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ABSTRACT

IncC conjugative plasmids and the multiple variants
of Salmonella Genomic Island 1 (SGI1) are two func-
tionally interacting families of mobile genetic ele-
ments commonly associated with multidrug resis-
tance in the Gammaproteobacteria. SGI1 and its sib-
lings are specifically mobilised in trans by IncC con-
jugative plasmids. Conjugative transfer of IncC plas-
mids is activated by the plasmid-encoded master ac-
tivator AcaCD. SGI1 carries five AcaCD-responsive
promoters that drive the expression of genes in-
volved in its excision, replication, and mobilisa-
tion. SGI1 encodes an AcaCD homologue, the tran-
scriptional activator complex SgaCD (also known as
FIhDCsg)1) that seems to recognise and activate the
same SGI1 promoters. Here, we investigated the rel-
evance of SgaCD in SGI1’s lifecycle. Mating assays
revealed the requirement for SgaCD and its IncC-
encoded counterpart AcaCD in the mobilisation of
SGI1. An integrative approach combining ChiP-exo,
Cappable-seq, and RNA-seq confirmed that SgaCD
activates each of the 18 AcaCD-responsive promot-
ers driving the expression of the plasmid transfer
functions. A comprehensive analysis of the activity
of the complete set of AcaCD-responsive promoters
of SGI1 and the helper IncC plasmid was performed
through reporter assays. qPCR and flow cytometry
assays revealed that SgaCD is essential to elicit the
excision and replication of SGI1 and destabilise the
helper IncC plasmid.
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INTRODUCTION

Multidrug-resistant bacteria are an economic burden and
a global threat to public health (1). Their emergence is be-
ing fuelled by diverse mobile genetic elements such as ge-
nomic islands and conjugative plasmids (2) that often carry
many antibiotic resistance genes. A better understanding
of the mechanisms promoting the dissemination of mobile
genetic elements is thus urgently needed. Mobilisable Ge-
nomic Islands (MGIs), also referred to as Integrated Mo-
bilisable Elements (IMEs), have recently been receiving re-
newed attention as they are increasingly recognised as key
contributors to the propagation of multidrug resistance (3—
7). MGIs usually carry diverse gene cargos involved in an-
tibiotic or heavy metal resistance, bacteriocin synthesis, or
resistance to phage infection (7-9). Salmonella Genomic Is-
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land 1 (SGI1) is a 42.4-kb MGI that confers resistance to
ampicillin, chloramphenicol, streptomycin, sulfonamides
and tetracycline (ACSSuT) (10). Since the initial report of
SGII in Salmonella enterica serovar Typhimurium DT104
two decades ago, a multitude of SGI1 variants has been de-
scribed in several species of Gammaproteobacteria, includ-
ing human pathogens such as Salmonella enterica serovars,
Proteus mirabilis, Morganella morganii, Providencia stuar-
tii or Klebsiella pneumoniae (11-15). SGI1 and its variants
share a conserved set of genes (described below) and often
bear a class 1 integron with diverse combinations of antibi-
otic resistance gene cassettes (16). SGI1 and its relatives are
found integrated at the 3’ end of trmFE (also known as mnmE
or thdF) in the chromosome of their respective hosts and
are specifically mobilised in trans by the IncC and closely
related IncA conjugative plasmids (17). IncC plasmids are
large, broad-host-range, and globally distributed plasmids
that contribute to the propagation of multidrug resistance
genes. For instance, IncC plasmids are frequently associ-
ated with New Delhi metallo-B-lactamase genes (blanpm)
that confer resistance against most B-lactams, including
carbapenems (18). IncC plasmids have also been key play-
ers in the local acquisition of antibiotic resistance genes in
African phyletic sub-lineages of the seventh pandemic of
cholera caused by Vibrio cholerae O1 El Tor (19). Despite a
lower epidemiological success compared to IncC plasmids,
IncA plasmids have been found responsible for the spread
of the carbapenemase gene blayyy.; in several species of En-
terobacterales in hospitalised patients in Italy (20).
Conjugative transfer of IncC plasmids is controlled by
two loci, the acri-acaD C-acr2 region, and the acaB gene lo-
cated near traN¢. acaDC encodes the heteromeric complex
AcaCD distantly related to SetCD, the transcriptional ac-
tivator of transfer genes of the integrative and conjugative
elements (ICEs) of the SXT/R391 family (21,22). AcaCD
and SetCD are distantly related to FIhCD, the transcrip-
tional activator of flagellar operons in Escherichia coli and
Salmonella (21,23,24). Expression of acaDC is driven from
the promoter P,.; that is repressed by Acrl and Acr2
(21,25). Recently, Hancock et al. demonstrated that P,
is activated by AcaB, a novel transcriptional activator that
exhibits structural similarity to bacterial transcription fac-
tors from the ribbon-helix-helix (RHH) superfamily (26).
Interestingly, acaB is part of the AcaCD regulon, wherein
AcaCD and AcaB promote mutual expression, generating
a positive feedback loop that activates conjugation. AcaCD
turns on a total of 18 AcaCD-activatable promoters driv-
ing the expression of major operons involved in the forma-
tion of the mating pore and initiation of conjugative trans-
fer, as well as genes of unknown function (21,27). Further-
more, AcaCD also activates the expression of genes carried
by distinct families of MGls, including five operons in SGI1
(7,27-29). The functions of five AcaCD-activatable genes of
SGI1, xis, rep, traNg, traHg and traGyg, have been charac-
terised. xis encodes the recombination directionality factor
that facilitates the excision of SGII from the chromosome
catalysed by Int (30). rep encodes the replication initiator
protein that initiates SGI1 replication at the origin of repli-
cation (oriV) (31). Rep contains a RepA_C domain (Pfam
PF04796) and is distantly related to RepA of IncN2 plas-
mids (31,32). traNs, traHs and traGs encode three type IV

secretion system (T4SS) subunits that replace their respec-
tive counterparts TraN¢, TraH¢ and TraGe in the mating
pore encoded by the helper IncC plasmid (33).

MGTIs are usually thought of as relatively passive mo-
bile genetic elements that await the arrival of a helper self-
transmissible element (a conjugative plasmid or an ICE) to
escape their quiescent state and ride along with their helper
element. To transfer to a new host, MGIs first need to excise
from the host’s chromosome, and next to be translocated
through the mating pore encoded by their helper element.
For both processes, IncC-mobilised MGIs take advantage
of the AcaCD regulon (7,21,28). Surprisingly, SGI1 has reg-
ularly challenged the presumed passivity of MGIs (3). SGI1
has notably been shown to actively reshape the mating pore
encoded by IncC conjugative plasmids to enhance its propa-
gation (33). SGII1 also actively replicates and carries a func-
tional toxin-antitoxin system (sgidT) that enhances its sta-
bility when an IncC plasmid is concomitantly present in the
host (31,34). Besides, SGI1 destabilises the helper IncA and
IncC plasmids (35), a mechanism only recently attributed to
the activation of the replicative state of excised SGI1 (31).
Remarkably, SGI1-K, an SGI1 variant found in the world-
wide Salmonella Kentucky clone ST198 (sequence type 198)
and Salmonella Newport, is unable to destabilise IncC plas-
mids (35-40). SGI1-K lacks the 3" half of traNg (S005) and
two upstream genes, sgaD (S007) and sgaC (S006), that
code for an AcaCD ortholog complex named SgaCD (also
known as FIhCDsggy;) (29,41,42). SgaC and SgaD share 79
and 46% identity with AcaC and AcaD, respectively. Al-
though SgaCD was reported to activate all five AcaCD-
activatable promoters of SGI1 and complement the dele-
tion of acaDC in the IncC plasmid R16a, its biological role
remains unclear (29). For instance, deletion of sgaDC had
no impact on the mobilisation of SGI1-C by the helper IncC
plasmid R55 (28). The variant SGI1-C differs from SGI1 by
its smaller integron conferring resistance to spectinomycin,
streptomycin and sulfonamides (43). Furthermore, deletion
of acaDC of the helper IncC plasmid R16a abolished both
self-transfer and SGI1-C mobilisation (28,29).

Nevertheless, the conservation of sgaDC in most mem-
bers of the SGI1 family suggests an important role in
their lifecycle rather than simple redundancy for activa-
tion of AcaCD-activatable promoters. In this study, we in-
vestigated the relevance of SgaCD. First, we showed using
mating assays that SgaCD is important for SGI1 mobil-
isation by IncC plasmids. Using a combination of ChIP-
exo, Cappable-seq and RNA-seq approaches, we com-
pared transcriptional activation by SgaCD and AcaCD of
AcaCD-responsive promoters in SGI1 and in a model IncC
plasmid. A systematic assessment of promoter activities
through B-galactosidase reporter assays allowed us to mea-
sure the differential response of these promoters to SgaCD
and AcaCD complexes. Finally, we unveiled the crucial role
of SgaCD in the excision and replication of SGI 1, ultimately
leading to the destabilisation of IncC conjugative plasmids.

MATERIALS AND METHODS
Bacterial strains and media

Bacterial strains, plasmids and genomic islands used in
this study are described in Table 1. Strains were rou-



tinely grown in lysogeny broth (LB) at 37°C in an or-
bital shaker/incubator and were preserved at —75°C in
LB broth containing 20% (vol/vol) glycerol. Antibiotics
were used at the following concentrations: ampicillin (Ap),
100 pwg/ml; chloramphenicol (Cm), 20 pwg/ml; kanamycin
(Kn), 50 pg/ml or 10 pg/ml for single copy integrants
of pOPlacZ; nalidixic acid (Nx), 40 wg/ml; spectinomycin
(Sp), 50 pg/ml; tetracycline (Tc), 12 wg/ml; rifampicin (Rf),
50 pg/ml. To induce expression from pBAD30 and pAHS56,
LB medium was supplemented with 0.2% L-arabinose or
0.1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG),
respectively. Conjugation assays were performed as de-
scribed previously (33).

Molecular biology

Plasmid DNA was prepared using either the EZ-10 Spin
Column Plasmid DNA Miniprep Kit (Bio Basic) or the
QIAprep Spin Miniprep Kit (Qiagen), according to man-
ufacturer’s instructions. Genomic DNA was prepared us-
ing the Qlamp DNA Mini Kit (Qiagen), according to man-
ufacturer’s instructions. Restriction enzymes used in this
study were purchased from New England Biolabs. Sev-
eral DNA polymerases were used: Q5 (New England Bio-
labs), Taq (New England Biolabs) and Easy Taq (Civic Bio-
science). PCR products were purified using either the EZ-
10 Spin Column PCR Products Purification Kit (Bio Basic)
or the QIAquick PCR Purification Kit (Qiagen), according
to manufacturer’s instructions. E. coli was transformed by
electroporation as described by Dower et al. (44) in a Bio-
Rad GenePulser Xcell apparatus set at 25 pF, 200 2 and
1.8 kV using 1-mm gap electroporation cuvettes. Sanger se-
quencing reactions were performed by the Plateforme de
Séquengage et de Génotypage du Centre de Recherche du
CHUL (Québec, QC, Canada).

Plasmids and strains constructions

Oligonucleotides used in this study are listed in Supplemen-
tary Table S1. New sequencing data obtained from pVCR9%4
(NZ_CP033514.1) revealed that pVCR94% [pVCR94
A(EEL44_05995-EEL44_06400] (21,45) was missing eight
genes of unknown function that are conserved in IncC
plasmids. Therefore a new derivative, pVCR945P? [pVCR 94
A(EEL44_06035-EEL44_06400)], was constructed using
the one-step chromosomal gene inactivation technique with
pMSI1, primer pair pVCR94delY2.f/94DelXnoFRT.rev
and pVI36 as the template (46). SG1-C1¢™ and SG1-C2¢™
were constructed using the same technique with pSIM6,
primer pair SGI1In104cm2.f/ SGI1In104cm2.r and
pKD3 as the template. Deletion mutants of pVCR945P2,
SGI1X" and SGIIRe were constructed in a similar fash-
ion. Deletion of acaDC in pVCR94%? was obtained
using pSIM6, primer pair 94DelacaD.for/94DelacaC.rev
and pKD4 as the template. Deletions of xis, sgaD,
sgaC and sgaDC in SGII® were obtained using
pSIM6, primer pairs SGIlldelxis.for/SGlldelxis.rev,
SGIldelsgaD07.for/SGI1delsgaD07.rev,

SGI1delsgaC06.for/SGI1delsgaC06.rev and
SGIldelsgaD07.for/SGI1delsgaC06.rev, respectively,
and pKD3 as the template. Deletion of sgaDC in
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SGIIRd  was obtained using pMSI1, primer pair
SGIldelsgaD07.for/SGI1delsgaC06.rev and pKD4
as the template. When possible, the antibiotic resis-
tance cassette was removed from the resulting con-
struction by Flp-catalysed excision using pCP20. All
deletions were verified by PCR and antibiotic resis-
tance profiling. sgaDC was amplified using primer pair
SGIlsgaDEcoRI.for/SGIlsgaCEcoRI.rev and genomic
DNA of E. coli VB113 containing SGIX" as the tem-
plate. The amplicon was then digested with EcoRI and
cloned into EcoRI-digested pBAD30 using T4 DNA
ligase (NEB), generating pBAD-sgaDC. psgaDCXFLAG
was derived from pacaDC*XFLAG 5oaDC was amplified
using primer pair pAHS56sgaCDinsF/pAHS56sgaCDinsR
and pacaDC*FLAG was linearized using primer pair
pAHS56sgaCDvecF/pAHS6sgaCDvecR. These  four
primers were designed using NEBuilder@®) Assembly Tool
(NEB). psgaDC*FLAG was obtained by ligating both
amplicons using the Gibson Assembly®) Cloning Kit
(NEB), to replace acaDC with sgaDC. PCR fragments
containing the promoter region upstream of verx012,
verx035-36, verx059, verx068, traA, verx076, dsbC, traN ¢,
acaB-verx087, verx098, verx114, verx128, verx140, S004
and S018 were amplified using the corresponding primer
pairs listed in Supplementary Table S1, and cloned into
pOPlacZ using either Pstl or Pstl and Xhol to produce
the corresponding pOPlacZ derivatives (Supplementary
Figure S1). These vectors were ultimately integrated in
single copy into the chromosomal site attB\ of E. coli
BW25113 using pINT-Ts (47).

ChIP-exo assays

LB medium supplemented with 50 pg/ml rifampicin, 10
pg/ml kanamycin, 50 pg/ml spectinomycin and, when
necessary, 20 pg/ml chloramphenicol was inoculated with
E. coli MG1655 Rf bearing psgaDC3XFLAG - pVCR 94592
AacaDC and SGI1R AsgaDC. Induction of sgaD C3XFLAG
expression was done by adding 0.1 mM IPTG to cultures
grown to an ODgg of 0.2, followed by a 1-h incubation at
37°C with shaking. 10 ml of culture was used for the ChIP-
exo experiment, which was carried out as described previ-
ously (21), except for a shorter blocking step of magnetic
beads used for immunoprecipitation: Dynabeads™ Protein
A (Invitrogen™) were blocked by washing three times for 5
min each, in PBS/BSA (5 mg/ml). Replicates are detailed
in Supplementary Table S2.

Cappable-seq and RNA-seq assays

RNA was extracted from 5 ml cultures prepared as de-
tailed above. Cultures were centrifuged for 10 min at 3700
g, and the pellet was thoroughly resuspended in 1 mL TRI
Reagent® (Sigma-Aldrich). Total RNA was then extracted
using the Direct-zol RNA MiniPrep Kit (Zymo Research)
with the recommended DNase I treatment, according to
manufacturer’s instructions. Cappable-seq was carried out
as described elsewhere (48), with the following modifica-
tions. Approximately 10 pg of clean RNA was used for each
assay. The very first RNA clean-up step was performed us-
ing Agencourt@® RNAClean®) XP Beads (Beckman) to en-
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Table 1. Strains and elements used in this study

Strains, plasmids or Source or
elements Relevant genotype or phenotype® reference
E. coli
BW25113 F- A(araD-araB)567, AlacZ4787(::rrnB-3), N, rph-1, A(rhaD-rhaB)568, hsdR514 (46)
VBI113 Nx-derivative of BW25113 (66,79)
KH95 BW25113 rpoB526 (Rf) (31)
CAG18439 MGI1655 lacZU118 lacl42::Tnl0 (Tc) (80)
MG1655 Rf Rf-derivative of MG1655 (81)
Plasmids
pVCR945P A(EEL44_05995-EEL44_06400) mutant of pVCR94 (Sp Su) (21,45)
pVCR945P2 A(EEL44_06035-EEL44_06400) mutant of pVCR94 (Sp Su) This study
pVCRY4%P AacaDC AacaDC mutant of pVCR945P 1)
pVCR945P2 AgcaDC AacaDC mutant of pVCR945P2 This study
pVCR94CreenSp pVCRY45P 1raG QP4 p-mNeonGreen-FRT) (Su Sp) 31
pMS1 pSIMS Acat::gen; Thermo-inducible expression of ARed recombination (Ts, Gn) (66)
pSIM6 Thermo-inducible expression of ARed recombination (Ts Ap) (82)
pVI36 SpR PCR template for one-step chromosomal gene inactivation 81)
pKD3 CmR PCR template for one-step chromosomal gene inactivation (46)
pKD4 KnR PCR template for one-step chromosomal gene inactivation (46)
pCP20 Thermo-inducible expression of Flp recombinase (Ts Ap Cm) (83)
pBAD3O orip15AaraC PBAD (Ap) (84)
pBAD-acaDC pBAD30::acaDC (21)
pBAD-sgaDC pBAD30::sgaDC This study
pacaD C3XFLAG pAHS56::acaD C3XFLAG (Kn) @1
psgaD C3XFLAG PAHS56::5gaD C3XFLAG (Kn) This study
pOPlacZ PAHS56 lacZ (Kn) (21)
pPromacrl pOPlacZ Pyerj-lacZ (Kn) 21
pINT-TS oriRI01; cI857; \pr-inty (Ap Ts) 47)
Genomic Islands
SGI1K» AlInl104::aph mutant of SGI1 devoid of the integron In104 (Kn) (33)
SGI1K™ Axis Axis mutant of SGI1K» This study
SGI1X" AsgaD AsgaD mutant of SGI1K» This study
SGIIK™ AsgaC AsgaC mutant of SGI1K» This study
SGIIK® AsgaDC AsgaDC mutant of SGI1¥» This study
SGI1Red SGI1°™S0092(Pp 1 p-mCherry-FRT) (Cm) (31
SGI1Red AsgaDC AsgaDC::aph mutant of SGI1Rd (Cm Kn) This study
SGI1-Cooa75A97 SGI1-C variant from Salmonella Agona 0047SA97 (Sm Sp Su) (43)
SGI1-Cs/954435 SGI1-C variant from Salmonella Typhimurium DT104 S/954435 (Sm Sp Su) (43)
SGII-C1Cm Aln::cat mutant of SGI1-Cyog7sa97 lacking the integron (Cm) This study
SGI1-C26m Aln::cat mutant of SGI1-Cs/954435 lacking the integron (Cm) This study

4 Ap, ampicillin; Cm, chloramphenicol; Gn, gentamycin; Kn, kanamycin; Rf, rifampicin; Sp, spectinomycin; Sm, Streptomycin; Su, sulfamethoxazole; Tc,

tetracycline; Ts, thermosensitive.

sure maximum elimination of unincorporated DTB-GTP.
The removal of 3’ phosphates from fragmented RNA was
performed using the Thermo Scientific™ T4 Polynucleotide
Kinase (Thermo Fisher Scientific) and its supplied ATP-
free buffer. For RNA-seq samples, 800 ng of total RNA was
fragmented in 5x RNA Fragmentation Buffer (200 mM
Tris-acetate, pH 8.1, 500 mM KOAc, 150 mM MgOA) by
incubating at 95°C for 7 min and quenching immediately
on ice. RNA was then purified using the RNA Clean &
Concentrator-5 Kit (Zymo Research), according to man-
ufacturer’s instructions. The quality and concentration of
RNA before and after fragmentation were evaluated using a
2100 Bioanalyzer instrument (Agilent Technologies). Repli-
cates are detailed in Supplementary Table S2.

Ilumina sequencing library preparation

ChIP-exo libraries were prepared as described previously
(21), except for the second strand synthesis step that was
performed using the Bst X DNA polymerase (Enzymat-
ics) with ThermoPol® Buffer (NEB). Cappable-seq and

RNA-seq libraries were prepared using the NEBNext®
Small RNA Library Prep Set for Illumina® (NEB), ac-
cording to manufacturer’s instructions, except NEBNext
5" SR Adaptor for Illumina was replaced by previously
described 5’-hybrid-A0 oligo (21). DNA molecules corre-
sponding to the rRNA transcripts were depleted using the
duplex-specific nuclease (Evrogen), as described elsewhere
(49). All libraries were amplified and checked as previously
described (21), then ultimately pooled. Illumina sequenc-
ing was %erformed in two different sequencing runs on a
NextSeq® 500/550 High Output system at the Plateforme
Rnomique de I’'Université de Sherbrooke (Sherbrooke, QC,
Canada).

Bioinformatic analyses

Reads were trimmed with Trimmomatic (50) to discard nu-
cleotides with a quality score below 30 and reads with a
length below 36 bp. Quality was assessed before and after
using FastQC (51). Trimmed reads were aligned on the E.
coli MG1655 genome (NC_000913), pVCR94%2 AacaDC



and SGI1R¢ AsgaDC using Bowtie 2 (52). Alignment qual-
ity was assessed using SAMStat (53), and reads with a qual-
ity score below 10 were discarded using SAMtools view
(54). Information on the number of reads before and af-
ter trimming, the quality of mapping and coverage for each
sample, is detailed in Supplementary Table S2. Reads were
then compressed, sorted and indexed using SAMtools (54).
ChIP-exo and Cappable-seq reads were chopped to their
first nucleotide and density was calculated separately for
each DNA strand using BEDTools genomecov (55). Den-
sity files were ultimately compressed to BigWig format and
visualised on the UCSC Genome Browser.

The footprint profile for each transcription start site of
interest was analysed using the Versatile Aggregate Pro-
filer (VAP) (56). Three pairs of divergent AcaCD-dependent
promoters (verx035-036, verx059-tral and acaB-verx087)
were excluded from the analysis to prevent potentially
overlapping ChIP-exo signals on the positive and negative
strands. Replicates of a given condition were pooled us-
ing SAMtools and reads were treated as described above.
Densities for any condition and strand were normalised by
the total signal obtained for a given reference (pVCR945P2
AacaDC or SGIIR AsgaDC). The start and end coordi-
nates of each transcription start site of interest were used as
reference points. The signal was reported for each base pair
and represented as median and either first to ninth deciles
or full range without smoothing. RPKM values were calcu-
lated for each DNA strand separately, using a script adapted
from EDGE-pro (57). Differential expression analysis was
performed using DESeq?2 (58). Signal was also calculated
for each condition on 1-kb intervals using BEDTools multi-
cov (55). Log-transformed values were used to represent the
variability between replicates (Supplementary Figure S2).

The KEGG pathway enrichment analysis was performed
in RStudio v1.3. DESeq2 output was filtered to discard
MG1655 genes displaying less than 10 accumulated reads.
Log, of fold-change values were analysed using GAGE to
estimate up- and down-regulated pathways (59). Pathways
were considered to be significantly enriched or depleted
when the adjusted P-value was inferior to 0.1.

Search for SgaC homologues was carried out using
Blastp (60) against the Genbank non-redundant protein se-
quence (nr) database restricted to the Enterobacteriaceae
(taxid:543).

B-Galactosidase assays

The assays were carried out as described previously, us-
ing o-nitrophenyl-p-D-galactopyranoside (ONPG) as sub-
strate (61). Cultures were prepared with LB medium sup-
plemented with 10 pg/ml kanamycin to select the strain and
50 wg/ml ampicillin to maintain pPBAD-acaDC or pBAD-
sgaDC. Induction of acaDC or sgaDC was done by adding
0.2% arabinose to a refreshed culture grown to an ODg of
0.2, followed by a 2-h incubation at 37°C with shaking prior
to cell sampling.

qPCR assays

Genomic DNA was obtained from 1 ml of cell cultures of
E. coli VB113 bearing pVCR94%, SGI1X" or their mutants,
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grown for 16 h in LB medium supplemented with 40 pg/ml
nalidixic acid, 50 pg/ml spectinomycin and 50 pg/ml
kanamycin. Genomic DNA purity and concentration were
measured with an ND-1000 NanoDrop spectrophotometer
(Thermo Fisher Scientific). gPCR experiments were per-
formed in technical triplicate for three biological replicates
at the Plateforme Rnomique de I'Université de Sherbrooke
(Sherbrooke, QC, Canada). All forward and reverse primers
were individually resuspended to 20-100 M in Tris-EDTA
buffer (IDT) and diluted as primer pairs to 1 wM in RNase
DNase-free water (IDT). Amplicons were analysed by
automated chip-based microcapillary electrophoresis on
Labchip GX Touch HT instruments (Perkin Elmer). Quan-
titative PCR (qPCR) reactions were performed in 10 .l
in 384-well plates on a CFX-384 thermocycler (BioRad)
with 5 pl of 2X PerfeCTa® SYBR® Green Supermix
(Quantabio), 10 ng (3 ul) cDNA, and 200 nM final (2 pl)
primer pair solutions. The following cycling conditions
were used: 3 min at 95°C; 50 cycles: 15 sec at 95°C, 30 s
at 60°C, 30 s at 72°C. attB (236 bp), sgid (S026, 234 bp)
from SGI1¥", rep4 (237 bp) from pVCRY4%?, as well as
chromosomal reference genes dnaB (235 bp), hicB (235
bp) and trmE (238 bp) from E. coli, were quantified using

primer pairs qAttBFw/qAttBRv, gS026Fw/qS026Rv,
qFwpVCR /qRvpVCR, gdnaBFw/qdnaBRy,
ghicBFw/ghicBRv and qthdFFw/qthdFRv, respec-

tively (Supplementary Table S1). The data were analysed
and normalised using all three chromosomal genes dnaB,
hicB and trmE as references and the qBase framework
(62). Excision of SGI1¥" was calculated as the ratio of
free attB site per chromosome, SGI1¥" and pVCR94%
copy numbers were calculated as the ratios of sgi4 and
repA per chromosome, respectively. For clarity, E. coli
VB113 bearing only pVCR94% was considered to exhibit
a 100% excision rate. VB113 bearing either pVCR945P or
SGI1%" were presumed to contain only one copy of a given
element.

RNA isolation and quantitative reverse transcription qRT-
PCR.

Total RNA was extracted as described above. RNA pu-
rity and concentration were evaluated with an ND-1000
NanoDrop spectrophotometer (Thermo Fisher Scientific).
gRT-PCR assays were performed in technical triplicate
for three biological replicates at the Plateforme Rnomique
de I’'Université de Sherbrooke (Sherbrooke, QC, Canada).
RNA integrity was verified using a 2100 Bioanalyzer in-
strument (Agilent Technologies). cDNA was prepared from
1.2 pg of total RNA using 10 units of Transcriptor reverse
transcriptase (Roche), 0.08 A, units of random hexamers
(IDT), dNTPs (Roche) and 10 units of RNaseOUT (Invit-
rogen Life Technologies) according to the manufacturer’s
recommendations in a total volume of 20 pl. Quantitative
amplification of acaD and sgaD was carried out as described
above with primer pairs acaDFqpCR /acaDR/qPCR and
sgaDFqPCR /sgaDRqPCR, respectively. The stably ex-
pressed chromosomal gene rpoZ was amplified with primer
pair rpoZMG1655F /rpoZMG1655R. Relative expression
levels were calculated using the qBase framework (62) and
rpoZ as the reference.
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Cohabitation assays

The assays were carried out as described previously (31).
Culture samples were diluted 1:1000 in 1 ml of PBS. Flu-
orescence intensity of mNeonGreen and mCherry in cells
was monitored by flow cytometry analysis on a BD FACS-
Jazz (BD Biosciences), and data were acquired with the BD
FACS Sortware. mNeonGreen and mCherry were excited
with 488 and 561 nm solid-state lasers, and their emission
was detected using 513/17 and 610/20 nm emission filters,
respectively. For each sample, fluorescence of 20 000 cells
was captured, and the data was analysed using FCS Express
7 (De Novo Software).

Statistical analyses and figures

Prism 8 (GraphPad Software) was used to plot graphics
and to carry out statistical analyses. All figures were pre-
pared using Inkscape 1.0 (https://inkscape.org/) or BioRen-
der (https://biorender.com).

RESULTS

SGI1 rescues the transfer of an IncC plasmid lacking its mas-
ter activator of transfer

Given the similarity between AcaCD and SgaCD, and the
essentiality of AcaCD for IncC plasmid transfer activa-
tion, we first assessed the importance of sgaDC. Transfer
rates of SGI1Rd and the coresident IncC helper plasmid
pVCR94%? were assessed in mating assays using combi-
nations of wildtype and ADC mutants of both elements.
Deletion of acaDC had no impact on the transfer of the
helper plasmid, SGIIR® or the cotransfer of both ele-
ments, confirming that SGII can complement the loss of
acaDC (Figure 1A). In contrast, deletion of sgaD C reduced
the transfer of SGI1R®d nearly 2000-fold compared to the
wildtype, whereas it had no impact on the transfer of the
helper plasmid or the cotransfer of both elements, showing
that sgaDC is important for SGI1 transfer and/or stabil-
ity (Figure 1A). Deletion of both acaDC and sgaDC abol-
ished the transfer of both elements. Finally, overexpres-
sion of a single chromosomal copy of sgaDC3XFLAG yn.
der the control of the IPTG-inducible P,,. promoter acti-
vated the transfer of both elements beyond wildtype lev-
els (Figure 1A). To confirm that this phenotype was exclu-
sively attributable to SgaCD, frans-complementation with
chromosomal P,,.-sgaD C**FLAG was also performed using
donors lacking SGI1. While the deletion of acaDC abol-
ished pVCR94%? transfer in this context, it was fully re-
stored by sgaDC3XFLAG gverexpression (Figure 1B).

SgaCD activates all AcaCD-activatable promoters and gen-
erates the same binding footprint as AcaCD

The SgaCD regulon was characterised using a combina-
tion of ChIP-exo, Cappable-seq and RNA-seq approaches
to identify the binding sites, transcriptional start sites (TSS)
and quantify mRNA transcript levels, respectively. In these
experiments, either sgaD C3XFLAG or qcaD CPXFLAG was ex-
pressed from P, instead of the native promoter to ensure
homogenous expression in cell populations. Otherwise iso-
genic cells lacking sgaDC**XFLAG and acaD C3XFLAG were

used as negative controls. We also used ADC mutants of
pVCR94%% and SGI1R to prevent interference from the
native unlabelled complexes. The ChIP-exo experiment re-
vealed that SgaCD binds all known AcaCD-activatable pro-
moters on pVCR94%? and SGI1 (Figure 2). SgaCD notably
activates the promoter of acaB whose translation product
activates acaDC expression (26). No additional promoter
was found to be bound by SgaCD, showing that AcaCD
and SgaCD complexes have similar activities and recognise
identical sequence motifs. ChIP-exo peaks usually paired
with those of Cappable-seq on the positive DNA strand,
except for the control condition, confirming that SgaCD
binding correlates with transcription of each promoter (Fig-
ure 2). Transcriptomic data obtained from RNA-seq assays
with pVCR94%? confirmed that sgaDC expression leads to
an overall increase of mRNA levels, especially for operons
associated with conjugative transfer functions (Figure 2A).
Likewise, expression of most SGI1 genes increased upon ex-
pression of sgaDC or acaDC (Figure 2B).

To compare the binding footprint of both complexes, two
aggregated profiles were built by compiling ChIP-exo and
Cappable-seq signals of pVCR94%? and SGI1 promoters.
No major difference could be observed between the SgaCD
and AcaCD profiles (Figure 3, upper panels). Both com-
plexes bind to the same site located —64 to —37 bp upstream
of the transcription start site (TSS) (21). The large protected
sequence starts —42 bp upstream of the TSS, that is 4 bp
downstream of the GCCCNDWWWGGGC palindromic motif,
and ends 22 bp after the TSS. This protection is compati-
ble with the promoter-bound RNA polymerase holoenzyme
complex, as previously reported for class IT activation where
the bound activator complex abuts the promoter —35 el-
ement (Figure 3 upper panels and Supplementary Figure
S3A-D) (21,22,63,64). The sequence overlapping the bind-
ing motif, where two peaks are observed immediately af-
ter GCCC and GGGC, corresponds to the AcaCD/SgaCD
footprint. The AcaCD profile displayed sharper boundaries
than that of SgaCD with a stronger signal at these positions
(Figure 3, upper panels and Supplementary Figure S3A-
D). Assuming comparable crosslink efficiencies, this obser-
vation suggests better recruitment and tighter binding of
AcaCD compared to SgaCD. Remarkably, the Cappable-
seq signal of SgaCD on SGI1 promoters was weaker than
that of AcaCD. Nevertheless, these results show that SgaCD
and AcaCD, though encoded by two unrelated mobile ge-
netic elements, recognise and bind identical sequence mo-
tifs.

Both complexes appeared to bind better to P, relatively
to other AcaCD-activatable promoters (Figure 3 lower pan-
els). Comparison of individual profiles obtained for P,;; and
Pgpo4 promoters with AcaCD and SgaCD, revealed clear
differences. AcaCD and SgaCD profiles at P,;; were similar
to the aggregated profiles (Supplementary Figure S3E, F),
supporting the hypothesis that SgaCD binds less efficiently
than AcaCD, leading to a weaker transcription initiation,
as suggested by the weaker Cappable-seq signal. In strong
contrast, the individual profiles obtained with SGI1-borne
Pspp4 promoter were unique (Supplementary Figure S3G,
H). Comparison of ChIP-exo signals revealed efficient bind-
ing of SgaCD but not AcaCD. Detection of a strong AcaCD
ChIP-exo signal on the right border shortly after the bind-
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Figure 1. Role of SgaCD in conjugative transfer of IncC plasmids and SGI1.

Effect of sgaDC on the conjugative transfer of pVCR945P2 in the presence

(A) or absence (B) of SGIIRd, Conjugation assays were carried out using MG1655 Rf containing the indicated elements as donor strains and E. coli

CAG18439 (Tc) as the recipient strain. Wild-type (WT) or deletion mutants

of both elements are indicated under each dataset. For clarity, AacaDC is

indicated as A in (B). The presence of psgaDC*XFLAG s indicated by “+’. Transfer frequencies are expressed as the number of transconjugants per RfR
SpR CmR donor CFUs in (A), or Rf® SpR donor CFUs in (B). The bars represent the mean and standard error of the mean obtained from a biological

triplicate. @ indicates that the frequency of transfer was below the detection

limit (<10~7). For each panel and each element, a one-way ANOVA with

Dunnett’s multiple comparison test was performed on the logarithm of the values to compare each bar to the WT control (first bar). Statistical significance

is indicated as follows: ****P < 0.0001; *P < 0.05; ns, not significant.

ing site (at position —26) suggests premature detachment or
poor recruitment of the transcriptional activator (Supple-
mentary Figure S3H). The extremely weak Cappable-seq
signal supports the hypothesis of a faulty transcriptional
initiation by AcaCD. Except for a stretch of five Gs located
between the binding site and —10 element, no specific fea-
ture could be found that could explain the weak activation
of Pgpp4 by AcaCD (Supplementary Figure S1). In contrast,
the Cappable-seq signal obtained with SgaCD was higher
and displayed 3 peaks, at the predicted TSS, and 5 and 8 bp
after the TSS. In summary, SgaCD seems to activate Pggy
with much higher efficiency than its IncC-encoded homo-
logue.

Overexpression of sgaD C significantly affects the transcrip-
tome

A differential expression analysis was performed on tran-
scriptomic data to identify up- and down-regulated genes
following sgaDC overexpression. This analysis considers
the different sequencing depths of each condition and pro-
vides statistical metrics. A vast majority of differentially ex-
pressed genes were found to be activated by SgaCD (Fig-
ure 4A). For instance, expression of the IncC plasmid genes
traL or traK that encode predicted inner and outer mem-
brane subunits of the conjugal T4SS, respectively, increased
500 to 1000-fold (Figure 4A). In contrast, few plasmid
genes were found to be downregulated upon sgaDC over-
expression. The most significant reduction of expression
was observed for verx/19 and verx120, two genes of un-
known function. Since no binding signal was detected up-
stream of these two genes, repression by SgaCD is likely in-
direct (Figure 2). Furthermore, expression of the mobilisa-
tion gene mobl, which encodes a key factor for initiation of
conjugative transfer at oriT, remained unchanged, confirm-
ing its independence from AcaCD and SgaCD (Figure 4A)
(21,65,66). Finally, none of the eight genes of pVCR945P2

that are missing in pVCR 945 were expressed under the con-
trol of an AcaCD-activatable promoter (Figures 2 and 4A).

916 chromosomal genes were differentially expressed
upon sgaDC overexpression in the presence of pVCR 94592
AacaDC (Supplementary Figure S4A and Supplementary
Table S3). Several of the most up-regulated genes have
been shown to be involved in resistance to stress and mem-
brane transport. Down-regulated genes are involved in cys-
teine and enterobactin synthesis, outer membrane transport
and anaerobic respiration. A pathway enrichment analy-
sis showed that sgaDC overexpression down-regulated sev-
eral pathways. In virtually all tested conditions, aminoacyl-
tRNA biosynthesis, amino acids and secondary metabo-
lite pathways were significantly impacted (Supplementary
Table S4). Interestingly, flagellar assembly was also sig-
nificantly depleted by overexpression of either sgaDC or
acaDC. As no SgaCD binding could be detected by ChIP-
exo in the promoter region of the affected genes, SgaCD
influence on chromosomal gene expression was likely indi-
rect. Although depletion of these pathways correlates with
the activation of transfer of IncC conjugative plasmids and
SGI1, it is not clear whether it results from the burden
caused by the conjugative transfer or from an active redirec-
tion of metabolic pathways to favour this energy-consuming
process.

Four additional differential expression analyses were
conducted to evaluate the impact of SGI1 and to compare
activation by SgaCD and AcaCD. Expression of mobl was
repressed upon overexpression of sgaDC in the presence
of SGIIR AsgaDC (Figures 4B and D). Since expression
of mobl is independent of SgaCD, such repression likely
results from expression of an SGIl-encoded factor. Few
genes were found to be differentially expressed when over-
expressing sgaDC compared to acaDC (Figures 4C and F).
Therefore, a weaker transcriptional initiation as suggested
by Cappable-seq does not necessarily lead to lower levels
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Figure 2. In-depth analysis of the AcaCD/SgaCD regulon. Results of ChIP-exo, Cappable-seq and RNA-seq experiments on E. coli MG1655 Rf carrying

both pVCR945P2 AacaDC (A) and SGIIR®d AsgaDC (B) with or without a single chromosomal copy of either psgaD C3XFLAG

expressing the native SgaD

subunit along with a C-terminal 3XFLAG-tagged SgaC subunit induced by IPTG, or pacaD C3XFLAG The circular map of the plasmid was linearised after
the repA gene. The location and orientation of ORFs are depicted by arrowed boxes, which are color-coded by function as indicated. Green arrows indicate
previously identified (A) or predicted (B) AcaCD-dependent promoters. Each track (one representative replicate per condition as detailed in Supplementary
Table S2) plots the number of mapped reads as a function of the position in each element. Read densities are displayed as black bars, or blue and orange
bars for Cappable-seq densities on the positive and negative DNA strands (linear scale for ChIP-exo and Cappable-seq densities, log scale for RNA-seq
densities). Pink dots at the summit of peaks indicate a signal beyond the represented y-axis maximal value.

of transcripts in the artificial context of overexpression. Fi-
nally, we confirmed that most SGI1 genes are up-regulated
by SgaCD, including xis and rep, with S004 and traHg pre-
senting the highest fold-change values (Figure 4E).

Activation of gene expression by SgaCD is comparable to
AcaCD

Since transcriptomic data only show the outcome of
potentially multiple regulatory processes, ChIP-exo and
Cappable-seq results were confirmed using an expression re-
porter assay based on transcriptional /acZ fusions to each
of the 23 AcaCD-activatable promoters inserted in single

copy into the chromosome. B-galactosidase assays were car-
ried out with both AcaCD and SgaCD to quantify the rel-
ative expression level with each activator complex (Figure 5
and Supplementary Figure S1). While verx035, verx036 and
verx087 were constitutively expressed, virtually all other
promoters were directly activated by AcaCD and SgaCD
(Figure SA—C). Induction ratios of SgaCD were almost in-
variably lower than those of AcaCD, confirming a previous
report with the five AcaCD-activatable promoters of SGI1
(Figure 5D) (29). However, the difference was not statisti-
cally significant for 15 out of 23 promoters. The gene of un-
known function verx087 was expressed both constitutively,
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which can be explained by the presence of nearly canonical
¢’ —35 and —10 elements in its promoter sequence, and
under the control of AcaCD/SgaCD (Figure 5B and Sup-
plementary Figure S1). In contrast, although the promot-
ers driving the expression of verx035 and verx036 seemed
constitutively active, both lacked canonical —35 and —10
elements (Supplementary Figure S1).

SgaCD is essential for SGI1 replication

To investigate the role of SgaCD in the lifecycle of SGII,
we conducted qPCR assays using different mutants of
pVCR94% and SGI1X", As shown previously (21,30), SGI1
excision was undetectable in the absence of the helper plas-
mid or when a Axis mutant was used (Figure 6A). Surpris-
ingly, deletion of acaDC had a somewhat limited, statisti-
cally non-significant impact on the excision rate of SGI1¥",
On the contrary, deletion of sgaD C reduced the excision rate
nearly 3000-fold compared to the wild-type level, support-
ing a crucial role of SgaCD compared to AcaCD in SGI1’s

lifecycle. Deletion of both abolished the excision, indicating
that residual excision of SGI1¥" AsgaDC'is triggered by the
helper plasmid-encoded AcaCD. A comparable phenotype
was observed when measuring the copy number of SGI1K»
(Figure 6B). Deletion of sgaD C abolished SGI1 replication,
whereas deletion of acaDC reduced it only 2.7-fold (Fig-
ure 6B). None of the deletions had any statistically signif-
icant impact on pVCR94% copy number (Figure 6C). To-
gether, these results account for the reduced mobilisation of
SGI1X" AsgaDC by pVCR94% (Figure 1A). Besides, resid-
ual excision and replication of SGI1X" observed in the pres-
ence of pVCR945P AacaDC but not in cells lacking the IncC
plasmid suggest that an unidentified plasmid-encoded fac-
tor triggers or derepresses the expression of sgaDC.

Expression of sgaDC and acaDC increases in IncC* SGI1*
cells

sgaDC was reported to be expressed constitutively at a low
level (28). We measured the impact of the coexistence of
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SGII and its helper IncC plasmid on the relative expression
of sgaDC and acaDC using RT-qPCR. Cells bearing either
pVCR945 or SGI1¥" were used as controls (relative expres-
sion level of 1). The presence of SGII resulted in a ~8-fold
increase of acaD C expression, whereas the IncC plasmid led
to a ~4.5-fold increase of sgaDC expression (Figure 6D).
These results show that the presence of an IncC plasmid
elicits sgaDC expression. Conversely, SGI1 augments the

expression of acaDC, likely via activation of acaB expres-
sion.

SgaCD-activated replication of SGI1 destabilises the helper
IncC plasmid

Incompatibility between SGI1 and a coresident helper IncC
plasmid has been shown to be linked to the replicative
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Figure 5. Systematic analysis of AcaCD/SgaCD-dependent promoters. Activity of all AcaCD-dependent promoters on IncC plasmids and SGI1 was
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ANOVA with Sidak’s multiple comparison test were performed on the logarithm of the values to compare the pair of bars for each promoter. Statistical
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significance is indicated as follows: ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant.
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Figure 6. Effect of sgaDC and acaDC deletions on SGI1X" dynamics and pVCR945P stability. (A) SGI1X™ excision rate expressed as a measure of unoc-
cupied attB sites per 100 chromosomes. & indicates that the excision rate was below the detection limit (<0.001%) (B) SGI1X" copy number corresponds to
the sgid/chromosome ratio. (C) pVCR945P copy number corresponds to the rep A /chromosome ratio. For each panel, all targets were amplified by qPCR
alongside the chromosomal reference genes trmkE, hicB and dnaB. Ratios were normalised using the control set displayed as a white bar. (D) Effect of
pVCR94% and SGI1X" on acaD and sgaD mRNA levels measured by qRT-PCR. The bars represent the mean and standard error of the mean obtained
from a biological triplicate. Statistical analyses were performed on the values using one-way ANOVA with Tukey’s multiple comparison test, except for
panel A for which the logarithm of the values was used. In panel D, two unpaired #-tests were performed. For panels A, B and C, statistical significance
indicates comparisons to the normalisation control indicated by the white bar. Statistical significance is indicated as follows: ****P < (0.0001; **P < 0.01;

*P < 0.05; ns, not significant.

state of SGI1 (31). To test whether sgaDC had any role
to play in SGI1 replication and incompatibility, we used
a previously designed flow cytometry assay aimed at as-
sessing the evolution of a population of cells carrying red
fluorescence-producing SGI1Rd and green fluorescence-
producing pVCR9467SP gver time (31). Cells produc-
ing red fluorescence segregate into two populations. Low-
intensity red-fluorescent cells carry a single copy of SGI1
usually integrated in the chromosome, whereas cells pro-
ducing high-intensity red fluorescence contain excised repli-
cating SGI1. pVCR945™enSP a]one remained relatively sta-
ble and was retained in 71% of cells at T48 (Figure 7A).
Cells carrying SGI1®*¢ or its AsgaDC mutant produced
mostly low-intensity red fluorescence and remained steady
(Figure 7B, C). Overexpression of acaDC was sufficient
to promote SGI1 excision and replication in the absence
of the helper IncC plasmid as 71% of the cells produced
high-intensity red fluorescence at TO (Figure 7D). However,
SGI1Rd AsgaDCwas rapidly lost as most cells failed to pro-
duce any fluorescence at T24. Overexpression of sgaDC re-
sulted in a more widespread activation of SG1 replication as
>90% of cells were highly red fluorescent at TO (Figure 7E).
SGI1 loss was delayed with sgaDC compared to acaDC,
with >6% of cells retaining actively replicating SGI1 at T48.
Together, these results show that SGI1 excision and replica-
tion can occur in the absence of the helper IncC plasmid
when provided with AcaCD or SgaCD, although the lat-
ter seemed to promote stronger activation of rep expression.
However, after excision, replication of SGI1 was insufficient
to ensure its inheritance in the cell population in the absence
of the IncC plasmid, despite the presence of the sgiA4 T toxin-
antitoxin system (34).

When SGIIR® was in the presence of pVCR945reenSp,
most cells produced high red fluorescence at TO, confirm-
ing SGI1 replication (Figure 7F). At T48, only 16% of the
cells produced high red fluorescence, a striking decrease
that correlated with the loss of pVCR945™SP Conversely,
low red fluorescence signal increased, consistent with chro-
mosomally integrated SGI1R¢¢, In contrast, when SGI1Red
AsgaDC was used, less than 4% of cells exhibited a high

red fluorescence signal at T0, showing reduced SGI1 repli-
cation (Figure 7G). In addition, green and low red fluo-
rescence remained steady throughout the experiment con-
firming that SGI1R remained chromosomally integrated
and that pVCR9497nSP persisted in the cells. Remarkably
and consistent with the qPCR assays (Figure 6B), the pres-
ence of acaDC on the helper plasmid failed to trigger SGI1
replication in this context, confirming the importance of
sgaDCin SGI1’s lifecycle. Complementation of AsgaDC us-
ing pBAD-sgaDC restored SGI1R® replication and a strong
incompatibility phenotype (Figure 7H). Remarkably, IncC
plasmid loss correlated with decreased SGI1 replication and
increased SGI1 integration, confirming that plasmid insta-
bility is caused by the rescue of sgaDC expression (Fig-
ure 7H). Finally, complementation using pBAD-acaDC
triggered SGI1 excision but failed to restore SGI1 repli-
cation, resulting in progressive loss of both SGI1R* and
pVCR946™enSp (Figure 71). Altogether, these data indicate
that sgaDC, not acaD C, controls SGI1 excision and replica-
tion, and the subsequent destabilisation of the helper IncC
plasmid.

A rare single nucleotide polymorphism (SNP) in sgaC of sev-
eral SGI1 variants likely affects SgaCD activity

Contrasting with our observations with SGI1, deletion of
sgaDC was shown to have no impact on the mobilisation
of SGI1-C, whereas deletion of acaDC completely abol-
ished both plasmid self-transfer and SGI1-C mobilisation
(28,29). Moreover, excision and replication of SGI1-C are
undetectable in the presence of the AacaDC mutant of the
helper IncC plasmid (32). Hence, unlike sgaDC of SGII,
sgaDC of SGI1-C seems to be unable to complement an
acaDC null mutant of its helper plasmid or is perhaps
not even functional. To identify the cause of these dis-
crepancies, we sought to align S008-sgaDC genes and up-
stream sequences of SGI1 and SGI1-C. Unfortunately, the
sequence of SGI1-C used by Kiss ez al. (28) to test the role of
sgaDC is not available, and its original host not associated
with a specific strain of S. enterica serovar Typhimurium
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Figure 7. Effect of sgaDC deletion on incompatibility between SGI1 and IncC plasmids in the absence of selective pressure. Evolution of the percentage of
E. coli KH95 cells bearing (A) pVCR9457enSP (IncC) or (B) SGI1Red or (C-E) SGI1Red AsgaDC (SGI1) or the indicated combination of both elements (F—
I), in the absence or presence of pPBAD-sgaDC (D, H) or pPBAD-acaDC (E, 1), over 48 h in the absence of antibiotics (except for ampicillin for maintenance
of pPBAD derivatives) as monitored by flow cytometry. Plots show the mean and standard error of the mean values obtained from a biological triplicate.

(28,67). The Genbank nucleotide database contains only
four sequences identified as SGI1-C in clinical strains of
P. mirabilis from China, including strain CA150323 (Gen-
bank MH990679) used here as the reference (68). SGI1-
PmBRI, identified in the clinical isolate P. mirabilis PmBRI
from France (Genbank JX089582.1), is strikingly similar to
SGI1-C from China (14). We found only two SNPs in SGI1-
C of CA150323 at positions 6455 (C to A) and 6,510 bp
(G to A) relative to SGII but not in SGI1-PmBRI. While
the second SNP is a silent mutation in sgaC, the first SNP
changes the CTG codon to an ATG codon, resulting in
the L139M substitution in SgaC C-terminal moiety imme-
diately upstream of the predicted Zinc finger (Supplemen-
tary Figure S5F). A Blastp search of SgaC homologues re-
vealed either L or M amino acid residues at position 139.
However, the M residue at this position is extremely rare
in SGI1 variants (3 out of the first 100 hits), with the no-
table exception of SGI2, formerly known as SGII-J, of S.

enterica serovar Emek (Genbank AY963803) from the UK
(1999) and SGI1-F of S. enterica serovars Albany and Cerro
(GenBank KU847976) (35,69-71). Furthermore, distantly
related C subunits of other conjugative elements also have
an L residue at the corresponding position (Supplementary
Figure S5F), suggesting that the L139M substitution could
be detrimental to their activity. FIhC, the most distant ho-
mologue, has a V residue at the corresponding position with
a similarly hydrophobic yet shorter side chain than L.

To test whether the LI139M substitution in SgaC re-
duces the activity of SgaDC, we introduced SGI1-C®™,
a chloramphenicol-resistant derivative of the prototypical
SGI1-C variant from S. enterica Agona strain 0047SA97
and S. enterica Typhimurium DT104 strain S/954435 (43),
into E. coli bearing pVCR94 AacaDC. To our surprise,
SGI1-C™ complemented the AacaDC helper plasmid to
levels that were comparable to SGI1“™ (Supplementary
Figure S6). Furthermore, sequencing of sgaC from SGI1-
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Cm and SGI1-C of strains 0047SA97 and S/954435 re-
vealed that sgaC of SGI1 and prototypical SGI1-C are iden-
tical. Hence SGI1-C-like variants exist in different forms,
with or without the rare C6455A substitution that could im-
pair the SgaCD transcriptional activation function.

DISCUSSION

SGI1 encodes the transcriptional activator complex
SgaCD, whose biological relevance remained unclear until
now (29). The similarity of SgaCD to other activator
complexes, such as AcaCD encoded by IncC conjugative
plasmids and SetCD encoded by SXT/R391 ICEs, sug-
gested an important, yet perhaps redundant, role in SGI1
mobilisation (28,41). Here, we characterised the SgaCD
regulon using ChIP-exo experiments, transcriptomic
analyses, and B-galactosidase reporter assays. ChIP-exo
experiments showed that SgaCD recognises and binds
to the same sites as AcaCD both on the IncC plasmid
and on SGII1, leading to activation of the transfer genes
and operons (Figures 3 and 5). We also showed that
despite the evolutionary distance, both complexes bind
the same DNA motifs. However, sgaDC and acaDC are
not exchangeable in their natural context, as deletion of
either gene set leads to drastically different phenotypes.
While acaDC is essential to activate IncC plasmid transfer
in the absence of SGII, it becomes dispensable in SGI1*
cells. In contrast, suppression of sgaDC of SGII in the
presence of the IncC plasmid abolishes SGI1 replication
and allows peaceful coexistence of both elements despite
the presence of a fully functional copy of acaDC. During
revision of this manuscript, others have confirmed the
importance of SgaCD in SGI1 replication (32). Consistent
with our results, SGI1-K that lacks sgaDC due to a 2779-bp
deletion extending from S008 to the 5" half of traNg (S005)
is compatible with IncC plasmids (35,42). Interestingly,
SGI1-C cannot excise and replicate in cells bearing a
AacaDC helper IncC plasmid, and fails to complement
the transfer of such a mutant (28,32). Furthermore, the
sgaDC deletion has no impact on SGI1-C mobilisation,
excision or replication in the presence of a wild-type IncC
plasmid, suggesting that it is not functional. We propose
here that the single rare mutation L139M in SgaC encoded
by a subset of SGI1-C variants and by SGI1-F and SGI2
could be responsible for this phenotype, likely rendering
SgaCD unable to act as a transcriptional activator at its
physiological expression level.

The ability of SGI1 to complement an acaDC null
IncC plasmid could have important epidemiological con-
sequences. Occurrence of naturally acaDC-defective IncC
plasmids has previously been reported (21). Although prob-
ably unable to activate self-transfer, entry of SGII in the
host could resuscitate such ‘zombie’ plasmids that would
transiently regain their capacity to transfer, and mediate
mobilisation of SGI1 (Supplementary Figure S7). This pro-
cess would be facilitated by the ability of SGI1 to escape en-
try exclusion exerted by IncA and IncC plasmids that nor-
mally prevents or strongly reduces redundant transfer be-
tween cells that contain plasmids of the same entry exclu-
sion group (33,45).

The pathway allowing SGII to complement an acaDC
null IncC plasmid is unclear, and could involve previ-
ously reported low-level, constitutive expression of sgaDC
(28,72). Rare spontancous excision of SGI1 suggests that
the promoter of sgaDC'is either mostly repressed under nor-
mal conditions or drastically activated by the presence of an
IncA or IncC plasmid (67). Low SgaCD level produced by
integrated SGI1 could be unable to switch on xis expres-
sion, preventing SGI1 excision and replication in the ab-
sence of the helper plasmid. Likewise, low SgaCD level is
probably insufficient to trigger expression of the entire IncC
plasmid tra gene set and initiate transfer. However, since
the rates of mobilisation of SGII and self-transfer of the
AacaDC helper plasmid are comparable to wild-type (Fig-
ure 1A), we propose that an IncC plasmid-encoded factor,
triggers a positive feed-back loop in response to low levels
of SgaCD likely via activation of sgaDC expression. Alter-
natively, plasmid entry itself could eventually act as a trig-
ger for activation of sgaDC expression (Figure 8), perhaps
via activation of the SOS response by the invading single
DNA strand during conjugation (73). Recent discovery of
AcaB added an important piece to the regulatory switch
that controls the ‘On/Off state’ of conjugative transfer of
IncA and IncC plasmids (26). Mutual activation of acaB
and acaDC has been proposed to be the trigger or amplifier
of the conjugative transfer ‘On state’. We showed here that,
like AcaCD, SgaCD activates expression of AcaB (Figures
2 and 5), hence low level of SgaCD could initiate derepres-
sion of P,.,; via AcaB activation. This initial gentle push
would then be amplified by AcaCD, promoting excision and
replication of SGI1, which in return would raise SgaCD
levels. However, although AcaB activates acaDC expres-
sion, it probably does not activate sgaD C expression, since
no AcaCD- or AcaB-binding site was found upstream of
sgaDC (21,26). Yet another IncC-encoded factor is likely at
play. Consistent with this hypothesis, SGI1’s rep gene was
shown to be slightly expressed in the presence of pVCR 945
AacaDC, but not in its absence (31). Given the crucial role
of sgaDC for SGI1 excision, replication, mobilisation and
incompatibility with IncC plasmids (Figures 1A, 6A, B and
7QG), this observation supports the existence of a plasmid-
encoded activator of sgaDC expression. Hence, the pro-
moter of sgaDC instead of P, as previously suggested (28)
would act as the sensor for IncC plasmid entry. Identifica-
tion of the putative factor promoting such a feedback loop
is on-going.

By analogy with the flagellar activator FIhCD to which
they are distantly related, the C subunit of AcaCD and
SgaCD likely binds to DNA immediately upstream of the
—35 element, whereas the D subunit would stabilise the tran-
scriptional complex (74). In support of this hypothesis, the
primary sequence of D subunits is more divergent than the
one of C subunits (28). Furthermore, AcaC and SgaC also
share predicted tertiary structures that are remarkably sim-
ilar to that of FIhC, including the Zinc-finger domain and
its four conserved cysteine residues (Supplementary Figure
S5). However, the region located between the two inner cys-
teine residues differs greatly in FIhC compared to AcaC
and SgaC. The similarity of SgaC and AcaC in this region
likely accounts for the cross recognition of the same set of
binding sites and the difference with FIhCD binding sites
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Figure 8. Model of regulation of IncC plasmids and SGI1 gene expression. Major genes and operons involved in conjugative transfer and regulation are
depicted as color-coded arrowed boxes (or a star for IncC origin of transfer oriT) based on the function: green, purple or grey, transcriptional activa-
tion; red, transcriptional repression; blue, type IV secretion system; orange, relaxosome; black, site-specific recombination; yellow, replication. Promoters
are depicted by angled arrows and color-coded based on the corresponding activator: grey, unknown; green, AcaCD/SgaCD-activatable; purple, AcaB-
activatable. Activation is represented by faded arrows. Repression is represented by red blocked dashed arrows. A bidirectional grey arrow indicates potential
interactions. The chromosome is depicted as a large knotted DNA structure. SGI1 is represented in its initial integrated form, with its attachment sites
depicted as two black lines. We propose a model in six main steps: (i) activation of sgaDC expression, (ii) activation of SGI1 excision, (iii) activation of SGI1
replication, (iv) activation of acaB, (v) activation of acaDC and (vi) activation of all the AcaCD/SgaCD-dependent promoters. For clarity, the activation
of only two IncC transfer operons is depicted. Timing of the alleviation of repression by Acrl and Acr2 is unknown. Created with BioRender.com.

(75,76). Considering that SgaC and AcaC complexes de-
rived from a common ancestor, the apparent weaker pro-
moter activation by SgaCD could have evolved during its
domestication by SGI1-like elements to reduce the risk of
futile excision in the absence of a helper plasmid, enhanc-
ing SGI1 stability. We initially hypothesized that weak pro-
moter activation could be compensated by the ability of
SGI1 to replicate. IncC plasmids maintain as a single-copy
replicon per cell, whereas the replicative cycle of SGII in
IncC™ cells generates over seven SGI1 copies per cell, which
could boost sgaDC expression (Figure 6B) (31). Indeed,
we showed that sgaDC expression is enhanced in the pres-
ence of the IncC plasmid (Figure 6D). Likewise, expres-
sion of acaDC on the IncC plasmid was also enhanced by
the presence of SGII, likely through direct activation of
acaB expression by SgaCD, which consecutively activates
acaDC expression (26). Nevertheless, several properties of
sgaDC and acaDC expression remain to be characterised to
fully understand the crosstalk between SGI1 and its helper
plasmid, including the conditions of activation and rela-
tive strength of sgaDC and acaDC promoters, the half-life
of the corresponding mRNA transcripts, their translation
rates, and the relative stability of each activator complex.
Although expression of both acaDC and sgeDC increases
in IncC* SGI1™ cells, AcaCD’s role could become negligi-
ble and even dispensable if sgaDC mRNA is more stable
and translated more efficiently, or if the SgaCD complex

turnover 1s slower than that of AcaCD. Furthermore, we
cannot rule out that chimerical activator complexes SgaC-
AcaD or AcaC-SgaD also form and play a role in the regu-
lation of gene activation on the helper plasmid and on SGI1.
If such chimera exist, and if SgaCD and AcaCD tend to
form heterohexamers like E. coli FIhD4C, (74), then a het-
erogeneous bestiary of activator complexes regulates gene
expression when SGI1 and its helper plasmid occupy the
same cell.

Incompatibility between SGI1 and IncC plasmids could
have emerged as a defence mechanism deployed by SGI1
to prevent excessive activation of excision and replication,
which ultimately results in SGI1 loss in the absence of se-
lective pressure (Figure 7). Destabilisation of the plasmid
would allow the island to revert to its quiescent state after
transferring to a new host, ensuring its stability by resid-
ing integrated in the host’s chromosome. Although the exact
mechanism lying underneath the destabilisation is still un-
known, we recently suggested titration of endogenous repli-
cation proteins (31). Alternatively, SGI1 could be interfer-
ing with the partitioning of the IncC plasmid in daughter
cells. Being single-copy large plasmids (Figure 6C), IncC
replicons are likely extremely susceptible to perturbation
of their partition process. In fact, IncC plasmids encode
two partitioning systems, a type I parABS system that has
been shown to be essential for plasmid maintenance and
a putative type II parMRC-like partitioning system dis-


file:BioRender.com

7822 Nucleic Acids Research, 2021, Vol. 49, No. 14

tantly related to srpRMC of SXT/R391 ICEs and encoded
by verx151-152 (77,78). We show here that expression of
verx151-152 is activated by AcaCD and SgaCD. Remark-
ably, forced excision and replication of SGI1 via overexpres-
sion of acaDC or sgaDC in the absence of an IncC plasmid
resulted in rapid elimination of SGI1 from the cell popu-
lation (Figure 7D, E). In stark contrast, when the plasmid
was present, SGI1 persisted and reintegrated into the chro-
mosome while promoting IncC plasmid loss (Figure 7H).
This observation hints at SGI1 taking control of the IncC
partitioning system, perhaps to enhance its equal segrega-
tion into daughter cells during cell division. These lines of
inquiry will need to be examined in detail to better under-
stand the processes at stake.

Despite the divergence of the primary sequences of AcaC
and SgaC, we showed that both transcriptional activator
complexes bind to the same DNA motif. Other conjuga-
tive plasmids that confer multidrug resistance to marine-
dwelling bacteria and have not yet been ascribed to an in-
compatibility group also encode AcaCD orthologues. The
C-terminus of the C subunits encoded by these plasmids
(e.g. AqaC or AsaC) diverge significantly from AcaC and
SgaC. Nevertheless, their Zinc-finger domain is relatively
well conserved (Supplementary Figure SF-G). Unsurpris-
ingly, these plasmids contain AcaCD-like binding sites up-
stream genes involved in conjugative transfer (Supplemen-
tary Table S5). Based on these observations, the breadth of
IncC/SGIl-like interactions is likely broader than antici-
pated, with SGI1 and its variants being possibly activated
and mobilized by such plasmids that do not belong to the
IncA nor the IncC group (17). Furthermore, since AcaCD-
responsive promoters have recently been found in MGls in-
tegrated at trmE, yicC and dusA in the chromosome of sev-
eral species of Gammaproteobacteria (9), our observations
support a complex network of mobilisation events involv-
ing diverse families of MGIs and conjugative plasmids of
multiple incompatibility groups (IncA, IncC and untyped)
encoding AcaCD-like transcriptional activators with iden-
tical DNA-binding motifs.

Interactions between members of the SGI1 family and
their helper plasmids are undoubtedly complex. The use
of naturally occurring variants such as SGI1-C, SGII-F,
SGI1-I, SGI1-K or SGI2, with diverse naturally occurring
IncC and even IncA plasmids, while providing interesting
hints and clues, also renders comparisons between studies
challenging and could lead to erroneous conclusions. These
shortcomings result from SNPs that may affect the expres-
sion of key effectors that are important for the regulation,
replication, stability, and conjugative transfer of the two in-
teracting partners. Considering the discrepancies between
others’ results and ours, we urge the establishment of a re-
liable, robust system based on a selected subset of model
SGI1 variants and helper plasmids to properly decipher the
complex biology and interactions between SGI1 and IncC
plasmids.

DATA AVAILABILITY

Complete data from aligned reads for ChIP-Exo, Cappable-
Seq and RNA-Seq experiments can also be visualized

using the UCSC genome browser at http://bioinfo.ccs.
usherbrooke.ca/sgaCD.html

Raw sequencing data were submitted to Genbank under
Bioproject accession number PRINA648047 with the
following Biosample accession numbers: for ChIP-exo
assays, from SAMN15617565 to SAMNI15617572, respec-
tively; for Cappable-Seq assays, from SAMNI15617573
to SAMNI15617580; for RNA-Seq assays, from
SAMN15617581 to SAMNI15617604.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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