H
Nucleic Acids Research, 2025, 53, gkaf125
https://doi.org/10.1093/nar/gkaf125
Gene regulation, Chromatin and Epigenetics
e OXFORD
ANNIVERSARY

A noncanonical intrinsic terminator in the HicAB
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Abstract

Conjugative plasmids, major vehicles for the spread of antibiotic resistance genes, often contain multiple toxin—antitoxin (TA) systems. However,
the physiological functions of TA systems remain obscure. By studying two TA families commonly found on colistin-resistant Incl2 mcr-71-bearing
plasmids, we discovered that the HicAB TA, rather than the StbDE TA, acts as a crucial addiction module to increase horizontal plasmid—plasmid
competition. In contrast to the canonical type Il TA systems in which the TA genes are cotranscribed and/or the antitoxin gene has an additional
promoter to allow for an increased antitoxin/toxin ratio, the HicAB TA system with the toxin gene preceding the antitoxin gene employs internal
transcription termination to allow for a higher toxin production. This intrinsic terminator, featuring a G/C-rich hairpin with a UUU tract, lies upstream
of the antitoxin gene, introducing a unique mechanism for the enhancing toxin/antitoxin ratio. Critically, the hicAB TA significantly contributes
to plasmid competition and plasmid persistence in the absence of antibiotic selection, and deleting this intrinsic terminator alone diminishes
this function. These findings align with the observed high occurrence of hicAB in Incl2 plasmids and the persistence of these plasmids after
banning colistin as a feed additive. This study reveals how reprogramming the regulatory circuits of TA operons impacts plasmid occupancy in
the microbial community and provides critical targets for combating antibiotic resistance.
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Introduction

Toxin—antitoxin (TA) systems, including CcdB/CcdA of the
F plasmid [1, 2] and Hok/Sok and Kis/Kid (encoded by the
ParD operon) of the R1 plasmid [3, 4], were first discovered on
conjugative plasmids in the 1980s. Comprising two primary
components, TA systems consist of a toxin capable of disrupt-
ing essential cellular processes and an antitoxin that counters
the activity of the toxin [5]. TA systems are prevalent in the
chromosomes of bacteria and archaea, as well as in mobile ge-
netic elements such as plasmids and phages [6, 7]. They play
roles in maintaining mobile genetic elements [8, 9], biofilm for-
mation and stress responses [10], and mediating phage resis-
tance. Toxins in TA systems target essential cellular processes
such as cell division, transcription, and translation or disrupt
membrane integrity [6, 11]. In most cases, toxin activity is
strictly controlled at the transcriptional, translational, or post-
translational modification level to prevent excessive toxin ex-
pression [12, 13]. Toxin activation can occur in biofilms [14]
or during phage attacks [15, 16] to interfere with normal cel-
lular function, and the way in which the antitoxin neutralizes
the toxin is of special interest in the TA field, as it reflects the
way in which the toxin is liberated from the inhibition of the
antitoxin. On the basis of the ability of the antitoxins to neu-
tralize the toxic effects of the toxins, TA systems are currently
categorized into eight types (types I-VIII) [6, 11]. Antitoxin,
either as a non-coding RNA or a protein, directly or indirectly
interacts with the toxin or its target to prevent the activity of
the toxin [6]. Among the eight types of TA systems, type II TA
systems are the most extensively studied, in which the anti-
toxin protein directly binds the toxin protein to neutralize the
toxicity of the toxin. It has been traditionally believed that the
activation of type II toxins largely relies on the degradation of
the labile antitoxin by cellular proteases such as Lon, ClpXP,
and ClIpAP, and antitoxin degradation also leads to derepress
of TA transcription [17-19]. However, although free antitox-
ins are less stable than the cognate toxins, studies have found
antitoxins engaged in the TA complex can be protected from
proteolysis and stress, and TA transcription activities have a
limited impact on antitoxin stability [11, 20].

Plasmids carrying antibiotic resistance genes (ARGs) and
virulence genes endow host bacteria with new adaptive traits,
but they frequently impose a metabolic burden on the host
[21, 22]. Thus, plasmid loss sometimes occurs in the absence
of selection for plasmid-encoded traits [23]. Toxin-mediated
killing of plasmid-free daughter cells due to segregation error
was initially proposed as a model to explain the function of
plasmid-encoded TA in reducing plasmid loss during vertical
inheritance [1, 8, 24]. As one of the major vehicles of hori-
zontal gene transfer, conjugative plasmids encode their own
replication and segregation modules to ensure vertical inheri-
tance [25, 26], and studies reported that deleting TA loci from
conjugative plasmids did not affect plasmid stability [27-29].
Intriguingly, conjugative plasmids frequently encode multiple
TA pairs, suggesting the function of each TA pair may go be-
yond maintaining plasmid vertical stability.

Horizontal transmission of plasmids between bacteria
significantly influences plasmid persistence and inheritance
within host populations. The ‘competition hypothesis’ pro-
poses that TA systems are selected for plasmids due to
their role in enhancing plasmid transmission during hori-
zontal transfer [30]. This hypothesis is supported by stud-
ies demonstrating that the ParE/ParD TA system encoded by

the pTP100 plasmid outcompetes TA-lacking plasmids dur-
ing gene transfer events [30]. Despite the highly diversified TA
systems found in various conjugative plasmids [31], clarifying
the contributions of each TA family to vertical and horizontal
plasmid transmission remains challenging due to the presence
of multiple plasmid copies and TA systems per plasmid.

The emergence of the Incl2 plasmid-mediated colistin re-
sistance gene mcr-1 was reported in 2016, and it has spread
to over 60 regions/countries, posing significant health risks
[32-34]. MCR-1, a transmembrane protein, modifies lipid A
with phosphoethanolamine (pEtN) in the periplasmic space,
thereby conferring colistin resistance [35]. The expression
of mcr-1 comes with a fitness cost, and mcr-1-bearing plas-
mids typically maintain low copy numbers while exhibiting
high conjugative potential across diverse Gram-negative bac-
teria [22, 34]. The global dissemination of mcr-1 in China
is largely attributed to the selective pressure exerted by the
use of colistin in agriculture, particularly as a feed additive
[36]. The distribution of mcr-1 spans 20 types of plasmids,
with IncX4, Incl2, and IncHI2 conjugative plasmids identi-
fied as the predominant plasmid replicon types [37, 38]. The
IncX4 and IncI2 conjugative plasmids also carry other ARGs
including blaxpc, blacrxm-14, and blacrxass, conferring re-
sistance to beta-lactam antibiotics [39-41]. A 7-year surveil-
lance study (2013-2019) revealed a rapid decline in the pre-
dominant IncX4 plasmids but only a slight decline in Incl2
plasmids after the ban on the use of colistin as a feed ad-
ditive for animals was implemented in May 2017 in China
[23, 34]. In particular, when genome sequencing was used
to track associated changes in micr-1-positive Escherichia coli
samples from farmed animals, humans, food, and the environ-
ment of Guangzhou in a two-year timeframe, the diversity of
mcr-1-associated plasmid types decreased, and the proportion
of IncI2 plasmids relative to mcr-1-encoding plasmids signif-
icantly increased after the ban [42]. This persistence suggests
that IncI2-type conjugative plasmids may have adapted to in-
crease their transmission in the absence of external selection
pressure.

Genomic analysis reveals various TA systems on mcr-1-
bearing plasmids shared across IncI2 and IncX4 plasmids.
Here, we investigated two TA families, HicAB and StbDE,
which are commonly found on micr-1-bearing Incl2 and IncX4
plasmids. Using the representative IncI2 plasmid pHNSHP45
(p45), we discovered that p45 plasmids lacking both TA sys-
tems were stably maintained in host cells, regardless of the
retention or disruption of the horizontal transmission capa-
bility of the plasmid. These findings indicate that the HicAB
and StbDE systems are dispensable in terms of maintaining
the vertical stability of the p45 plasmid. Instead, we found
that HicAB, rather than StbDE, plays a crucial role in medi-
ating horizontal plasmid—plasmid competition. Surprisingly,
a noncanonical intrinsic terminator inside the hicAB oper-
ons is predominantly present in IncI2 plasmids. This termi-
nator increases the production of toxin relative to the an-
titoxin within the HicAB system, which is crucial for driv-
ing plasmid—plasmid competition and enhancing the trans-
mission of mcr-1-bearing plasmids. Additionally, another sub-
family of overlapping hicAB operons that lack this termina-
tor, which is predominantly found in IncX4 plasmids, has al-
most no contribution to plasmid competitive advantage. Thus,
the functional characterization across different type I1I TA
families on stringent-control conjugative plasmids supports



a model where TAs drive horizontal competition through
an imbalanced toxin/antitoxin ratio. This cooperative ac-
tion also facilitates the spread of HicAB TA modules in mi-
crobial communities, underscoring the selfish nature of TA
systems.

Materials and methods

Bacterial strains, plasmids, and growth conditions
Details of the bacterial strains, plasmids, and primers used
can be found in Supplementary Tables S1 and S2. Escherichia
coli strains were grown in Luria broth (LB) at 37°C, with
the exception of strains carrying pKD46, which were cul-
tured at 30°C. For the auxotrophic E. coli strain WM3064,
2,6-diamino-pimelic acid (50 pg/ml), was added. Ampi-
cillin (Amp, 100 pug/ml) was used to maintain the pKD46-,
pUT18C-, pUC19-, pETDuet-, and pBAD-based plasmids.
Kanamycin (Kan, 50 pg/ml) was used to maintain the
pKT25- and pET28b-based plasmids. Chloramphenicol (Cm,
30 ug/ml) was used to maintain the pCA24N- and pBBR1Cm-
based plasmids and the p45AhicAB plasmid in the E. coli
K-12/p45: p45AhicAB strain. For specific strains such as
K-12/p45: pASAstbDE, K-12/p45AstbDE: p45AhicAB,
K-12/p14ECO007a: p14EC007aAhicACB, K-12/p45:
p4SAbicATB:gfp, K-12/p4SAbicA:  p45SAhicATB:gfp,
and K-12/p45ATer: p45SAhicATB::gfp, a combination of Cm
and Kan was applied for plasmid maintenance. Gentamicin
(Gm, 30 pg/ml) was used to maintain pHGMO1-based
plasmids. For gene expression induction, isopropyl-8-D-
thiogalactopyranoside (IPTG) (0.5 mM for protein purifi-
cation) and L-arabinose (0.005%~0.3%) were used as
inducers.

Bioinformatic analysis

To search the PLSDB plasmid database (version
2023_11_03_v2) [43], the hicATB, stbDE, and mcr-1
nucleotide sequences in the p45 plasmid and the hicA®B
nucleotide sequence in pJIE143 were used as inputs, and the
default values of minimal percentage identity and minimal
query coverage were 60 and 90, respectively. All of the data
retrieved from the PLSDB plasmid database using BLASTn
were compiled in Dataset S1. Multiple protein sequence
alignment was performed using Clustal Omega [44] and
visualized with the ESPript 3.0 web server [45].

Protein purification

The HicB, HicAB, and StbDE were purified from E. coli
BL21 (DE3) harboring the corresponding plasmids pET28b-
hicB-His, pETDuet-His-hicA-hicB and pET28b-stbDE-His.
In brief, overnight cultures were diluted to an ODgg of 0.1
in LB. Upon reaching an ODggg of 0.8, IPTG was added and
cells were collected after 5 h of induction. Subsequent steps
for protein extraction were carried out following previously
established protocols [46]. Tricine-sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) analysis was
conducted according to a previously described protocol [47].

Bacterial two-hybrid assays

The bacterial two-hybrid (BACTH) assay is designed to study
protein-protein interactions in a bacterial system [48]. The
pKT25 and pUT18C plasmids, each carrying distinct target-
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cloned inserts, were co-transformed into E. coli BTH101
(cya — 99) competent cells. The cotransformed cells were
plated on LB agar supplemented with Amp, Kan, IPTG, and X-
gal and incubated at 30°C for 36 h. Positive controls included
pKT25-zip (fused with a leucine zipper protein) and pUT18C-
zip plasmids (Euromedex), whereas negative controls included
pKT25 (lacking an insert) and pUT18C-zip plasmids.

Primer extension

Primer extension was used to identify the transcription start
sites of the hicAB and stbDE operons. The procedures were
the same as those described previously with modifications
[49]. Total RNA was isolated from K-12/pUC19-based cells
using a Bacteria RNAprep Pure Kit (Tiangen Biotech Co. Ltd.,
China) according to the manufacturer’s instructions. Subse-
quently, 1 ul of Carboxyfluorescein (FAM)-labeled primer
was mixed with 4 pug of RNA in a 20 ul reaction. The reac-
tion was denatured at 70°C for 5 min, then incubated on ice
for 20 min, followed by 58°C for 20 min, and a final exten-
sion at room temperature for 15 min. The mixture was then
supplemented with 6 ul MgCly, 3 ul 10 x buffer, 3 ul deoxy-
ribonucleoside triphosphates (ANTPs), 0.75 ul ribonuclease
inhibitor, 1.5 ul Avian Myeloblastosis Virus (AMV) reverse
transcriptase, and 15.75 ul RNA. The reaction was incubated
at 42°C for 1.5 h. Products were analyzed on an ABI3730
DNA Analyzer (Applied Biosystems, Foster City, California,
USA) and processed with GeneMapper 4.1 (version 4.1).

Plasmid conjugation frequency assays

The conjugation frequency of p45 and its derivatives was
examined via a previously published method [22]. In brief,
WM3064 or K-12 strains harboring these megaplasmids were
used as donors, and Kan-resistant K-12 or Gm-resistant K-12
strains were used as recipients. Transconjugants were selec-
tively cultured on LB agar plates supplemented with PB (4
pg/ml) in combination with either Kan (50 pg/ml) or Gm (30
pg/ml) as needed. Transfer frequencies were calculated as the
number of transconjugants per donor.

Plasmid loss frequency assays

Overnight cultures of E. coli strains (K-12 or K-
12::kan)  carrying plasmid p45 or its derivatives
(p45SAhicA, p4S: p4SAbicAB, p45AbicAB, p45AhicAB::gfp,
p45AstbE, p45AstbDE, p45AhicABAstbDE, p45AoriT,
p45AhicABAstbDEAoriT) were inoculated into LB at a ratio
of 1:1000 without antibiotics. The cultures were subsequently
subjected to serial passaging every 20 generations (the E. coli
generation time is ~20 min) at a ratio of 1:1000 [50]. The
cultures were simultaneously diluted 10-fold to test the pres-
ence of the plasmid on LB, LB with Cm (10 pug/ml), and LB
with Polymyxin B (PB, 4 ug/ml). For p45AhicABAstbDE,
p45AoriT, and p45AhicABAstbDEAoriT, the plasmid loss
frequency assay lasted 480 generations. For plasmid stability
of pCA24N-based plasmids, overnight K-12 cells carrying
pCA24N were inoculated into fresh LB with Cm (GO0) and
without Cm (G80-G480). Cultures collected at different
generations were simultaneously diluted by 10-fold serials to
test plasmid presence on the LB or LB with Cm plates. Plates
were imaged after incubation at 37°C for 16 h, and Colony
Forming Units (CFUs) were determined.
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Plasmid copy number quantification by
quantitative polymerase chain reaction

Overnight cultures of the K-12 strain carrying p45 or TA mu-
tant derivatives were diluted to an initial ODggg of ~0.1. The
cultures were then incubated at 200 rpm in a shaker incu-
bator using 250 ml Erlenmeyer flasks filled with 25 ml of
LB, ensuring ample growth in a nutrient-rich environment.
Following incubation at 37°C for 6 h, the cultures reached
an ODggo of ~5. Total DNA was subsequently extracted us-
ing the TIANamp Bacteria DNA Kit (Tiangen, China) follow-
ing the manufacturer’s instructions. The levels of p45 plasmid
DNA were assessed by amplifying the plasmid-encoded single-
copy gene repA using the primer pair repA-qF/qR. Simultane-
ously, the DNA levels of the chromosomes in the same sam-
ple were quantified by targeting the chromosomally encoded
single-copy gapdh gene.

Real-time quantitative reverse-transcription
polymerase chain reaction

Total RNA was extracted from the E. coli strains K12/p435,
K12/p45ATer, 14EC007, 14EC017, and 14EC033 via the
Bacteria RNAprep Pure Kit (Tiangen Biotech Co. Ltd., Beijing,
China) following the manufacturer’s protocols. For the reverse
transcription process, 200 ng of total RNA was used to syn-
thesize complementary DNA (cDNA) with the A3500 Reverse
Transcription System (Promega, Madison, WI). Subsequently,
50 ng of the synthesized cDNA was employed in quantitative
reverse-transcription polymerase chain reaction assays, which
were conducted using a SYBR Green reaction mixture on the
Step One Real-Time PCR System (Applied Biosystems). The
expression levels of the target genes were normalized to those
of the purA gene.

Western blotting

To quantify HicB levels in the K-12/p45 and K-12/p45ATer
strains, overnight cultures of K-12/pBBR1-hicATB-CFMAG and
K-12/pBBR1-hicAATe" B-CFLAG strains were diluted 1:100 in
fresh LB supplemented with Cm. Cultures in the exponential
growth phase (ODggp ~3) were harvested, and the ODggp was
measured and the cultures were diluted in LB to an ODgq of
1.0. Subsequently, equal volumes of bacterial cultures were
mixed with SDS-PAGE protein loading buffer, boiled for pro-
tein denaturation, and subjected to tricine-SDS-PAGE anal-
ysis. Proteins were transferred onto PVDF membranes for
Western blotting using primary antibodies against the Flag-
tag and horseradish peroxidase-conjugated goat anti-mouse
secondary antibodies, as previously described [27]. The ex-
pression levels of the anti-RNA polymerase beta antibody
(RNAP) served as an internal control in all of the samples,
with horseradish peroxidase-conjugated goat anti-rabbit an-
tibody used as the secondary antibody.

3-Galactosidase activity assays

B-Galactosidase activity in strains harboring the pHGRO1-
lacZ plasmid was evaluated using the Miller assay as previ-
ously described [27], with absorbance measurements taken at
420 nm. For translation efficiency determination, overnight
cultures of strains containing the lacZ reporter plasmids P, 4-
lacZ,Py;.p-lacZ, P ,n-lacZ, and Py p-lacZ were diluted 1:100
in fresh LB supplemented with Cm. B-galactosidase activity
was determined for cells collected at an ODgo of 1.5. To de-

termine the promoter activity of hicA and hicB upon expres-
sion of hicB and hicAB, pUC19, pUC19-hicB, pUC19-hicAB,
and pUC19-hicA2T¢ B were transformed into K-12 carrying
the Py;.a-lacZ and P, p-lacZ reporter. These overnight cul-
tures were diluted 1:100 in LB with Cm and Amp, and (-
galactosidase activity was determined for cells collected at an
ODs()() of 1.5.

Growth and toxicity assays, targeted gene deletion of p45
plasmid, cloning genes into plasmids, strand-specific RNA se-
quencing analysis, next-generation sequencing analysis, MIC
determination, swimming motility and biofilm assays, and
phage defense detection methods are described in the Supple-
mental ethods.

Results

The HicAB and StbDE TA systems are enriched on
Incl2-type mcr-1-bearing plasmids

Analysis of plasmids obtained from the PLSDB (version
2023_11_23_v2, containing 59 895 plasmid records) revealed
the presence of mcr-1 in various plasmid replicon types
[43]. Among them, the highest prevalence was observed in
IncI2 conjugative plasmids (Fig. 1A), which are medium-sized
(~55-80 kb) conjugative plasmids known to harbor impor-
tant antimicrobial resistance genes [51]. The IncI2-type plas-
mid p435, the first reported plasmid to transfer the mcr-1
gene, was selected for this study [32]. Plasmid p45 is main-
tained at one copy number by the critical replication regu-
lation gene pcnR [22]. The TADB database predicted that
p45 harbors two putative TA systems: HicAB and StbDE
(Fig. 1B) [52]. Further analysis revealed that these two pu-
tative TA systems are widely distributed across various plas-
mids, with ~3/4 of them carrying HicAB and ~1/2 carry-
ing StbDE in the IncI2 types of plasmids (Fig. 1C). HicA be-
longs to the COG1724 family and HicB comprises the HicB-
like antitoxin of pfam15919 and the ribbon-helix-helix do-
main of COG0864, both of which share low amino acid iden-
tity (~20%) with the HicAB TA from E. coli K-12. Toxin
StbD is categorized within the COG2161 functional family,
whereas antitoxin StbE belongs to COG2026 (RelE func-
tional family) or pfam05016 (ParE toxin protein family). As
these predicted TA systems share low similarity with previ-
ously characterized TA systems, the following assays were
conducted to determine whether they are bona fide TA sys-
tems. Cell viability tests in E. coli K-12 BW25113 (hereafter
referred to as K-12) showed that HicA functions as a toxin
and Live/Dead staining indicated that HicA toxin is bacterio-
static, with HicB serving as the corresponding antitoxin, since
HicA is toxic and HicB is able to reduce HicA toxicity (Fig.
1D and Supplementary Fig. STA and B). Similarly, StbE acts
as a toxin, and StbD functions as its corresponding antitoxin.

Interestingly, unlike the stbDE operon, we observed a low
level of toxicity for overexpressing hicAB via a pBAD vec-
tor under the arabinose-inducible promoter Py4p, indicating
that the hicAB operon might produce an excess of toxin HicA
(Fig. 1D). A pull-down assay, using HicA with an N-terminal
hexa-histidine tag (His-tag) together with untagged HicB, con-
firmed that HicA and HicB form a complex in vitro. Using
the same approach, StbD and StbE were also found to form a
complex (Fig. 1E and F). Tricine-SDS-PAGE analysis demon-
strated that the sizes of the proteins pulled down by HicA-
His and StbE-His matched well with the theoretical sizes of
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Figure 1. Type Il HicAB and StbDE TAs are enriched on Incl2-type mcr-T-carrying plasmids. (A) The distribution and proportions of mcr-1 in five primary
types of plasmids were analyzed and retrieved from the PLSDB database. (B) Positions of mcr-71, the putative hicAB, and stbDE in pHNSHP45 (p45). (C)
Distribution of two putative TA systems in Incl2 and IncX4 types of plasmids retrieved from the PLSDB database. (D) The organization of hicAB and
stbDE TAs in p45 and toxicity test of each component and TA system in K-12 via pBAD (p) under the induction of 0.2% L-arabinose. (E) HicA and HicB
form a complex in vivo. Lane 1: marker; Lane 2: negative control (NC, no IPTG); Lane 3: the HicAB complex was produced via pETDuet-His-hicA-hicB
with a His-tag at the N-terminus in HicA; Lane 4: purified HicATB complex. (F) StbD and StbE form a complex in vivo, with StbD also forming protein
dimers. Lane 1: marker; Lane 2: NC (no IPTG); Lane 3: the StbDE complex was produced via pET28b-stbDE with a His-tag at the C-terminal StbE; Lane
4: the purified StbDE complex. (G) The BACTH assay revealed that HicA interacts with HicB and that StbD interacts with StbE. Cells harboring pKT25-zip
and pUT18C-zip plasmids were used as positive controls, and cells harboring pKT25 (without an insert) and pUT18C-zip plasmids were used as NCs. (H)
Transcription analysis of hicAB and stbDE. gDNA: genomic DNA; cDNA: complementary DNA. (I) A primer extension assay using a 5'-FAM-labeled
primer was conducted to identify the transcription initiation sites of the hicAB and stbDE TA operons. Representative images are shown in (D-H).
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the HicB and StbD proteins, respectively. Cya-based bacterial
two-hybrid (BACTH) assays confirmed a direct interaction be-
tween HicA and HicB, as well as between StbD and StbE (Fig.
1G). These assays confirmed that HicAB and StbDE are both
type I TA systems.

HicAB and StbDE are both dispensable for vertical
stability of the p45 plasmid

Plasmid-encoded TA systems were initially proposed to en-
sure the vertical inheritance of plasmids by eliminating cells
devoid of the plasmid post-segregation. Hence, we tested the
capability of the two pairs in stabilizing exogenous pCA24N,
a high-copy expression plasmid under relaxed copy number
control that would generate plasmid-free cells in the K-12
host without selection pressure after continuous cultivation.
As expected, both HicATB and StbDE effectively stabilized
pCA24N plasmids for 480 generations without adding antibi-
otics, while half of the empty plasmids were lost after 240
generations (Supplementary Fig. S1C). However, this stabi-
lization of a relaxed copy number plasmid by overexpressing a
TA operon may not reflect adequately the physiological condi-
tions in which TA systems stabilize conjugative plasmids with
their lower and native expression levels.

Therefore, we next pursued more physiologically-relevant
conditions to investigate plasmid stability and the physiologi-
cal role of these two TA systems on the p45 plasmid. Since the
wild-type (WT) p435 is maintained at approximately one copy
per cell in the K-12 host, we constructed deletions to knock
out each toxin gene and each TA pair from p45. In the absence
of polymyxin B (PB), the p45 plasmid was stably maintained
at approximately one copy per cell in K-12, indicating that the
replication and segregation of p45 are under stringent control.
In addition, the mutant plasmids p45AstbE or p45AstbDE
did not affect the growth of the host cells and the plasmid
conjugation frequency (Supplementary Fig. S2). Like deleting
stbE, deleting hicA did not affect plasmid stability or repli-
cation, resulting in the isogenic plasmid p45AhicA with the
same copy number as the WT p45. However, when the hicAB
operon was targeted for deletion, the WT p45 plasmid still
coexisted with the p45AhicAB plasmid within the cell in the
presence of Cm, which was used to select for the targeted dele-
tion of the hicAB operon. This observation suggests that com-
plete removal of hicAB could not be achieved directly via the
same approach (Fig. 2A). We denoted the deletion strain with
two mixed plasmids as K-12/p45: p45AhicAB. Increasing the
Cm concentration to select p45AhicAB during genetic manip-
ulation or continuous culture of the K-12/p45: p45AhicAB
strain with Cm was unable to eliminate the WT p45 plas-
mid. Two alternative approaches were then applied to obtain
K-12/p45AhicAB: supplementing the HicB antitoxin from a
different plasmid or knocking out the hicB gene from the K-
12/p45 AhicA host (Fig. 2B and Supplementary Fig. S3). The
p45AhicAB plasmids were confirmed by sequencing, and no
intentional mutations were found.

The p45 isogenic plasmid lacking the hicA or stbE toxin
gene was stably maintained in host cells after 160 gener-
ations (20 generations/transfer) in the absence of antibi-
otics (Supplementary Fig. S4 and Fig. 3A). Quantitative PCR
(qPCR) revealed that the plasmid copy number per cell did
not change after the toxin gene was removed. Importantly,
we found that plasmids lacking stbDE or hicAB TA loci were

also stably maintained in host cells, with approximately one
copy per cell in the absence of antibiotics (Fig. 2C and D, and
Supplementary Fig. S4). To investigate whether the presence
of either single TA system is sufficient to stabilize p45, we fur-
ther knocked out stbDE from K-12/p45AhicAB, resulting in
the K-12/p45AhicABAstbDE strain lacking both TA systems
(Fig. 2E). Unexpectedly, the p45AhicABAstbDE plasmid was
also stably maintained in the K-12 host at approximately one
copy per cell (Fig. 2F-H). Importantly, cell viability and con-
jugative transfer were not affected by removing the toxin gene
or the TA pairs (Supplementary Figs S2 and $4).

To exclude the possibility that plasmid conjugation con-
tributes to the reintroduction of the p45 plasmid lacking hi-
cAB and stbDE into plasmid-free cells that may have occurred
postsegregation, we knocked out the origin of transfer (o7iT)
sites in both p45 and p45AhicABAstbDE. The p45 plasmid
carries the nikAB gene, which mediates the initiation of con-
jugative transfer, similar to the o7iT region of the R64 plasmid
[53]. On the basis of the sequence characteristics of the oriT
region in the R64 plasmid, we identified and knocked out a po-
tential oriT region in p45 (Supplementary Fig. S5). The results
showed that knocking out oriT did not affect the copy number
of p45 and confirmed that p45 was unable to undergo con-
jugative transfer (Fig. 2F). In the K-12/p45AhicABAstbDE
strain, the knockout of oriT blocked the effect of plas-
mid horizontal transfer on plasmid occupancy (Fig. 2F). The
p45AhicABAstbDEAoriT plasmid was stably maintained in
the K-12 host at approximately one copy per cell (Fig. 2F
and G). The results from green fluorescence microscopy show-
ing that all cells carrying p45AhicABAstbDEAoriT also sup-
ported this finding (Fig. 2H), indicating that hicAB and stbDE
do not confer vertical stability to the p45 plasmid.

HicAB confers a competitive advantage over StbDE
in terms of plasmid-plasmid competition

The greater occurrence of hicAB than stbDE in mcr-1-
associated Incl2 plasmids (Fig. 1C) and the partial deletion
of hicAB, as opposed to stbDE (Fig. 2A), suggest that Hi-
cAB and StbDE serve distinct functions within the plasmid.
To further investigate the competition between the p45 and
p45AhicAB plasmids coexisting in the same host, a qPCR as-
say was applied to monitor the dynamic changes in the two
plasmids using primers to amplify the hicAB gene (hicAB-
qF/qR) and the Cm resistance gene (cm-qF/qR). The copy
number of the plasmid was also quantified using the chro-
mosomal single-copy gene gapdh (gapdh-qF/qR) as a refer-
ence. Initially, single colonies of the K-12/p45: p45AhicAB
strain growing on selective plates (LB + Cm) (depicted as
GO) were cultured in LB with Cm until they reached the ex-
ponential phase (ODgpp ~0.8) (depicted as G1). At the GO
stage, the WT and the mutant p45 plasmids were equally
present in the host population, and the copy number was ~2
(Supplementary Fig. S6A). Successive generations were ob-
tained by reinoculating 1/1000 of the previous culture into
fresh LB. Moreover, serial dilutions from every 40 generations
were spotted on LB, LB with Cm, and LB with PB plates (Fig.
3A), and qPCR was performed (Fig. 3B). The results revealed
a decreasing frequency of the p45: p45AhicAB strain on the
Cm plates with increasing generations, whereas the ratio of
p4S5 to p45AhicAB plasmids increased significantly, reaching
>1500:1 at G80 (Fig. 3B). Accordingly, the copy number of
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Figure 2. HicAB and StbDE are both dispensable for the vertical stability to the p45 plasmid. (A, B) The deletion of TA systems was confirmed via PCR,
and the deleted TA genes were substituted with a Cm resistance gene or Kan resistance gene. (C, D) Copy numbers of p45, hicA, hicAB, stbE, and
stbDE deletion mutants. (E) Double deletion of the TA system was confirmed via PCR. (F) Copy numbers and conjugation frequency of p45,
p45AhicABAstbDE, pA5AoriT, and p45AhicABAstbDEAoriT in the K-12 strain. (G) Plasmid stability determination of p45, p45AhicABAstbDE, p45AoriT,
and p45AhicABAstbDEAoriT in the K-12 strain. (H) Microscopic observation of K-12/p45AhicABAstbDEAoriT at G160 and G480 in LB. For panels (C),
(D), (F), and (G), the quantified data from different experiments are presented as the mean =+ standard deviation (SD) of three biological replicates. The
P-values were calculated with two-tailed Student’s t-tests (ns, not significant; ***P < .001). Representative images are shown in panel (H).

K-12/p45: p45AhicAB at G160 was ~1, as most cells carried
p45 (Supplementary Fig. S6A). These results indicate that WT
p45 has a strong competitive advantage over p45AhicAB dur-
ing plasmid—plasmid competition when they are present in the
same host cell.

In parallel, to explore the role of StbDE in plasmid-
plasmid competition, we employed conjugative transfer to
obtain the strain K-12/p45: p45AstbDE harboring the p45
plasmid and the p45AstbDE plasmid. The copy number of
the p45: p45AstbDE in K-12 after conjugation is about 2
at GO (Supplementary Fig. S6B). In the absence of antibi-
otics, p45 showed a much weaker advantage over p45AstbDE

compared with p45 over p45AhicAB, since the ratio of p45
to p45AstbDE plasmids reached 17:1 at G80 (Fig. 3C).
Furthermore, to explore which of HicAB and StbDE has a
greater competitive advantage in plasmid—plasmid competi-
tion, we employed conjugative transfer to obtain the strain
K-12/p45AstbDE: p45AhicAB harboring the p45AstbDE
plasmid and the p45AhicAB plasmid. In the absence of an-
tibiotics, p45AstbDE showed a competitive advantage over
p45AhicAB, since the ratio of p45AstbDE to p45AhicAB
plasmids reached 750:1 at G8 (Fig. 3D). Taken together, the
above results confirmed that HicAB confers a competitive ad-
vantage over StbDE in terms of plasmid—plasmid competition.
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Figure 3. HicAB confers a competitive advantage over StbDE in terms of plasmid—-plasmid competition. (A) Plasmid stability of p45 and TA mutants in
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HicATB mediated plasmid—plasmid competition via
a noncanonical intrinsic terminator

Next, we aimed to investigate why HicAB and StbDE differ
in how they impact plasmid competition. For type Il TAs, the
TA operon is usually cotranscribed with the antitoxin gene
preceding the toxin gene [6]. On the p45 plasmid, the hicA
toxin-encoding gene lies upstream of hicB, and the open read-
ing frames (ORFs) of the two genes are separated by 24 bp.
For stbDE, the ORFs of the stbD antitoxin and stbE toxin
overlap by 11 bp (Fig. 1D). Cotranscription assays revealed
that the toxin and antitoxin genes of the two TA operons are
cotranscribed (Fig. 1H). In addition, the primer extension ex-
periments also indicated that stbDE was cotranscribed and
that hicAB possesses distinct transcriptional start sites (Fig.
1I). However, RNA-seq of p45 revealed that the abundance
of hicA messenger RNA (mRNA) was ~10-fold greater than
that of hicB, with a sharp decrease in RNA abundance after
the hicA coding region, whereas the abundances of stbD and
stbE mRNAs were both low and similar (Fig. 4A).

To further investigate the differential expression of hicA
and hicB, we analyzed the transcription termination of the
TA operon. The canonical intrinsic terminator forms a G/C-
rich hairpin structure in the RNA, followed by a 7- to 8-nt
U-rich tract in the RNA: DNA hybrid [54, 55]. Both the hi-
cAB and stbDE operons have a canonical intrinsic terminator
at the end of the TA transcripts, featuring a G/C-rich hairpin
followed by a U-rich tract (# = 8) (Fig. 4B). Unexpectedly, we
also found another intrinsic terminator-like G/C-rich hairpin
in the hicAB intergenic region with a short U tract (n = 3)
(Fig. 4C); we renamed this subfamily of HicAB containing the
hicA-specific terminator HicATB.

To explore whether this internal terminator affects the
mRNA abundance of hicA and hicB, targeted deletion was
performed to construct the mutant plasmid p45ATer (Fig.
4C). In the presence of the hicA-specific terminator, similar to
the RNA-seq results, the abundance of hicA mRNA was ~10-
fold greater than that of hicB (Fig. 4D and E). Conversely, in
the absence of this terminator, the mRNA abundance of hicA



HicAB promotes transmission of conjugative plasmids

A — B  hicAB operon terminator (Canonical)
: i uYe
0 G U
) c-G
: G-C
: &-€| G/C-rich hairpin
! C-G
; ¢-G
i U-A
! 5. AUAAAACUA UUUUUUUU-3'
! U-tract
E stbDE operon terminator (Canonical)
: uCe
i c i
! c-G
; &-E| G/C-rich hairpin
= ‘ &
' 5-..UAA..UCAAGUAA  UUUUCUUUU-3'
hicA RBS hicB RBS stbE RBS stbD RBS U-tract
ok
C hicA terminator (Noncanonical D L %% NS E
8.0 14
— ) D j Khk
>
p45 i p45ATer T 3_s60n 3 1
£, < 0]
uYa Small loop uYa % 5 4.0 %mw
U-A U-A 2 2 sl
A-U ) A-U £ @ 2.0 e
G-C Modify G [ < 6
g'g g 25 ns Qg 1
&-E| GIC-rich hairpin G . T 210 hs s ey
c-G Cc-G|Deletion [} @ ]
¢ 2 o f[] flady & 3
;. - o B iy 0.0 . . 0
5. AAAAAAAU GA%%%?QBGQBSS T AR RARA R hicAhic hicATB hicA hich hicAt™ 8 pd5 p45ATer
U-tract p45 p45ATer
F 6000 :
Phica —F—KE S [Toxin > Antitoxin jAntitoxin >> Toxin
o Z 50001 P e
r I__i E % 1 PP p-hicATB-CFAG  mp-hicAS™ B -CF-Ae
Phics S - @ 4000 ) u
[GGAGG) © 1 i :
hicB RBS & 20004 ! anti-FLAG | s j
° ' )
Puso — L A ——— 2 : anti-RNAP | s s—]
T 20 ; Relative HicB level 100 327
stbD RBS bt 1 1
% 1000 H
Pmsm @ 4 ]
TAG :
SERES Phica Phics Pswp  Pstoe
H - -
hicA"B operon hicA“™ B operon |
® |
\ Gg/ mCO - gyﬂ @ p00
PipP2 O, 1 ¢~ ® ™ Dg0B0
P1 P2 et Do ®
WM/\/‘I\/\W
Borro~e B~
[aPa¥ (o W W [a¥aY (V¥ Valel \WaVe avate N as e
B~
[V WU W
HicA > HicB HicA < HicB

Figure 4. The noncanonical intrinsic terminator is essential for the imbalanced HicA:HicB ratio. (A) Depth of hicA, hicB, stbD, and stbE transcripts in the
K-12/p45 strain. (B) Diagram of the intrinsic terminator for the hicA”B and stbDE TA operons. (C) Diagram depicting the hicA-specific intrinsic terminator
and the ATer mutant, where a 13-bp deletion disrupts the terminator structure. (D) The relative mMRNA levels of hicA, hicB, and hicATB to the reference

gene purAin the K-12/p45 and K-12/p45ATer strains. (E) The relative mRNA levels of hicA to hicB in the K-12/p45 and K-12/p45ATer strains. (F) The
translation efficiencies of the indicated TA genes were measured using pHGRO1-Ppjea-lacZ, pHGRO1-Py;5-lacZ, pHGRO1-Pgypp-lacZ, and

PHGRO1-Pgye-lacZ. (G) Western blot showing the production of HicB protein in the K-12/pBBR1Cm-hicA’B-C™AC and K-12/pBBR1Cm-hicA4 TerB-CFLAG

strains using a FLAG-tag at the C-terminus of HicB (17.1 kDa). RNAP was used as a control. (H) Model for the role of the hicA-specific terminator in
determining the toxin/antitoxin ratio. For panels (D)—(F), the quantified data from different experiments are presented as the mean =+ SD of three

biological replicates. The P-values were calculated with two-tailed Student’s t-tests (ns, not significant; **P < .01; ***P < .001). Representative images

are shown in panels (A) and (G).



10 Lin et al.

was similar to that of hicB (Fig. 4E). These results demon-
strate that the presence of an internal terminator in the hicA
toxin gene upstream of hicB specifically resulted in a reduced
abundance of HicB antitoxin transcripts.

To further explore the production of TA at the protein level,
we analyzed the ribosome binding site (RBS) of the TA oper-
ons. For HicATB, the toxin and antitoxin genes each have
a strong RBS (5'-GGAGG), suggesting that the toxin pro-
tein should be produced more than the antitoxin protein, pri-
marily on the basis of the different numbers of transcripts,
not on the basis of differences in translation. In contrast, for
StbDE, the antitoxin still has a strong RBS (5'-GGAGG), but
the toxin has a relatively weaker RBS (5'-AAGGG), indicat-
ing that the antitoxin should be produced in excess of the
toxin (Fig. 4A). Translational lacZ fusions for monitoring pro-
tein production were constructed, and we found that the two
TA pairs do indeed differ in toxin and antitoxin production.
For StbDE, 9-fold more antitoxin than toxin was produced.
In contrast, for HicATB, the toxin was produced at a sig-
nificantly greater level than the antitoxin was (Fig. 4F right
panel). These results were consistent with the toxicity test re-
sults, which revealed that hicATB was less viable than stbDE
when the pBAD-based vector was used, as the toxin was pro-
duced in excess of the antitoxin for the hicATB TA pair but
was the opposite for the stbDE TA pair (Fig. 1D). Further-
more, the hicA-specific terminator with a long G/C-rich hair-
pin lies precisely upstream of the RBS of hicB. Western blot-
ting with Flag-tagged HicB revealed that the presence of the
G/C-rich hairpin reduced HicB translation (Fig. 4G). Toxic-
ity test assays with a high-copy pUC19 plasmid carrying the
hicATB operon and its native promoter also showed signifi-
cant toxicity in K-12, which was reduced by deleting the inter-
nal terminator within the operon (Supplementary Fig. S7A).
Upon deleting the hicA-specific terminator, the HicB protein
level increased, intensifying its self-repression on the P2 pro-
moter and consequently leading to a reduction in the mRNA
levels of hicATB [56] (Fig. 4D and Supplementary Fig. S7B and
C). In conclusion, although StbDE and HicATB are both type
IT TA pairs, they differ in toxin production. Importantly, the
presence of a hicA-specific terminator inside the hicAB operon
contributes to a higher toxin: antitoxin ratio (Fig. 4H). In E.
coli K-12 MG1655, hicAB is transcribed from two promot-
ers [56]. The P2 promoter, with a short 5" untranslated leader
just 1 base upstream of the RBS of hicA translates hicB but not
hicA [56], which is consistent with our study of hicAB (Fig.
4H). In addition, unlike type II antitoxin MgsA [57], the HicB
antitoxin remained stable in the presence of K-12 lysates for
up to 12 h (Supplementary Fig. S7D-G), suggesting that HicA
activation is less likely via HicB degradation.

A recent study reported that an HicAB TA encoded by the
IncX4 plasmid pJIE143 could be directly deleted using the
same one-step method [28], suggesting that this hicAB may
function differently from the HicATB TA studied here. Our
analysis revealed that HicAB does not have an intrinsic ter-
minator and that the ORFs of the two TA genes overlap;
thus, we named it the HicA®B TA pair. Next, 825 pairs of
hicABs located on the IncI2 and IncX4 plasmids were reana-
lyzed, and we found that they could be classified into two sub-
families. Intriguingly, hicATB is predominant on Incl2 plas-
mids, and hicA®B is predominant on IncX4 plasmids (Fig.
SA). The hicATB subfamily featured an internal intrinsic ter-
minator highly conserved in the intergenic region, highly sim-
ilar to the hicATB system found on p45 (Fig. SB). Conversely,

the hicAC B subfamily has no internal intrinsic terminator, and
the ORFs of the TA genes overlap, which is highly similar to
the hicA°B on pJIE143 (Fig. 5B). The HicA and HicB genes
between the two subfamilies had intermediate levels at the nu-
cleotide level (~47.5%) (Fig. 5B) and low sequence identity at
the protein level (<26%) (Fig. 5C), suggesting that they may
have evolved differently. Cell viability assays conducted in K-
12 cells demonstrated that HicA from the p14EC007a plas-
mid acts as a toxin, whereas HicB serves as its correspond-
ing antitoxin, completely neutralizing the toxicity of HicA
(Fig. 5D). We then determined whether the intrinsic termi-
nator inside the TA operon contributes to the difference in
TA function. For the two hicAB operons, the hicA mRNA
level in hicATB was much higher (~10-fold) than that in the
chromosome reference gene purA, whereas the hicA mRNA
level in hicA®B was not (Fig. SE). The level of hicA mRNA
was significantly greater than that of the cognate hicB in the
hicATB TA operons. As expected, similar to deleting the ter-
minator in hicATB, the hicA and hicB mRNAs in hicA°B
were similar (Fig. SF). In further investigations, we obtained
E. coli C600/p14EC007a: p14EC007aAhicACB via conjuga-
tion and then evaluated the competition between these two
plasmids within the host E. coli C600. In the absence of
antibiotics, the p14EC007a IncX4 plasmid showed a lim-
ited advantage over p14EC007AbicACB, since the ratio of
the p14EC007a plasmid to the p14EC007AhicA°B plasmid
reached 3:1 at G80 (Fig. 5G).

Building upon the preceding findings, we hypothesized
that HicATB relies on the native production of HicA to me-
diate plasmid—plasmid competition. To experimentally vali-
date this, we conducted plasmid competition using modified
isogenic plasmids either lacking the hicA gene (p45AbicA)
or deleting the hicA-specific terminator (p45ATer) to com-
pete with p45AhicATB. As expected, p45 was maintained
far more than p45AhicATB, whereas there were no differ-
ences for p45AbicA versus p4SAhicATB and p4SATer ver-
sus p45AbicATB, indicating that the internal hicA-specific ter-
minator resulting in a high ratio of HicA to HicB is indis-
pensable for gaining advantages during plasmid competition
(Fig. 6A-C).

The parental K-12/p45: p4SAhicATB cells should gen-
erate daughter cells carrying p4S, p45: p45AhicATB, and
p45AhicATB. Time-lapse microscopic observations were per-
formed to monitor PSK during the division of K-12/p45:
p45AhicATB. Without the maintenance of the Cm antibi-
otic, some elongated cells presented delayed cell division
(marked with yellow circles) (Fig. 6D and Supplementary
Movie S3). In contrast, the division of K-12 cells harboring
p45 (Supplementary Movie S1) or p45AhicA (Supplementary
Movie S2) was normal. Therefore, increased HicA production
in K-12 cells led to the formation of aberrant and elongated
cells (Fig. 6E). The growth assay further showed that over-
expression of HicA in the host cell lacking a hicB gene ap-
peared more toxic compared to overexpression of HicA in
the presence of hicB (Supplementary Fig. S8). We thus rea-
soned that the cells incapable of dividing were those carrying
p45AhicATB, and cell division and plasmid competition be-
tween p45: p45AbicATB with and without the addition of Cm
were depicted at generations GO and G1 and post-competition
at G160 (Fig. 6F). Overall, we demonstrated that HicATB me-
diated plasmid competition via toxin production and that the
presence of the intrinsic terminator inside the TA operon is
indispensable for this function.
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HicATB and StbDE in p45 promote plasmid
transmission in host cells

To further investigate the role of TA systems in mediating
host—plasmid competition, we determined host phenotypic al-
terations, including swimming motility, antibiotic resistance,
biofilm formation, and phage defense, after deleting each TA
system (Supplementary Fig. SOA-D). A reduction in swim-
ming motility and slower cell growth in biofilm formation
were observed following the conjugation of the p45 plasmid
into the K-12 host, suggesting a potential fitness cost associ-
ated with the p45 plasmid. However, neither the HicATB nor
the StbDE TA systems seem to have a significant effect on the
K-12 host (Supplementary Fig. SOA-D).

Next, according to the above study, the two TA systems are
expected to contribute to p45 fitness during bacterial com-
petition via plasmid conjugation and/or plasmid competi-
tion within the host. We mixed the plasmid-free K-12 strain,
with K-12 carrying one copy of K-12/p45, p45AhicATB, or
p45AstbDE at an initial ratio of 4:1:1:1. These mixed pop-
ulations were subsequently subjected to competition in the
absence of antibiotics (Fig. 7A). The results showed that the
K-12 bearing plasmids quickly became predominant over the
plasmid-free K-12 cells after 1 day (Fig. 7B). As expected,
cells harboring p45 plasmids have a competitive advantage
than those cells harboring plasmids lacking hicATB or stbDE
TA system (Fig. 7C). At the end of 7 days, the ratio of
p45: p4SAstbDE: p45SAhicATB was ~4:3:2. We showed that
knocking out stbDE or hicATB did not affect the conjuga-
tive ability (Supplementary Figs S2B and S4D), and deleting
each TA had no significant impact on host fitness or verti-
cal stability of the p45 plasmid; thus, the p45 most likely
gained an advantage over p45AhicATB during plasmid con-
jugation and plasmid-plasmid competition. The ratio of p45
to p45AhicATB was ~2:1 on day 7 when one plasmid was
initially contained in one cell, whereas the ratio was ~1500:1
at G80 within-host competition when two different plasmids
were initially contained in one cell (Fig. 3B). These differences
are most likely due to a low transfer frequency from the p45
plasmid to the K-12 host carrying a copy of p45AhicATB
(Supplementary Fig. S10).

Horizontal transfer is a critical process for conjugative plas-
mids; TA-mediated plasmid competition can thus function in
the exclusion of competing plasmids via toxin-based toxicity.
In addition, from the perspective of TA modules, this plasmid
competition also functions to promote the spread of a specific
family of TA modules within the population. In the case of
p4S plasmids, hicATB functions to exclude plasmids lacking
this TA, and this process also makes hicATB a predominant
TA pair, revealing that the selfish nature of the TA module
ultimately contributes to horizontal plasmid transfer.

Discussion

In this study, we investigated the functions of two TA systems
individually encoded by mcr-1-bearing conjugative plasmids
and found that the HicATB TA pair plays a critical role in pro-
moting plasmid horizontal transmission. Following the ban of
colistin as a feed additive, the detection rate of IncX4 plas-
mids declined significantly faster than that of IncI2 plasmids
[23]. Our results agreed well with the results of the mcr-1-
bearing plasmid survey, which revealed that Incl2 plasmids
carrying the HicATB pair were more persistent than IncX4
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plasmids carrying the HicA®B pair. However, using the na-
tive stringent control plasmid p45, we found that isogenic
plasmids lacking StbDE, HicATB, or both TA pairs did not
suffer from apparent plasmid loss with or without the abil-
ity to conjugate. Instead, by deleting each TA system from
the native plasmid, we discovered that the p45 plasmid carry-
ing the HicATB pair competed over isogenic plasmids lacking
hicATB, whereas stbDE and hicA° B TA had limited contribu-
tions to mediating horizontal transmission. These results, in
accordance with the results of the prevalence assay, revealed
a high occurrence of hicATB over stbDE on these plasmids.
Furthermore, while both HicA™B and HicA®B are predicted
to belong to the HicAB TA family, they exhibit distinct dis-
tributions across IncI2 and IncX4 micr-1-associated plasmids.
Compared with hicACB, hicATB provides a stronger compet-
itive advantage for plasmids, further demonstrating that the
function of TA systems may not be solely based on predic-
tions from those from the same family. Interestingly, previ-
ous studies of different conjugative plasmids encoding parDE
TAs, in which the toxin ParE belongs to the same family as the
stbE toxin in p435, demonstrated that these plasmids can out-
compete those lacking parDE within the same incompatibility
group [30, 58, 59]. Recently, on the large conjugative plasmid
pMBL6842 of marine bacteria, we discovered the type II TA
pair PrpT/PrpA, in which the toxin also belongs to the ParE
family and directly regulates plasmid replication via the bind-
ing of the antitoxin to the iterons in the plasmid replication
origin [27]. This study not only emphasizes the importance of
investigating plasmid-encoded TA systems within their native
context but also highlights the diverse functions of type II TA
systems encoded by different plasmid types.

Previous work has demonstrated that toxin production is
tightly controlled by antitoxins under normal growth condi-
tions at the transcriptional and translational levels [12]. As
exemplified by the canonical type II TA pair StbDE in p45,
the antitoxin gene precedes the toxin gene, and the two genes
are cotranscribed and share a strong Rho-independent tran-
scriptional terminator. At the translational level, the antitoxin
has a strong RBS, whereas the toxin has a weaker RBS. These
features ensure the controlled production of StbE toxin only
under specific conditions when StbD is degraded. The hicAB
genes were first reported to be inserted into the major pilus
gene cluster in several strains of Haemophilus influenzae [60]
and were predicted to constitute a family of TA systems in
2006 [61]. In the majority of hicAB operons, the hicA gene
toxin often precedes the hicB gene [61, 62]. Notably, unlike
previously studied type II antitoxins with unstructured N- or
C-termini that are unstable, HicB appeared stable. Indeed, re-
cent studies also showed that proteases like Lon preferentially
degrade unstructured proteins but not structured antitoxins
or the antitoxin bound to a toxin to form a tightly TA com-
plex [11, 63, 64]. Therefore, the liberation of p45-encoded
HicA is less likely through the degradation of HicB. Instead,
we discovered that the conjugative plasmid-encoded HicATB
TA operon adopted a different strategy to increase toxin ex-
pression. Although the two genes are cotranscribed, an inter-
nal intrinsic terminator causes premature termination imme-
diately after the hicA toxin gene, resulting in higher levels of
the toxin relative to the antitoxin. This increased toxin pro-
duction is crucial for the transmission and persistence of IncI2
mcr-1-bearing plasmids. This study revealed the versatile way
employed by different type II TA systems to allow the toxic
function to be liberated. In addition to traditional antitoxin
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binding to regulate toxin release and activation, the regula-
tion of TA expression at the transcription level could also be
crucial for the execution of toxic function.

Additionally, HicAB TA systems display significant diver-
sity, including the fusion of extra domains to either the HicA
or HicB proteins [65]. Recent research has increasingly fo-
cused on the role of TA systems in antiphage defense [16].
Although the removal of hicATB or stbDE from p45 did not
impact host resistance to various E. coli lytic phages, the role
of phage-encoded HicAB systems in phage defense warrants
further investigation.

The dissemination of ARGs such as mcr-1 via conjuga-
tive plasmids involves horizontal transmission across differ-
ent host cells and vertical inheritance during host cell propa-
gation. The persistence of mcr-1-bearing conjugative plasmids
post-ban as a feed additive is a good example of the ‘plasmid
paradox’ [66, 67]. Despite the fitness cost conferred by the
mer-1 gene and hicATB TA on host cells carrying these plas-
mids, the retention of these plasmids in the microbial com-
munity may reflect the ‘selfish’ nature of these mobile genetic
elements. The integration of multiple ARGs, including mcr-
1, into conjugative plasmids can be facilitated by transposons
[68, 69]. Bacterial host cells acquire conjugative plasmids car-
rying ARGs in environmental niches where antibiotic resis-
tance is crucial for survival, but they often prefer plasmids
with a low copy number and high stability (e.g. IncI2 and
IncX4) due to fitness costs [22, 70]. Our study demonstrated
that IncI2 plasmids carrying the hicATB TA system with the

incorporation of mcr-1 confer a competitive advantage over
plasmids lacking this TA pair. Notably, the hicATB TA loci on
these plasmids induce addiction in the host through increased
toxin production, ensuring persistence even when colistin re-
sistance is no longer necessary. Our results align with the ob-
served high co-occurrence of mcr-1 and hicATB in IncI2 plas-
mids and the persistence of IncI2 plasmids in farmed animals,
humans, food, and the environment even after colistin was
banned as a feed additive in China [42]. Therefore, while re-
ducing antibiotic use can mitigate the spread of specific ARGs,
conjugative plasmids carrying TA systems remain significant
vehicles for mediating the transfer of other ARGs facilitated
by transposons, especially in environments such as the gut mi-
crobiome, where interspecies conjugation and competition for
nutrients occur [71]. Our findings underscore the underesti-
mated role of TA systems encoded by conjugative plasmids
in driving ARG dissemination, suggesting that targeting these
systems could help reduce the prevalence of conjugative plas-
mids in reservoirs and combat antibiotic resistance in the long
term.
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