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Abstract

New Delhi metallo-β-lactamases (NDM), encoded by the blaNDM gene, mediate carbapenem resistance, posing serious threats to public health
due to their global presence across diverse hosts and environments. The blaNDM is prominently carried by the IncX3 plasmid, which encodes a
Type IV secretion system (T4SS) responsible for plasmid conjugation. This T4SS has been shown to be phenotypically silenced by a plasmid-borne
H-NS family protein; however, the underlying mechanisms of both silencing and silencing relief remain unclear. Herein, we identified HppX3,
an H-NS family protein encoded by the IncX3 plasmid, as a transcription repressor. HppX3 binds to the T4SS promoter (PactX), downregulates
T4SS expression, thereby inhibits plasmid conjugation. RNA-seq analysis revealed that T4SS genes are co-regulated by HppX3 and VirBR, a
transcription activator encoded by the same plasmid. Mechanistically, VirBR acts as a counter-silencer by displacing HppX3 from PactX, restoring
T4SS expression and promoting plasmid conjugation. A similar counter-silencing mechanism was identified in the T4SSs of IncX1 and IncX2
plasmids. These findings provide new insights into the regulatory mechanisms controlling T4SS expression on multiple IncX plasmids, including
the IncX3, explaining the persistence and widespread of blaNDM-IncX3 plasmid, and highlight potential strategies to combat the spread of NDM-
positive Enterobacterales by targeting plasmid-encoded regulators.
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he emergence of carbapenem-resistant Enterobacterales
CRE) has become a significant health burden due to infec-
ions that are difficult to treat [1]. CRE, particularly those
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producing New Delhi metallo-β-lactamase (NDM)-type car-
bapenemase, are widely disseminated across humans, animals,
and the environment [2, 3]. NDM, encoded by the blaNDM

gene, hydrolyzes almost all β-lactams, including carbapenems
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[4, 5]. Among the 70 identified blaNDM variants (blaNDM-1–
blaNDM-70), blaNDM-5 and blaNDM-1 are the most prevalent,
accounting for 74.1% and 16.6% in 1774 NDM-positive Es-
cherichia coli strains, respectively [6]. The blaNDM is predomi-
nantly carried by the IncX3 plasmid, which has been reported
in over 40 countries due to its efficient conjugation and mini-
mal fitness cost to the bacterial host [7–11].

Conjugation plays a critical role in plasmid dissemination
[12, 13]. Most IncX3 plasmids possess conjugation machin-
ery that enables their transfer between bacteria via the Type
IV secretion system (T4SS), which generally consists of 12
core subunits spanning the bacterial cell envelope [14–17].
Although essential for conjugation, this energy-intensive pro-
cess imposes a fitness cost on the host bacteria, requiring tight
regulation of T4SS expression [18, 19]. Such regulation has
been extensively studied in the tra-T4SS system of the F plas-
mid, where expression is activated by the plasmid-borne tran-
scription regulator TraJ and repressed by both the plasmid-
encoded fertility inhibition system FinOP and the chro-
mosomal histone-like nucleoid structuring protein (H-NS)
[20, 21].

H-NS, a well-studied nucleoid-associated protein in En-
terobacterales, binds AT-rich DNA regions to form filaments
and/or bridges, blocking RNA polymerase (RNAP) access,
thereby silencing gene expression and reducing associated fit-
ness costs [22–28]. H-NS is particularly effective at binding
mobile genetic elements (MGEs), which are typically AT-rich,
helping the integration of some beneficial genes from MGEs
into host regulatory circuits [29]. Some MGEs encode H-
NS homologs to repress their own genes, minimizing fitness
cost, such as Sfh from IncH1 in Shigella flexneri and Acr2
from IncA/C in E. coli [30–32]. In IncX3, the T4SS is phe-
notypically repressed by a plasmid-borne H-NS-like protein,
although the precise mechanism of this repression remains un-
clear [33, 34].

To counteract H-NS-mediated gene silencing, bacteria re-
cruit transcription activators or counter-silencers that displace
H-NS family proteins from promoter regions, restoring gene
expression [35, 36]. For instance, ArcA in E. coli, a compo-
nent of the Arc two-component system, binds the promoters
of several virulence genes, countering H-NS repression [37,
38]. Some horizontally acquired elements also encode counter-
silencers, such as CsgD from the csg locus in Salmonella and
MxiE protein from virulence plasmid in S. flexneri [39, 40].
Similarly, in IncX3, VirBR, a recently identified transcription
regulator, activates T4SS expression, thereby enhancing plas-
mid conjugation [41]. Given that IncX3 conjugation is down-
regulated by an H-NS-like protein, the role of VirBR as a po-
tential counter-silencer warrants further investigation.

Here, we identified the H-NS-like protein encoded by the
IncX3 plasmid, designated HppX3, as a functional member
of the H-NS family that binds to both the E. coli chromo-
some and IncX3 plasmid. Specifically, HppX3 binds to the
actX promoter (PactX), controlling T4SS gene expression, in-
hibiting plasmid conjugation, and reducing associated fitness
cost. We further demonstrated that T4SS is co-regulated by
HppX3 and VirBR, with VirBR displacing HppX3 from PactX

both in vivo and in vitro, restoring T4SS expression and en-
hancing plasmid conjugation. Similar regulatory mechanisms
were identified in the T4SSs of IncX1 and IncX2 plasmids.
Collectively, these findings offer new insights into the regula-
tion of T4SS on the IncX3 plasmid and may explain the global
spreading of blaNDM-IncX3 plasmid.
Materials and methods

Alignment of H-NS homologs

The amino acid sequences of H-NS (NP_415753.1), StpA
(NP_417155.1), and Sfx (WP_001282381.1) were selected
to align with HppX3 using MAFFT version 7 [42]. The re-
sults were visualized with ESPript 3.0 [43], and sequence iden-
tity was derived using NCBI Blastp (https://blast.ncbi.nlm.nih.
gov/Blast.cgi).

Bacterial strains and gene deletion

Bacterial strains and plasmids used in this study are listed
in Supplementary Table S1. Escherichia coli strains were cul-
tured in Luria–Bertani (LB) broth with shaking at 200 rev-
olutions per minute (RPM) or on LB agar plates at 37◦C or
30◦C, depending on the experiment. Antibiotics were added
at the following concentrations when necessary: 0.5 mg/l
meropenem, 50 mg/l chloromycetin, 50 mg/l apramycin, 50
mg/l kanamycin, 50 mg/l ampicillin, and 50 mg/l sodium
azide. Gene deletions (hppX3, h-ns, virBR, and T4SS clus-
ter in p3R-4; hppX3pQD419 in pQD419; sfx in R6K) were
constructed using λ-RED as previous described [44]. Primers
used for plasmid construction and gene deletions are listed in
Supplementary Table S2.

Chromatin immunoprecipitation sequencing and
chromatin immunoprecipitation quantitative
polymerase chain reaction

Chromatin immunoprecipitation was performed following
previously reported methods, with modifications [35]. Briefly,
bacteria were inoculated in 40 ml LB broth with antibiotics,
grown for 6 h, and crosslinked with 1% formaldehyde at 37◦C
for 30 min. Arabinose (20%) was added at a 1:100 volume
ratio 2 h before crosslinking when required. Crosslinking was
quenched with 1.6 ml of 2.5 M glycine. Cells were washed
with phosphate-buffer solution (PBS) three times, and cell pel-
lets were stored at –80◦C.

Cells were lysed in B-PER bacterial protein extraction
reagent (Thermo Scientific, USA) containing 1% Triton X-
100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 50 μg/ml
lysozyme and 1 × protease inhibitors (Beyotime, China) at
room temperature for 30 min on a HulaMixer. The cell lysates
were sonicated with a Covaris M220 sonicator (75 peak
power, 5% duty factor, 200 cycles/burst, 8 min duration). Af-
ter centrifugation at 15 000 RPM for 15 min at 4◦C, 20 μl
of the supernatant was taken as Input DNA. Immunoprecipi-
tation was performed using anti-FLAG affinity gel (Beyotime,
China). Samples were washed with Tris-buffered saline and
eluted with 150 μg/ml 3 × FLAG solution at 4◦C for 1 h on
a HulaMixer. DNA (including Input DNA) was dissociated
from the protein using 1.8 mg/ml proteinase K for 2 h at 42◦C
and incubated for 16 h at 65◦C. ChIP and Input DNA was
purified using the MinElute polymerase chain reaction (PCR)
Purification Kit (Qiagen, Germany). Chromatin immunopre-
cipitation sequencing (ChIP-seq) was performed by Sinobio-
core (China). Sequence enrichment in the ChIP group com-
pared to the input group was calculated using bamCompare
(Galaxy Version 3.5.4) and visualized using IGV v2.17.4 [45].
For chromatin immunoprecipitation quantitative PCR (ChIP-
qPCR), the actX promoter was chosen as the target and the
ompA gene was the negative control [46]. Primers are listed
in Supplementary Table S2. DNA enrichment was quantified
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sing the “Relative fold enrichment = 2CTInput-CTChIPed” [35].
ata were collected from three biological replicates with three

echnical replicates.

rotein expression and purification

he coding sequences of HppX3 and VirBR were cloned into
ET28a vector and expressed in E. coli BL21(DE3) cells. Pro-
ein expression was induced by adding of 1 mM isopropyl-β-
-thiogalactopyranoside for 12 h at 30◦C. Induced cells were
arvested, resuspended in lysis buffer (50 mM NaH2PO4, 500
M NaCl, 5 mM imidazole, pH 8.0), and lysed by sonication.
iltered lysates were incubated with Ni Sepharose (Cytiva,
SA) for 2 h at 4◦C. After washing the resin, the recombinant
roteins were eluted with elution buffer (50 mM NaH2PO4,
00 mM NaCl, 300 mM imidazole, pH 8.0). Eluted fractions
ere dialyzed in PBS and concentrated using 5 kDa (His6-
irBR) or 10 kDa (His6-HppX3) cutoff centrifugal filters (Sar-

orius, Germany). Protein concentrations were measured us-
ng a bicinchoninic acid (BCA) assay kit (Thermo Scientific,
SA). Purified proteins were snap-frozen in liquid nitrogen
nd stored at –80◦C.

lectrophoretic mobility shift assay

lectrophoretic mobility shift assays (EMSA) was performed
sing the LightShift Chemiluminescent EMSA Kit (Thermo
cientific, USA), according to previous studies [35, 47]. Biotin-
abeled probes were synthetized by Tsingke Biotech (China)
ased on actX promoter sequence. Binding reactions were
onducted in 20 μl systems containing 1 nM DNA probe,
× Binding buffer, 5% glycerol, 0.05% NP-40, 5 mM MgCl2,
nd protein. Mixtures were incubated in room temperature
or 20 min. In competitive binding assays, a secondary protein
as added and incubated in room temperature for another
0 min. Samples were resolved on 4% polyacrylamide gels
n 0.5 × Tris–borate–ethylenediaminetetraacetic acid buffer.
robes were transferred to a positively charged nylon mem-
rane and ultraviolet-crosslinked at 120 mJ/cm2 for 2 min.
iotin-labeled DNA was detected according to the manufac-
urer’s instructions.

romoter activity assay

he actX promoter in p3R-4, p19SC11DZ17RtetX4, and
6K was fused with the eGFP reporter gene in the pUC19
ector. Escherichia coli DH5α strains carrying this reporter
lasmid were cultured for 6 h, centrifuged, and resuspended in
BS to OD600 = 0.5. Fluorescence (excitation 488 nm, emis-
ion 525 nm) and OD600 were measured with a microplate
eader (Tecan, Switzerland). Promoter activity was calculated
s “Fluorescence intensity = fluorescence value/OD600” [41,
8]. Data were obtained from at least three replicates.

PCR and RNA-seq analyses

acterial cultures (4 ml LB broth, 6 h) were used for total RNA
xtraction with an RNA isolation kit (Aidlab, China). Reverse
ranscription was performed using HiScript III All-in-one RT
uperMix (Vazyme, China). qPCR was performed using 60 ng
f complementary DNA, Taq Pro Universal SYBR qPCR Mas-
er Mix (Vazyme, China), and monitored with a QuantStudio
Flex Real-Time PCR System (Applied Biosystems, USA). The
apA gene (Gene ID: 947 679) served as an internal control.
ata were obtained from four biological replicates with three
technical replicates. RNA-seq was conducted by Origingene
(China). Differentially expressed genes were visualized with
the R package ggplot2 v3.5.1 [49].

Plasmid conjugation assay

Plasmid conjugation was performed by solid mating, with E.
coli J53 as the recipient strain [50]. Cultures were adjusted
to a 0.5 McFarland standard, donor and recipient cells were
mixed at a 1:3 volume ratio. A 50 μl sample of the mixture
was spotted on microporous membrane on LB agar and in-
cubated at 37◦C for 1–3 h. As an exception, for the conju-
gation of IncX2 plasmid R6K, the mixtures were incubated
at 37◦C for 16 h. Cells were plated on LB agar containing
100 mg/l sodium azide (for recipients) and 100 mg/l sodium
azide with 0.5 mg/l meropenem (for transconjugants harbor-
ing IncX3 plasmid) or 100 mg/l sodium azide with 100 mg/l
ampicillin (for transconjugants harboring R6K plasmid). Con-
jugation frequency was calculated as the ratio of transconju-
gant colony-forming units (CFU) to recipient CFU. Data were
obtained from three biological replicates.

Bacterial growth curve and competition
experiments in vitro

Overnight cultures were adjusted to a 0.5 McFarland stan-
dard and diluted at a 1:100 ratio in a 96-well flat-bottom plate
(Corning, USA). Plates were incubated at 37◦C in a microplate
reader (Tecan, Switzerland) with OD600 measured every 2 h.
Data was obtained from three biological replicates with three
technical replicates.

In vitro competition assays followed previous methods
[51]. Two pairs of strains were conducted to competition as-
say: (i) BW25113/p3R-4�hppX3::cat versus BW25113/p3R-
4, (ii) BW25113/p3R-4�hppX3 versus BW25113/p3R-
4�T4SS::cat�hppX3. Overnight cultures of competitor
strains were adjusted to a 0.5 McFarland standard and mixed
at a 1:1 volume ratio. Co-cultures were diluted with 1:1000
into fresh LB broth every 24 h. Mixtures at 1, 3, 5 days
were plated on LB agars containing 0.5 mg/l meropenem or
0.5 mg/l meropenem with 50 mg/l chloromycetin to count
CFU for total cells and BW25113/p3R-4�hppX3::cat (or
BW25113/p3R-4�T4SS::cat�hppX3) cells, respectively. The
CFU ratio was used to assess bacterial competition capacity.
Data were obtained from three biological replicates.

Bioinformation analyses, statistics, and figures

Sequence alignment of IncX3 plasmids was visualized by
Easyfig v2.2.5 [52]. The origin-of-transfer (oriT) sites were la-
beled according to [53]. Statistical analyses were performed
by GraphPad Prism software v9.3.1, with details provided
in the figure legends. Figures were generated by GraphPad
Prism software v9.3.1, R v4.4.0, IGV v2.17.4, and Proksee
(https://proksee.ca/).

Results

HppX3 is a functional H-NS family protein encoded
by the IncX3 plasmid

Escherichia coli encodes two intact chromosome-borne H-NS
family proteins, H-NS and its homolog StpA, which shares
58% amino acid (aa) sequence identity and can generally
substitute for each other [54, 55]. These proteins contain

https://proksee.ca/
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two key domains: the N-terminal dimerization and oligomer-
ization domain, and the C-terminal DNA-binding domain,
enabling them to bind DNA and silence gene expression
[24]. Previous studies have shown that the IncX3-encoded H-
NS-like protein, designated HppX3 (H-NS plasmid proteins
from incompatibility group X3) [56], represses plasmid con-
jugation [33, 34], though the mechanism remains unknown.
Given that HppX3 shares 47% and 53% aa sequence iden-
tity with H-NS and StpA, respectively, we hypothesized that
HppX3 functions similarly in DNA-binding and gene silenc-
ing (Supplementary Fig. S1).

To investigate the DNA-binding profile of HppX3, we
performed ChIP-seq analysis. The blaNDM-5-IncX3 plasmid
p3R-4 from a chicken E. coli strain was introduced into E.
coli K-12 BW25113 (BW25113/p3R-4). The native hppX3
gene was knocked out (BW25113/p3R-4�hppX3) and com-
plemented with a hppX3-FLAG allele (BW25113/p3R-
4�hppX3 + hppX3-FLAG), confirming that the FLAG-tag
did not interfere with HppX3 function (Supplementary Fig.
S2). ChIP-seq analysis of BW25113/p3R-4�hppX3 + hppX3-
FLAG revealed 321 binding peaks on the chromosome
and 3 peaks on p3R-4 (Fig. 1A and B, Dataset S1). Of
these, ∼62% (198/321) of HppX3 chromosomal binding
peaks overlapped with H-NS binding sites (GEO Accession
Nos. GSM5511060, GSM5511061), and 64% (206/321)
overlapped with StpA binding sites (GEO Accession Nos.
GSM5511074, GSM5511075), suggesting that HppX3 may
share functions with H-NS and StpA. On the IncX3 plasmid,
HppX3 binding was concentrated in AT-rich regions, partic-
ularly near the plasmid replication gene repB and T4SS gene
cluster (Fig. 1B). Notably, HppX3 bound to the elements that
contribute to plasmid conjugation transfer, such as relaxo-
some gene taxA/C, promoter of virB/D4 T4SS (including type
IV coupling protein gene virD4), and two origin-of-transfer
(oriT), suggesting its role in regulating conjugation. To fur-
ther explore the regulatory role of HppX3, we randomly se-
lected ten chromosome-borne and five plasmid-borne genes
near the binding peaks for qPCR analysis. The expression of
all chromosomal target genes remained unchanged, regardless
of HppX3 presence (Fig. 1C). However, all selected plasmid-
borne targets were transcriptionally repressed by HppX3 (Fig.
1C), including three T4SS-associated genes virBR, actX, and
virD4, indicating that HppX3 is a functional H-NS family
protein capable of binding bacterial DNA and may regulate
genes involved in IncX3 T4SS.

HppX3 is a transcription repressor of T4SS

To determine whether IncX3 T4SS genes are regulated by
HppX3, we performed RNA-seq on a chicken-origin E. coli
isolate 3R, which contains one chromosome and four plas-
mids, including p3R-4 (Supplementary Table S3). By compar-
ing transcript levels between the wild-type strain (3R) and
an hppX3 deletion mutant (3R�hppX3), we identified 58
genes regulated by HppX3 (|log2FoldChange|>2, P < .05),
with 52 of these genes being repressed (Fig. 2A, Dataset
S2). Notably, genes involved in conjugative transfer, includ-
ing virBR, taxA/C, actX, and T4SS core subunit genes virB1-
11/D4, were strongly repressed by HppX3. Consequently,
deletion of hppX3 increased the conjugation frequency of the
IncX3 plasmid by nearly 2.5 logs (P < .0001) in BW25113
and 4 logs (P < .05) in 3R, while complementation with
HppX3 restored the frequency to wild-type levels (Fig. 2B
and Supplementary Fig. S3). Notably, 63% (33/52) of the
genes repressed by HppX3 were located on the IncX3 plas-
mid, with 37% (19/52) in the chromosome, and none on the
other plasmids (Dataset S2). Further, genes on IncX3 exhibited
higher fold changes in expression compared to chromosomal
genes (Supplementary Fig. S4), indicating that HppX3 exerts a
stronger regulatory effect on plasmid-borne genes. These data,
along with the qPCR results showing preferential repression
of IncX3 genes (Fig. 1C), confirm that HppX3 primarily si-
lences genes on the IncX3 plasmid.

Since T4SS is responsible for plasmid DNA transfer, and
the IncX3 T4SS genes (including upstream gene actX) are
controlled by the promoter of actX (PactX), we further ex-
plored how HppX3 regulates PactX [16, 41]. EMSA using
a His6-tagged HppX3 protein confirmed that the biotin-
labeled PactX DNA probe shifted to a higher molecular weight
when incubated with purified His6-HppX3, in which the N-
terminal His6-tag did not impair the function of HppX3
(Supplementary Fig. S2), indicating direct binding between
HppX3 and PactX (Fig. 2C). To verify the regulatory role of
HppX3, we fused PactX to an eGFP reporter gene and ob-
served reduced promoter activity in the presence of HppX3
(Fig. 2D). However, HppX3 lacking the N-terminal dimeriza-
tion domain (HppX3�NTD) failed to repress PactX activity,
suggesting that oligomerization is critical for HppX3 func-
tion, consistent with other H-NS family regulators [57, 58].
Knocking out hppX3 led to de-repression of PactX, increasing
T4SS gene expression and plasmid conjugation frequency (Fig.
2E and B). These results indicate that HppX3 binds directly
to PactX, repressing T4SS gene transcription, reducing mRNA
levels, and inhibiting IncX3 plasmid conjugation.

Conjugative plasmid T4SS systems are usually repressed
when not needed, reducing fitness costs and promoting plas-
mid spreading [19, 59]. As expected, uncontrolled T4SS ex-
pression in the hppX3 mutant imposed a fitness burden on
the host, evidenced by slower growth (Fig. 2F) and reduced
competitive ability compared to strains carrying the wild-type
plasmid (Fig. 2G and Supplementary Fig. S5). Notably, T4SS
repression was specific to HppX3 and not mediated by H-
NS (Fig. 2E), suggesting that HppX3 acts as a specialized
transcription repressor for IncX3 T4SS, alleviating plasmid-
associated fitness costs.

HppX3 and VirBR co-regulate the expression of
T4SS

Given the high mobility of the IncX3 plasmid, which sug-
gests that the conjugative machinery is not continuously sup-
pressed to minimize fitness costs, we hypothesized that a
counter-silencer neutralizes the repressive effects of HppX3.
The plasmid-encoded transcription regulator VirBR emerged
as a likely candidate to antagonize HppX3 and restore con-
jugative transfer [41]. In a previous study, we demonstrated
that VirBR directly binds to PactX, increasing T4SS gene ex-
pression and enhancing conjugation transfer. Additionally,
both hppX3 and virBR are located on the highly conserved
IncX3 plasmid backbone, suggesting they coevolved with the
T4SS (Supplementary Fig. S6). Transcriptomic analysis of the
3R strain overexpressing virBR (Fig. 3A and B; GSA Ac-
cession Nos. CRR1073487-CRR1073489) further confirmed
that VirBR activates T4SS genes. Since these same genes are
repressed by HppX3, we concluded that T4SS genes are co-
regulated by both HppX3 and VirBR (Fig. 3C, Dataset S2).
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Figure 1. HppX3 binds to bacterial DNA and regulates plasmid genes. (A) Comparison of binding peaks of HppX3, H-NS and StpA across BW25113
chromosome. Three biological replicates of HppX3 are presented. (B) Binding peaks of three biological replicates of HppX3 across p3R-4 plasmid. The
guanine-cytosine (GC) content and annotation of the plasmid sequence are presented below. ChIP-seq profiles, GC content, and sequence annotation
were visualized with IGV v2.17.4, Proksee (https://proksee.ca/, window size = 10 000 bp for BW25113 chromosome, window size = 500 bp for p3R-4),
and Easyfig v2.2.5, respectively. (C) Relative messenger RNA (mRNA) abundance of the randomly selected genes nearby the HppX3 binding peaks on
BW25113 chromosome and p3R-4 plasmid, in BW25113/p3R-4 and its derivates. * for P < .05, ** for P < .01, *** for P < .001, compared with
“BW25113/p3R-4”, based on one way analysis of variance (ANOVA) with Dunnett’s multiple comparison test.

https://proksee.ca/
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Figure 2. HppX3 repress the expression of T4SS, thereby repressing the plasmid conjugation and plasmid’s fitness cost. (A) Volcano plot of transcripts
for all genes in 3R�hppX3 versus 3R. The differentially expressed genes are represented by different dots. (B) Conjugation frequencies of IncX3 plasmid
p3R-4 in strains with hppX3 knocked out or complemented by pACYC184 plasmid. **** for P < .0001, ns for not significant, compared with
“BW25113/p3R-4”, based on one way ANOVA with Dunnett’s multiple comparison test. (C) EMSA reactions containing 1 nM biotin-labeled PactX DNA
and His6-HppX3 protein (0.4, 0.8, 1.6, 3.2 μg). Lane denotes “−” contained no protein. (D) Fluorescence intensity of eGFP under the control of PactX.
The PactX-eGFP is carried by pUC19 vector transformed into E. coli DH5α along with pACYC184 carrying hppX3 and hppX3ΔNTD (the empty vector was
used as a negative control). * for P < .05, ns for not significant, compared with “Vector”, based on one way ANOVA with Dunnett’s multiple comparison
test. (E) Relative mRNA abundance of actX, virB6, and virD4 in BW25113/p3R-4 (wild type-wild type, WT–WT), BW25113/p3R-4�hppX3 (WT-�hppX3),
BW25113�h-ns/p3R-4 (�h-ns-WT), and BW25113�h-ns/p3R-4�hppX3 (�h-ns-�hppX3). **** for P < .0001, ns for not significant, compared with
“WT–WT”, based on one way ANOVA with Dunnett’s multiple comparison test. (F) Growth curve of BW25113/p3R-4 and BW25113/p3R-4�hppX3. ****
for P < .0001 compared with “BW25113/p3R-4′′, based on Student’s t-test for the OD600 values at 24 h. (G) In vitro competition between
BW25113/p3R-4�hppX3 (�hppX3) and BW25113/p3R-4 (WT) in LB broth. * for P < .05, ns for not significant, compared with “1 day”, based on one way
ANOVA with Dunnett’s multiple comparison test.
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Figure 3. HppX3 and VirBR co-regulate the T4SS. (A) Volcano plot of transcripts for all genes in 3R�virBR/pUC19-virBR versus 3R. The differentially
expressed genes are represented by different dots. (B) Fold changes of conjugation-associated genes in 3R�hppX3 and 3R�virBR/pUC19-virBR,
compared with 3R. (C) Genes regulated by HppX3 and VirBR according to the RNA-seq data.
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e hypothesize that VirBR displaces HppX3 from PactX, lift-
ng the repression and allowing T4SS gene expression.

irBR displaces HppX3 at PactX in vivo and in vitro

o determine whether VirBR affects the DNA-binding capac-
ty of HppX3 at PactX in vivo, we performed ChIP-qPCR.
he native hppX3 in BW25113/p3R-4 was replaced with an
ppX3-FLAG allele, and virBR (or the RFP gene as a negative
ontrol) was cloned into an arabinose-inducible expression
ector pBAD. Overexpression of VirBR resulted in reduced
nrichment of PactX DNA, suggesting that HppX3 binds less
ffectively to PactX in the presence of VirBR (Fig. 4A). Consis-
ently, promoter activity assays showed that VirBR counter-
cts HppX3’s repression of PactX (Fig. 4B). However, when the
irBR binding site within PactX was replaced, VirBR could no

onger activate the promoter previously silenced by HppX3,
onfirming that VirBR’s binding to this specific DNA region
s essential for counter-silencing (Fig. 4B, lower panel). Fur-
her, substituting key amino acids in VirBR (R20, R42, and
67) with alanine (VirBRM), which disrupts its DNA-binding
bility, also prevented the de-repression of the promoter, fur-
her emphasizing the necessity of VirBR’s binding function
Fig. 4C) [41]. These results demonstrate that VirBR displace
ppX3 from PactX in vivo.
To confirm this competition between VirBR and HppX3 at

actX in vitro, we conducted EMSA using a PactX DNA probe.
ncreasing concentrations of VirBR progressively shifted the
igration pattern of the protein-DNA complex to resemble

hat of the VirBR-DNA complex alone (Fig. 4D), indicat-
ng that VirBR displaces HppX3 from PactX DNA. As ex-
ected, de-repression of PactX by VirBR, but not VirBRM, led
o the increased T4SS gene expression and higher conjuga-
ion frequency (Fig. 4E and F). Together, these in vivo and
n vitro results provide evidence that VirBR directly com-
etes with HppX3 for binding at the T4SS promoter, displac-
ng HppX3 and alleviating the repression of T4SS gene ex-
pression, thus promoting conjugation transfer. Beyond T4SS
regulation, VirBR also counter-silenced HppX3 in the reg-
ulation of additional potentially functional genes, includ-
ing parB (putative partitioning protein), ABP (putative ATP-
binding protein), and topB (putative type III topoisomerase)
(Supplementary Fig. S7). These results suggest that the in-
terplay between VirBR and HppX3 plays a broader role in
plasmid-associated gene regulation.

The counter-silencing of VirBR-like proteins against
H-NS homologs is conserved across multiple IncX
plasmids

To determine whether VirBR-mediated counter-silencing of
HppX3 is specific to the p3R-4 plasmid, we introduced the
blaNDM-1-IncX3 plasmid pQD419 into E. coli BW25113 and
knocked out hppX3pQD419. Consistent with our observations
in p3R-4, deletion of hppX3pQD419 led to increased T4SS gene
expression and enhanced conjugation frequency, while com-
plementation of hppX3pQD419 restored repression (Fig. 5A and
B). Furthermore, introduction of VirBRpQD419 alleviated T4SS
repression and further promoted the conjugation of pQD419,
confirming that VirBR-mediated counter-silencing of HppX3
is conserved in IncX3 plasmids.

Multiple IncX plasmids, including IncX1, IncX2, and
IncX3, share homologous T4SS genes and associated reg-
ulatory elements [41, 60]. Based on this, we hypothe-
sized that these T4SSs may exhibit similar regulatory mech-
anisms, where plasmid-encoded H-NS homologs repress
T4SS gene expression, and VirBR homologs relieve this
repression. To test this, we examined the IncX1 plasmid
p19SC11DZ17RtetX4 and IncX2 plasmid R6K (GenBank ac-
cession No. LT827129.1). We found that the T4SS promoters
of both IncX1 and IncX2 plasmids were repressed by their
respective H-NS homologs and were either partially or fully
counter-silenced by their VirBR homologs (Fig. 5C and D).
To further validate this regulatory mechanism, we knocked

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf182#supplementary-data


8 Gao et al.

Figure 4. VirBR antagonizes HppX3 at PactX. (A) In vivo binding of HppX3 to the actX promoter and ompA coding region determined by ChIP-qPCR. The
ChIP was conducted in a BW25113/p3R-4 strain that expressing HppX3-FLAG, harboring pBAD-virBR or pBAD-RFP (negative control). The ChIP DNA
was enriched using anti-FLAG beads and quantified by qPCR. * for P < .05, ns for not significant, based on Student’s t-test. (B) Fluorescence intensity of
eGFP under the control of PactX or its derivate in the presence of HppX3 with or without VirBR. The actX promoter (300-bp-fragment upstream of actX
start codon) was fused with eGFP reporter gene on the pUC19 vector and hppX3 (or with virBR) was cloned into pACYC184 vector. Left panel: Schematic
representation of reporter conducts tagged with eGFP, the putative VirBR binding site is marked by solid or hollow blocks. Right panel: Fluorescence
intensity ratio normalized to “HppX3” group. * for P < .05, ns for not significant, based on Student’s t-test. (C) Fluorescence intensity of eGFP under the
control of PactX in the presence of HppX3 with or without VirBR or VirBRM (R20A, R42A, and R67A). **** for P < .0001, ns for not significant, compared
with “HppX3”, based on one way ANOVA with Dunnett’s multiple comparison test. (D) EMSA reactions containing 1 nM biotin-labeled PactX DNA,
His6-HppX3 protein (0.8 μg) and His6-VirBR protein (0.05, 0.1, 0.2, 0.4, 0.6, 0.8 μg). Lane denotes “−” contained no protein. (E) Relative mRNA
abundance of actX, virB6, and virD4 in BW25113/p3R-4�hppX3 (�hppX3) and its derivates. Different letters indicate significant differences between
strains, based on one way ANOVA with Tukey’s multiple comparison test. (F) Conjugation frequency of p3R-4�hppX3 plasmid in BW25113 and strains
complemented with hppX3, virBR, or virBRM. *** for P < .001, ns for not significant, based on one way ANOVA with Tukey’s multiple comparison test.
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Figure 5. The regulatory interplay between plasmid-borne H-NS family protein and VirBR-like protein is conserved in IncX1, IncX2, and IncX3 plasmids.
(A) Relative mRNA abundance of actX, virB6, and virD4 in BW25113/pQD419 (WT) and its derivates. Different letters indicate significant differences
between strains, based on one way ANOVA with Tukey’s multiple comparison test. (B) Conjugation frequencies of IncX3 plasmid pQD419 in BW25113
(WT) and its derivates. ** for P < .01, *** for P < .001, ns for not significant, compared with “WT”, based on one way ANOVA with Dunnett’s multiple
comparison test. (C) Fluorescence intensity of eGFP under the control of IncX1 T4SS promoter in the presence of H-NSIncX1 or H-NSIncX1 and VirBRIncX1.
** for P < .01, *** for P < .001, **** for P < .0001, based on one way ANOVA with Tukey’s multiple comparison test. (D) Fluorescence intensity of
eGFP under the control of IncX2 T4SS promoter in the presence of Sfx or Sfx and VirBRIncX2. **** for P < .0001, ns for not significant, based on one
way ANOVA with Tukey’s multiple comparison test. (E) Relative mRNA abundance of actX, tivB6, and cplX1 in BW25113/R6K (WT) and its derivates.
Different letters indicate significant differences between strains, based on one way ANOVA with Tukey’s multiple comparison test. (F) Conjugation
frequencies of IncX2 plasmid R6K in BW25113 (WT) and its derivates. ** for P < .01, *** for P < .001, ns for not significant, compared with “WT”, based
on one way ANOVA with Dunnett’s multiple comparison test.
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out the sfx gene (encoding the H-NS homolog) in R6K. As
expected, deletion of sfx increased the T4SS gene expression
and conjugation frequency, while complementation restored
repression (Fig. 5E,F). As observed in IncX3 plasmids, the in-
troduction of VirBR homolog counter-silenced Sfx, upregulat-
ing T4SS gene expression and promoting plasmid conjugation.
Collectively, these results demonstrate that the interplay be-
tween VirBR-like proteins and H-NS homologs is a conserved
regulatory strategy across IncX1, IncX2, and IncX3 plasmids,
providing a broad mechanism for controlling T4SS expression
and plasmid conjugation in the IncX family.

Discussion

The IncX3 plasmid is the most common vector for antimi-
crobial resistance genes (ARGs) spreading across the Enter-
obacterales [9]. Despite the prohibition of carbapenem use
in animals, blaNDM-IncX3 plasmid-carrying strains have been
commonly detected in livestock, farming environments, and
manure waste [61]. The ability of IncX3 plasmid to horizon-
tal transfer via conjugation, coupled with its high stability
and minimal fitness cost to the bacterial host, has contributed
to its global presence [11, 62]. Theoretically, the expression
of conjugation-associated T4SS is a major cost of plasmids
to their hosts, requiring tight regulation that represses these
genes [19, 63]. However, this regulation in IncX3 remains
largely unclear. Here we identified HppX3, an H-NS family
protein encoded by IncX3 plasmid, as a local transcription
repressor of T4SS genes. HppX3 binds to PactX promoter, re-
presses T4SS expression, and downregulates plasmid conju-
gation. These findings provide deeper insights into the pre-
viously reported H-NS-like protein encoded by IncX3 plas-
mids [33, 34]. The unregulated expression of T4SS in strains
lacking HppX3 leads to reduced growth rate and compet-
itiveness, highlighting the essential role of HppX3 in limit-
ing fitness costs of the IncX3 plasmid and promoting its dis-
semination. Similar to other H-NS family repressors [57, 58],
the inability of the HppX3�NTD mutant to repress PactX

suggests that oligomerization, mediated by the N-terminal
domain, is crucial for its gene-silencing function. Addition-
ally, like other H-NS homologs encoded by IncX plasmids,
HppX3 contains an RGR AT-hook motif, which may help
target specific genes, providing a selective advantage that en-
hances the regulation of T4SS independent of chromosomal
H-NS [58].

MGEs, such as those carrying ARGs and virulence genes,
often introduce new traits to their host and must be integrate
into host regulatory circuits [64, 65]. During this adaptation,
MGEs typically exhibit higher AT-content, which attracts gene
silencers like H-NS in proteobacteria to repress their expres-
sion and reduce fitness costs [23, 29]. To further minimize
their burden, many MGEs encode H-NS analogs that regu-
late their own genes. Several IncX plasmids have been shown
to carry H-NS analogs, such as the H-NS protein in tet(X4)-
bearing IncX1 plasmids [66], Sfx in IncX2 [58], and HppX3 in
IncX3 [33, 34]. These analogs reduce plasmid-associated fit-
ness costs by inhibiting the expression of ARGs or conjugation
genes, representing a common strategy for MGEs to adapt to
their hosts. Interestingly, recent studies suggest noncanonical
functions for H-NS analogs, such as the activation of plas-
mid partition systems in Pseudoalteromonas rubra plasmid
pMBL6842, indicating these proteins may play diverse roles
in plasmid stability and adaptation [67].
Similar to other plasmids, the IncX3 T4SS mediates plasmid
conjugation and promotes the spread of ARGs. The expres-
sion of T4SS genes is usually tightly regulated, as exemplified
by the well-studied tra-T4SS encoded in the F plasmid [20].
Our study, together with previous research, demonstrates that
the virB/D4 T4SS of the IncX3 plasmid is repressed by the
gene silencer HppX3 (Fig. 2) [33, 34]. To overcome this re-
pression and activate T4SS expression when needed, bacteria
employ counter-silencers such as TraJ in the F plasmid, which
cooperates with ArcA [68]. For the virB/D4 T4SS of IncX3,
we show that VirBR, a recently identified transcription regula-
tor, shares regulatory targets with HppX3 and counteracts its
silencing, thereby promoting T4SS expression [41]. Notably,
this counter-silencing mechanism is not restricted to IncX3
plasmids but is also conserved across multiple IncX subtypes.
By extending our investigation to IncX1 and IncX2 plas-
mids, we identified similar regulatory interactions (Fig. 5C-F).
This regulatory conservation underscores the biological im-
portance of precise T4SS control, allowing these plasmids to
balance efficient conjugation with minimal fitness cost to their
bacterial hosts. This finely tuned mechanism may contribute
to the wide dissemination of IncX plasmids and their asso-
ciated ARGs, thereby playing an essential role in the global
spread of multidrug resistance.

The primary mechanism employed by counter-silencers is
known as disruptive counter-silencing, where the transcrip-
tion regulators remodel the H-NS-DNA complex to make
gene promoters accessible to RNAP [65, 69]. For example, in
Shigella, the central virulence regulator VirB binds to the pro-
moters of silenced genes, remodeling DNA supercoils and alle-
viating gene silencing mediated by H-NS [70]. Some transcrip-
tion regulators also employ supportive mechanisms, where the
counter-silencer not only remodels nucleoprotein complexes
but also assists RNAP interaction, as seen with LuxR in Vibrio
harveyi [35]. In this study, we demonstrate that VirBR inter-
feres with HppX3’s DNA-binding both in vitro and in vivo, re-
lieving the repression of HppX3-silenced genes (Fig. 4). How-
ever, when the binding of VirBR to PactX was blocked, either
by mutating its binding site or substituting key amino acids
(Fig. 4B and C), it could no longer antagonize HppX3, indicat-
ing direct competition between these regulators. Although this
competitive mechanism is investigated in this study, we ob-
served that the virBR deletion partially downregulated T4SS
gene expression (by 35%–84%) even in the absence of HppX3
(Supplementary Fig. S8A). This suggests that VirBR may also
play a supportive role in T4SS regulation, which warrants fur-
ther investigation.

Both VirBR and HppX3, belonging to IncX3 plasmid back-
bone, has remained highly conserved over the past decades,
suggesting their evolutionary advantage in regulating T4SS
expression [71]. HppX3 switches T4SS “OFF” to minimize
fitness cost for host strains, while VirBR turns it “ON”
under specific conditions. However, T4SS gene expression
in BW25113/p3R-4�virBR is nearly identical to the wild
type (Supplementary Fig. S8A), similar to what was ob-
served with PixR in the IncX4 plasmid [60]. This sug-
gests that virBR may be nontranscribable or inactive un-
der laboratory conditions to prevent unnecessary conjuga-
tion machinery expression. Our observation that overex-
pression of virBR increases actX mRNA levels supports
the idea that virBR regulation likely occurs at the pre-
transcriptional level (Supplementary Fig. S8B). These results
highlight gaps in our understanding of IncX3 T4SS regulation,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf182#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf182#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf182#supplementary-data
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articularly concerning the signals required to activate T4SS
xpression.

Generally, T4SS remains “OFF” by default, and specific
ignals are needed to induce its activation, such as signaling
olecules and environmental conditions [19]. Studies suggest

hat activation of the Agrobacterium T4SS, a prototype of
he IncX3 T4SS, depends on the host cells-produced opines
nd quorum signaling molecules [19, 72]. Similarly, activa-
ion of tra-T4SS in the F plasmid begins with the relief of
inOP-mediated repression [59]. We previously demonstrated
hat both antibiotic amoxicillin and heavy metals feed addi-
ives can act as exogenous stimuli and promote the spreading
nd colonizing of IncX3-carrying bacteria [41]. Further study
s needed to determine whether these signals also affect the
ON/OFF” state of IncX3 T4SS.
This study has certain limitations. First, the upstream reg-

latory signals controlling hppX3 expression remains to be
lucidated, and further study is needed to determine the fac-
ors influencing its transcriptional regulation. Second, this
tudy primarily examines the competition between VirBR and
ppX3 in a controlled laboratory setting; however, their regu-

atory interplay may vary under more complex environmental
onditions. Future studies should explore how varied physio-
ogical and ecological contexts influence this regulatory mech-
nism, especially in clinically-relevant settings.

In summary, we identified HppX3, an H-NS family protein
ncoded by the blaNDM-5-IncX3 plasmid, as a local gene si-
encer that represses T4SS expression and minimizes plasmid-
ssociated fitness costs. VirBR serves as a counter-silencer, dis-
lacing HppX3 at PactX and promoting T4SS expression and
lasmid conjugation. These findings highlight the essential
ole of plasmid-encoded regulators in adapting and spread-
ng of the blaNDM-IncX3 plasmid. Given the importance of
ncX3 plasmid in the spreading of carbapenemase-encoding
enes, unraveling these regulatory mechanisms offers valuable
trategies for curbing the global NDM spreading.
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