S. Typhimurium, or by those present on the chromosome of Providencia stuartii,
S. Newport, and S. Typhimurium (Data Set S2). The 8 IncA plasmids included in our data
set encode either the EexC1 variant or the EexC4 variant, which seem to be specific to
IncA plasmids, as neither variant was found to be encoded by any IncC plasmids (Data
Set S2). Nevertheless, we predict that all the conjugative elements cited above belong
to entry exclusion group C (EexC/TraG).

Other untyped plasmids, including pAsa4-like or pAhD4-1-like plasmids found in
Aeromonas species, encode more distantly related Eex and TraG proteins that form
distinct lineages (Fig. 3A and B). However, the strong divergence of these pairs of
proteins suggests that two distinct entry exclusion groups exist within this lineage:
pAsa4c-like plasmids likely form exclusion group E (EexE/TraGg) whereas pAhD4-1-like
plasmids would form exclusion group D (EexD/TraGp).

Confirmation of exclusion groups by mating assays. Since three different pairs of
Eex/TraG exclusion partners were identified, we hypothesized that EexC proteins would
exclude pVCR94°P transfer and not pAsa4c transfer and that EexE would exclude
pAsa4c transfer and not pVCR94°P transfer. We also hypothesized that EexD should
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percentages at the branching points only when >80%. Branch length represents the number of substitutions per site over 114 and 1,204 amino acid positions
for Eex and TraG proteins, respectively. Only one representative per cluster of identical proteins is shown in each tree (Data Sets S1 and S2). IncC and IncA
plasmids are shown in orange and red, respectively. Circles and squares indicate plasmids coding for identical TraG proteins. Gls indicates a lineage of TraG
proteins encoded by SGl1-like genomic islands. TraG of the ICE SXT (TraG/EexS exclusion system) was used as the outgroup. (C) Experimental confirmation of
exclusion groups. Mating assays were performed using as donor strains GG56 bearing either pVCR94%p or its AtraG. mutant with ptraG,. Recipient strains were
CAG18439 strains expressing the different putative eex genes or carrying peexCrev used as the nonexclusion control. Each bar represents the mean of results
from three independent experiments, with error bars indicating the standard deviations. Exclusion indexes (El) are indicated at the bottom of each bar. One-way
ANOVAs with Dunnett’'s multiple-comparison test were carried out on the logarithm of the values to compare each bar to the nonexclusion control for each
donor. **** P < 0.0001; ns, not significant.

exclude neither. To confirm the existence of three distinct exclusion groups, we cloned
five additional eex genes originating from IncA pRA1 (eexCT), IncC pYR1 (eexC2), and
untyped plasmids pKHM-1 (eexC3), pAsadc (eexE) and pAhD4-1 (eexD), under the
control of the Py, promoter and then assessed whether their expression in a recipient
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strain excluded the transfer of pVCR945P or pAsa4c. Expression of any of the four eexC
alleles (including the IncA-derivated eexCT) strongly inhibited or even abolished trans-
fer of pVCR94°P (El > 120), confirming that IncC and IncA plasmids belong to exclusion
group C (Fig. 3Q). In contrast, EexE and EexD were unable to exclude pVCR94°P, as
shown by the low Els that were not statistically different from the control, confirming
that neither protein belongs to exclusion group C.

Direct assessment of pAsa4c exclusion was challenging using E. coli as a host.
Despite multiple attempts, intraspecific E. coli transfer of pAsa4c remained near the
detection threshold (10—8 transconjugant/donor), even using different donor and
recipient strains and temperatures closer to the optimal growth temperature of its
original host, the fish pathogen Aeromonas salmonicida subsp. salmonicida. This ob-
servation suggests that physiological differences limit the transfer of pAsa4c in E. coli.
Therefore, we used instead a donor strain bearing pVCR945PAtraG- complemented with
traG. of pAsadc expressed from ptraG. and then monitored the transfer into the
recipient strains expressing the different eex genes. Using this traG substitution, we
observed that transfer of pVCR94°P and its AtraG- mutant complemented with traG,
occurred at frequencies that were indistinguishable (Fig. 3C, compare Crev bars).
Moreover, these assays revealed that exclusion of the complemented mutant occurred
only when eexE was expressed in the recipient (El = 30) (Fig. 3C). None of the four eexC
variants or eexD was able to exclude pVCR94PAtraG. complemented with traGg (El
ranging between 1.5 and 2.6). This result confirms that EexC and TraG of the IncA and
IncC plasmids form an entry exclusion group distinct from the EexE/TraGg system of
untyped pAsa4c. Furthermore, since neither TraG. nor TraGe showed an interaction
with EexD from pAhD4-1 (El = 1.6 or 1.9, respectively), this plasmid likely belongs to a
third distinct entry exclusion group.

The variable C terminus of EexC defines the specificity of entry exclusion.
BLASTP alignment of EexC and EexE revealed that the two proteins share only 52%
identity over 83% coverage. However, the 62 amino acid (aa) residues of the N terminus
of both proteins share 69% identity. The predicted secondary structures of both N
termini are strikingly similar and consist of an a-helix folding that is predicted to be
located in the inner membrane (PSORTb cytoplasmic membrane scores of 10.0 and 9.82
for EexC and EexE, respectively) (Fig. 4A). Comparison of the hydropathy profiles of the
two proteins also shows strikingly similar features, particularly over the 80 N-terminal
amino acid residues (Fig. 4B). These observations suggest that specificity of entry
exclusion is defined by the highly variable C terminus of both Eex proteins. To test this
hypothesis, we swapped the C termini of EexC at position 82 and EexE at position 79
(Fig. 4A) and then assessed whether the expression of the two resulting chimeric genes,
EmC and CmE, in a recipient strain would exclude pVCR94°P or the corresponding
AtraG. mutant complemented with traG.. We observed that CmE, which contains the
C terminus of EexE, did not exclude pVCR94°P (El = 0.19) whereas it excluded
pVCR94°PAtraG. complemented with traG, (El = 37) (Fig. 4C). Conversely, EmC, which
contains the C terminus of EexC, excluded pVCR945P (El = 49) but not pVCR94°PAtraG.
complemented with traG, (El = 0.5). Furthermore, exclusion activities mediated by the
C terminus of the chimeras toward the cognate TraG were comparable to those seen
with the native proteins (Fig. 4C; compare C to EmC and E to CmE). Together, these
results confirm that the C termini of EexE and EexC define entry exclusion specificity.

DISCUSSION

Entry exclusion is a feature conserved among conjugative plasmids of different
incompatibility groups and has also been reported in one family of ICEs to date (20).
Entry exclusion has been proposed to confer immunity to lethal zygosis, i.e., death of
recipient cells resulting from exposure to an excess of donor cells that could increase
cell permeability by inducing extensive damage in the recipient membrane. It also likely
increases donor fitness by limiting excessive energy consumption due to transfer to
another donor. Moreover, entry exclusion improves plasmid stability by impeding entry
of highly similar, incompatible replicons that can lead to plasmid displacement and

May 2019 Volume 201 Issue 10 e00731-18

Journal of Bacteriology

jb.asm.org 8


https://jb.asm.org

Entry Exclusion of the IncA and IncC Conjugative Plasmids

A 1 10 20 30 40 50 60
— — ]
EexC MKHVVNILLLGMVLLGIAMMADTPWGLGVALAPFGVWGARFLFLVHKSLWAAVIFWGGIAY
EexE .RN....... BS..... Y W o o Tl b S NI o6 6 o o o SIHVARIGS S\ -
— — ]
70 80 90 100 110 120
[ }
EexC FQWQVALVVGALFGLTCFIRVARSAYKEAPPTRRRKKQT-GGFQDSYDFDQRFHIGAGDE
EexE L....L..---GMLI.VAIV.ALIKARR.GVDL.GS.SK.ID.VNGPLSI.LVEKARW.E-
[ } . ———
B EexC
. EexE
Gaps in EexC =
= 2+ Gaps in EexE
=
o
o1
2
>
<
o 0}
o
(8]
(2]
z
= -1
Q.
o
ES
I -2+
20 40 60 80 100 120
Residue number
C _ 1 [ pVCRO4%
’g fis [ pVCR94%PAtraG ptraGe
o
= 5 + ns
Z 1 E=
s I == —
==
2 1
.E.. _6_
8 *k
2 —l_ *kk
© *kk
& -7- T
E T
87 *k |
— 1 >233 | 0.19 49 1 13 37 0.5
-8 X 1 ]
eexgene Crev. C CmE EmC Crev E CmE EmC
in recipient

FIG 4 Localization of the specificity domain of Eex proteins. (A) MUSCLE alignment of EexC and EexE.
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proteins CmE and EmC. (B) Aligned Kyte-Doolittle hydropathy plots of EexC and EexE. Thick lines indicate
alignment gaps in EexC and EexE. (C) Specificity of Eex chimeras toward TraG. and TraG. Mating assays
were performed using as the donor strains GG56 bearing either pVCR94°P or its AtraG. mutant with
ptraGg. All recipient strains were derivatives of CAG18439 expressing eexC or eexE or either of the two
chimeras eexCmE and eexEmC. CAG18439 bearing peexCrev was used as the nonexclusion control. Each bar
represents the mean of results from three independent experiments, with error bars indicating the standard
deviations. Exclusion indexes (El) are indicated at the bottom of each bar. One-way ANOVAs with Dunnett’s
multiple-comparison test were carried out on the logarithm of the values to compare each bar to the
nonexclusion control for each donor. ***, P < 0.001; **, P < 0.01; ns, not significant.

loss. IncC and IncA plasmids were long suspected to exclude each other’s entry, but the
genetic determinants responsible for exclusion were unknown (22-25). Confusion
between exclusion and incompatibility has plagued the nomenclature and typing of
these plasmids since the late 1980s (26, 31). Nevertheless, Ambrose et al. (26) recently
confirmed that IncA and IncC replicons are compatible and that the apparent incom-
patibility between these two plasmid groups most likely resulted from entry exclusion.
Here, we identified the genes involved in entry exclusion of IncA and IncC plasmids and
showed that the product of eexC in recipient cells recognizes the cognate TraG. protein
in donor cells, exerting entry exclusion toward both IncC and IncA plasmids. Therefore,
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FIG 5 Comparison of the genetic contexts of entry exclusion genes in diverse mobile genetic elements.
A schematic representation of demonstrated or putative exclusion loci of the ICE SXT, IncC plasmid
pVCR94; untyped plasmids pAhD4-1, pAsa4c, pEan1 and pAQU1; genomic island SGI1; IncFl plasmid F;
Incl1 plasmid R64; and IncPa plasmid RP4 is shown. Arrows of identical colors represent genes predicted
to have similar functions and are color coded as follows: dark blue, T4SS subunit; hatched blue, VirB6-like
subunit; light blue, DNA processing; violet, entry exclusion; gray, surface exclusion; green, transcriptional
activator; pink, lytic transglycosylase; red, transcriptional repressor; yellow, partition; orange, site-specific
recombination and transposition; black, replication; white, unknown function. Circles indicate the
position of origins of transfer (oriT), of the origin of replication (oriV), of pVCR94 based on identity with
pRA1, and of the attP site used for chromosomal integration of SXT by site-specific recombination.

the C entry exclusion group spans at least two different plasmid incompatibility groups,
a discrepancy that led to the grouping of IncA and IncC plasmids into the incorrect and
now obsolete “IncA/C” group, alias the “A/C” group (1, 26). Moreover, at least one IncFIB
plasmid, pYT3, also seems to belong to the C exclusion group (see Data Sets S1 and S2
in the supplemental material).

The identification of EexC revealed the existence of homologous exclusion proteins,
such as EexE and EexD, that are encoded by untyped conjugative plasmids that are
related either closely (e.g., pAsa4c) or more distantly (e.g., pAhD4-1) to IncA and IncC
plasmids. These Eex proteins define additional exclusion groups that do not exclude
IncC and IncA plasmids. Furthermore, several genomic islands and plasmids such as
pEan1 or pVPS91 were found to code for closely related TraG homologs and yet encode
predicted Eex proteins related distantly (<40% identity) to EexC, EexD, or EexE (Fig. 3A
and B; see also Fig. 5). Consistent with this observation, EexC has no detectable
sequence similarity to EexS of SXT, TraS of the F-like plasmids F and R100, or ExcA of
the Incl1/Incly plasmids R64 and R621a (Fig. 5). The lack of homology between Eex
proteins from one entry exclusion system and those from another suggests that eex
genes evolve faster than most tra genes, including virB6 homologs such as traG (20).
According to Sakuma et al. (12), the association of VirB6é-like proteins within a high-
order multimeric structure that requires interactions with several other transfer proteins
in the T4SS imposes a higher level of conservation than Eex proteins, which likely
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interact only with their cognate TraG partner. While SGI1 TraGg is a functional substitute
for IncC TraG. despite being only 37% identical, no entry exclusion gene has been
identified in SGI1 to date. Nevertheless, we predict that SGI1 s009 codes for an Eex
protein on the basis of its location relative to traGs and of the partial identity of its
translation product with F TraS (38% identity and 69% similarity of aa 45 to 57 of S009
to aa 50 to 62 of TraS) (Fig. 5).

Entry exclusion systems of IncC-like, F-like, and Incl1/Incly plasmids as well as
SXT/R391 ICEs exhibit striking functional similarities. In all these systems, exclusion
involves the VirBé-like protein TraG (or TraY for Incl1/Incly plasmids) in the donor and
Eex in the recipient (12, 16, 18). F and SXT TraG proteins have been shown to be
polytopic inner membrane proteins, with large hydrophilic C-terminal domains that are
predicted to localize in the cytoplasm (10, 16). Like TraY (12), TraGc is predicted to be
an inner membrane protein. Though phylogenetically unrelated, F TraS, R64 ExcA, and
SXT EexS have all been shown or predicted to be inner membrane proteins (10, 12, 16).
Like their counterparts, EexE, EexD, and EexC are predicted to be bound to the inner
membrane. The segments of TraG; and EexS of SXT that mediate entry exclusion
specificity were shown to be cytoplasmic, thereby suggesting a model of entry exclu-
sion in which a cytoplasmic segment of TraG would be translocated into the recipient
cell cytoplasm (32). Indeed, exclusion specificity was shown to be controlled by the
C-terminal parts of SXT EexS and of closely related R391 EexR and only three amino acid
residues (aa 606 to 608) located in the cytoplasmic, central region of their cognate TraG
(16, 32). Precise mapping of the amino acid residues that control exclusion specificity
was facilitated by the low divergence between TraGg and TraGg (98% identity) (16). The
Tra$S exclusion proteins of the F-like plasmids F and R100 share only 17% identity and
lack regions of higher dissimilarity to aid in predicting the features that are recognized
by TraG (10, 18). Moreover, attempts to construct stable TraS chimeras failed, prevent-
ing the identification of the region of TraS responsible for exclusion specificity. Audette
et al. (10) were, however, able to locate the segment of TraG that interacts with TraS
within a discrete segment (aa 610 to 673) on the basis of its lower conservation (55.7%
identity versus 93% overall identity) and the use of TraG chimera proteins. For IncC-like
plasmids, TraG. and TraGg share only 76% overall identity, with 89% identity over the
predicted inner membrane segment (aa 1 to 456) and only 68% identity over the
predicted cytoplasmic segment (aa 457 to 752). Poor conservation of TraG cytoplasmic
segments could hamper the mapping of the amino acid residues interacting with Eex,
especially if different segments of TraG. and TraGg are recognized by their cognate
EexC and EexE proteins. Such a feature has been reported for the entry exclusion
system of Incl1/Incly plasmids. Indeed, the internal variable segment of R64 TraY has
been shown to recognize the R64 ExcA whereas the C-terminal variable segment of
R621a TraY recognizes R621a ExcA (12). Here, we mapped the region that controls
exclusion specificity to the C-terminal third of EexC and EexE. Swapping of shorter
fragments could help identify the exact amino acid residues responsible for entry
exclusion specificity. However, the strong divergence between the C-terminal regions
of EexC and EexE (Fig. 4A) suggests that these amino acid residues might not be
equivalent or even contiguous in both proteins, thereby precluding precise identifica-
tion by fragment swapping. Alternative methods such as cross-linking or immunopre-
cipitation could be attempted, although such approaches have not been successful in
attempts to decipher the interactions between TraS and TraG of F and R100 (10).
Comparisons of structural data and three-dimensional (3D) models of EexC and EexE,
which are not currently available, would help shed new light on the specific interactions
between Eex proteins and their cognate TraG partners and provide a better under-
standing of the mechanism of entry exclusion, which remains to be established.

We found an unexpected lack of diversity of eexC variants in IncC plasmids,
considering the diversity of geographical locations and bacterial species from which the
plasmids of our data set originated. IncC plasmids have been typed in two main groups,
type 1 and type 2, based on differences within the resistance gene clusters or loss of
backbone regions adjacent to them (1). Hybrid plasmids that share features of both
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types have also been described, as well as subtypes 1a and 1b, which differ by the
presence or absence of a 14.5-kb diverged segment (31). We found no clear correlation
between IncC plasmid type and the variant of the eexC gene that they carry. In fact,
plasmids of all IncC types and subtypes most frequently carry the variant eexC (Data Set
S2). Among 280 IncC plasmids, only 12 distinct EexC variants were found. In striking
contrast, SXT/R391 ICEs encode a much more diverse set of Eex proteins, with two
exclusion groups, S and R (16, 33). Among 31 ICEs of the S group, 18 distinct EexS
variants have been described to date. Among those ICEs, 32% encode the same EexS2
protein (19, 33). A total of 19 distinct EexR variants have also been described among 31
ICEs of the R group, and the EexR1 protein variant is encoded by a small majority of only
19% of these ICEs. One hypothesis that could explain the different distribution patterns
of eexC and eexS/R variants proposes a relatively clonal expansion of drug resistance-
associated IncC plasmids in pathogenic species. In contrast, acquisition of SXT/R391
ICEs seems to have occurred multiple times in recent history from diverse reservoirs,
especially in the seventh-pandemic V. cholerae lineage (34).

In our setup using pVCR94 derivatives, we observed that overexpression of different
eexC alleles in recipients yielded different levels of exclusion effects on traG, ranging
from complete reduction (eexC2) to only 120-fold reduction (eexC3) (Fig. 3C). This
suggests that not all pairs of eexC and traG. alleles confer the same levels of exclusion.
A similar observation was reported for the ICE R391, which was strongly excluded by a
recipient expressing the variant EexR1 and weakly excluded when variant EexR or
variant EexR3 was used (19). Assessment of the exclusion strength of the 12 distinct
eexC variants identified here against each of the traG. variants identified in IncC
plasmids could provide valuable information on the interactions between these two
proteins and the amino acid residues involved in recognition and the specificity of
exclusion. pVCR94°PAtraG., which can be complemented by traG genes as distant as
traGg or traGs, could be an interesting platform for such a study to prevent inconsis-
tency due to the variable segments present in different IncC plasmids.

In experiments reported by Ambrose et al. (26), assays of mating between strains
bearing the IncA plasmid pRAT (eexC1/traGc;) and the IncC plasmid pRMH760 (eexC/
traG) did not yield any transconjugants, thereby suggesting complete exclusion. In
contrast, Datta and Hedges (24) reported that pRA1 in a recipient excluded transfer of
plP40a (eexC/traG.) by only about 10-fold. Clearly, different plasmids carrying identical
eex/traG pairs do not exert similar levels of exclusion. This observation suggests that
other IncC-encoded factors may influence exclusion. This hypothesis is supported by
results from our exclusion assay performed using the AD mutant of pVCR945P. We found
that pClo mobilization was more efficient toward a recipient bearing pVCR945PAD or
pPVCRI4PAE (AeexC) but that neither deletion was sufficient to restore the observed
rate of transfer toward an empty recipient (Fig. 1B), thereby suggesting that the
eexC/traG. system is not the only exclusion system encoded by IncC plasmids. One or
several of the 57 genes that contained the missing AD segment seem to reduce the
transfer of pClo when present in the recipient strain. This reduction could have been
the result of surface exclusion, like that mediated by TraT of plasmid F (35). However,
since IncC plasmids do not seem to encode any TraT homolog, further investigations of
the phenotype resulting from the AD mutation will be necessary to decipher its
mechanism and how this observation relates to data published by others (24, 26).

MATERIALS AND METHODS

Bacterial strains and media. Bacterial strains and plasmids used in this study are described in Table
1. Strains were routinely grown in lysogeny broth (LB-Miller; EMD) at 37°C in an orbital shaker/incubator
and were preserved at —80°C in LB broth containing 15% (vol/vol) glycerol. The following antibiotics and
concentrations were used: ampicillin (Ap), 100 ng/ml; chloramphenicol (Cm), 20 wg/ml; kanamycin (Kn),
50 pg/ml; nalidixic acid (Nx), 40 wg/ml; spectinomycin (Sp), 50 ng/ml; tetracycline (Tc), 12 wg/ml; rifampin
(Rf), 50 wg/ml.

Mating assays. Conjugation assays were performed by mixing 100 ul of donor cells and 100 ul of
recipient cells (typically ~2 X 10° cells/ml each) that were grown overnight in LB broth at 37°C with
suitable antibiotics to ensure retention of plasmids and/or SGI1 derivatives. Cells were pelleted by
centrifugation for 3 min at 1,200 X g, washed once in 200 ul of LB broth, and resuspended in 10 ul of LB
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TABLE 2 DNA sequences of the primers used in this study

Primer name Nucleotide sequence (5’ to 3')?

verx076del.f CTTATTTGCTCAAAAAGGGCACTTCCACAGCCCATGCGGAATAGGAACTTCAAGAT
verx076del.r TCTGAACCGGGCTTTGAGAGGAATGAACCTTAGTTCAGGAACTTCAGAGCGCTT
94del145.for ATGCCGTGGTAAACTGGAGGTAAAGAGTAAGGGGGTTGATgtgtaggctggagctgcttc
94del145.rev ACCAACCAAATAATAAGGGGGCCAGCAGGCCCCCTTATTACATATGAATATCCTCCTTA
94vcrx145 for NNNNNNGAATTCAAGGAGGAATAATAAATGAAACATGTGGTCAATATTCTT
94vcrx145.rev NNNNNNGAATTCTTATTCGTCTCCAGCTCCAA

pAsadcTrxAf GTACGAATTCAAGGAGGAATAATAATTGAGGACCTGCCTGTAT

pAsa4cTrxA.r AGGTGAATTCTCATTCACCCCAACGAGCT

ptrxAmut.f ATGAGGAATGTGGTTAAC

ptrxAmut.r TTATTATTCCTCCTTGAATTCG

pAsa4cTraG.f NNNNNNGAATTCAAGGAGGAATAATAAATGGGTACGTTCACAATCTA

pAsa4cTraG.r NNNNNNGAATTCTTAATGCTTCGAATCTAAGCCT

eexC183.f TGGTTGCCATTGTTCGTGCCGCGCGGTCAGCATATAAAGAG

eexC279.r CTCTTTATATGCTGACCGCGCGGCACGAACAATGGCAACCA

eexC280.f CTAACGTGCTTTATCCGCGTTCTCATAAAGGCGAGAAGAGAG

eexC182.r CTCTCTTCTCGCCTTTATGAGAACGCGGATAAAGCACGTTAG

ptrxA2.f GTCAGAATTCAAGAGGGAGAGCGTGATGAG

toxdel-F GGTCTGCAATTGGGATCATTACTTCATAAAACCTTTTCTCGTGTAGGCTGGAGCTGCTTC
toxdel-R CAACATGAAAGAGCTTCGGGTCCAAAGCAAAGGAGATGCCATGGTCCATATGAATATCCT
Del1-Kan-F CTGCACGAACACCAGATCTGATATGTGGGAACGCTGCACGAAGATCCCCTCACGCTGCCG
Del1-Kan-R GTGCCTCTAACGCCCCCGAGCAAAAGCCTCAGCCCCAGATCAGAAGAACTCGTCAAGAAG
Alt-del2-F TGCATCTGTGCGACATCCCATTGAATGTCTACCAGGTGATAAGATCCCCTCACGCTGCCG
new-Alt-del2-R CCGAATGTTTTTCCGAAGCCGCAACGCTAACTTCATTGGCTCAGAAGAACTCGTCAAGAA
new-del4-F ACTCTGCTTTTCCCTGATCAAGAAGGTAAGGGAAAGCAACGTCGTGACTGGGAAAACCCT
new-del4-R CTTCTGTCGCTTCTGCGGCCATCTTCATCTGCTTCTCGACACTCCAGCATATTCAGCGAC

9EcoRI restriction sites are underlined.

broth. Mating mixtures were then deposited as drops on LB agar plates and incubated at 37°C for 2 h.
The cells were recovered from the plates in 800 ul of LB broth, subjected to vortex mixing, and diluted
via serial 10-fold dilutions before plating on LB agar containing suitable antibiotics was performed.
Donor, recipient, and transconjugant colonies were selected using antibiotics as described in corre-
sponding figure legends. To induce the expression of traG and eex genes, as well as eex chimeric genes,
in complementation or expression assays, mating was carried out on LB agar plates with 0.2% arabinose.
Frequencies of transfer were expressed as the number of transconjugant CFU per donor CFU from data
obtained from three independent mating experiments. Exclusion indexes (El) were calculated as the ratio
of an element’s frequency of transfer to a plasmid-free recipient to its frequency of transfer to the tested
recipient, as defined elsewhere (16, 20).

Molecular biology methods. Plasmid DNA was extracted using an EZ-10 spin column plasmid DNA
miniprep kit (Bio Basic) according to the manufacturer’s instructions. All enzymes used in this study were
purchased from New England Biolabs. PCR assays were performed with the primers described in Table
2. PCR conditions were as follows: (i) 3 min at 94°C for initial denaturation; (ii) 30 cycles of 10's at 98°C
for denaturation, 30 s at the appropriate annealing temperature, and 30 s/kb at 72°C for elongation; and
(iii) 5 min at 72°C for the final elongation step. When necessary, PCR products were purified using an
EZ-10 spin column PCR products purification kit (Bio Basic) according to the manufacturer’s instructions.
E. coli was transformed by electroporation as described by Dower et al. (36) in a Bio-Rad GenePulser Xcell
apparatus set at 25 uF, 200V, and 1.8 kV using 1-mm-gap electroporation cuvettes.

Plasmid and strain construction. Strains, plasmids, and genomic islands used in this study are listed
in Table 1. Primers are listed in Table 2.

Deletions AA to AE in pVCR945P were constructed using the one-step chromosomal gene inactivation
technique with pSIM6 (37). AC and AE deletions were obtained using primer pair vcrx076del.f/
verx076del.r and primer pair 94del145.for/94del145.rev, respectively, and pKD4 or pKD3 as the templates.
AA, AB, and AD deletions were constructed in two steps. First, the vcrx028 toxin gene was deleted using
primer pair toxdel-F/toxdel-R and pKD4 as the template. The FLP recombination target (FRT)-flanked
kanamycin resistance cassette was then removed by Flp-catalyzed excision using pE-FLP (38). Then,
deletions AA, AB, and AD were obtained using primer pair Del1-Kan-F/Del1-Kan-R, primer pair Alt-del2-
F/new-Alt-del2-R, and primer pair new-del4-F/new-del4-R, respectively, and pKD4 (deletions AA and AB)
or pTT01 (deletion AD) as the template. All deletions were verified by PCR and antibiotic resistance
profiling.

Plasmids peexC and peexCrev were constructed by PCR amplification of eexC using EcoRI-containing
primer pair 94vcrx145.for/94vcrx145.rev and pVCR94°P as the template followed by EcoRI digestion of the
amplified fragment and then cloning into EcoRI-digested pBAD30. Forward (peexC) and reverse (peex-
Crev) orientations of eexC relative to the Py, promoter were verified by Afel/Aflll digestion. Plasmids
peexE and ptraG, were constructed by PCR amplification of eexE and traG, using pAsa4c as the template
and EcoRlI-containing primer pair pAsa4cTrxA.f/pAsa4cTrxA.r and primer pair pAsa4cTraG.f/pAsa4cTraG.r,
respectively. The amplified fragments were then digested by EcoRl and cloned into EcoRI-digested
pBAD30. peexE was subjected to site-directed mutagenesis to remove a 78-bp untranslated region with
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primer pair ptrxAmut.f/ptrxAmut.r using Q5 site-directed mutagenesis (New England BioLabs) according
to the manufacturer’s instructions.

eexD, eexC1, eexC2 and eexC3 were obtained by DNA synthesis (Bio Basic) of the respective open
reading frames from pAhD4-1 (CP013966.1), pRA1 (FJ705807.1), pYR1 (CP000602.1), and pKHM-1
(AP014939.1) preceded by a Shine-Dalgarno sequence (5'-AAGGAGGAATAATAA-3') and flanked by EcoRlI
and Sall sites. DNA fragments provided in pUC57-Amp were digested by EcoRI and Sall and were then
cloned into EcoRl/Sall-digested pBAD30 (39).

Chimeric genes CmE and EmC were constructed using the gene splicing by overlap extension
technique (40). CmE fragments were PCR amplified with primer pair 94vcrx145.for/eexC182.r and primer
pair eexC280.f/pAsadcTrxA.r using pVCR94°P and pAsa4dc as the templates, respectively. EmC fragments
were PCR amplified with primer pair ptrxA2.f/eexC279.r and primer pair eexC183.f/94vcrx145.rev using
pAsadc and pVCR94%F as the templates, respectively. After extension and PCR amplification, the DNA
fragments containing the chimeric genes were digested with EcoRI and cloned into EcoRI-digested pBAD30.

All constructions were verified by sequencing performed by the Plateforme de Séquencage et de
Génotypage du Centre de Recherche du CHUL (Québec, QC, Canada).

Phylogenetic analyses. Primary sequences of Eex and TraG homologs were obtained by using the
NCBI's tblastn algorithm against the nr/nt database restricted to Gammaproteobacteria (taxid: 1236). Only
primary sequences sharing more than 40% identity with EexC and 50% identity with TraG. over 80%
minimum coverage were included in subsequent analyses. Since the SGIT TraGg and SXT TraG proteins
do not fit this criterion (37% identity with TraG. over 99% coverage [27, 41]), both were included
manually in the TraG data set as an outgroup. Eex and TraG primary sequences were first clustered with
CD-HIT (42) (sequence identity cutoff of 1) prior to alignment. Exhaustive data on the composition of
these clusters are available in Data Set S1 in the supplemental material.

Evolutionary analyses of Eex or TraG proteins were performed within MEGA7 (43), and data were
inferred by using the maximum likelihood (PhyML) (44) method based on the JTT matrix-based (Eex) and
Whelan and Goldman (WAG) + Freq. (TraG) models (45, 46). Phylogenetic analyses were computed using
amino acid alignments generated by MUSCLE (47). Poorly aligned regions were removed using trimAl
v1.3 software and the automated heuristic approach (48) prior to phylogenetic analyses. The initial tree(s)
for the heuristic search was obtained automatically by applying neighbor-joining and BioNJ algorithms
to a matrix of pairwise distances estimated using a JTT model and then selecting the topology with the
superior log likelihood value. A discrete gamma distribution was used to model evolutionary rate
differences among sites (5 categories [+G, parameter = 3.0102]) for the TraG phylogenetic tree.

In silico typing of plasmids. Replicon types of plasmids listed in Data Sets S1 and S2 were determined
using PlasmidFinder 2.0 (49) and the Enterobacteriaceae database (95% identity, 60% coverage).

Protein secondary structure prediction. The secondary structures of EexE and EexC were predicted
using PSIPRED protein sequence analysis workbench v3.3 (50). Subcellular localization was predicted
using PSORT-B v3.0 (51). Transmembrane protein topology was predicted using MEMSAT3 (52). Com-
parisons of the aligned Kyte-Doolittle hydropathy plots of EexC and EexC were generated using AlignMe
with the Fast method (53).
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