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Horizontal gene transfer (HGT) has been considered the most important pathway to introduce antibiotic resistance genes (ARGs),
which seriously threatens human health and biological security. The presence of ARGs in the aquatic environment and their effect
on the intestinal micro-ecosystem of aquatic animals can occur easily. To investigate the HGT potential and rule of exogenous ARGs
in the intestinal flora, a visual conjugative model was developed, including the donor of dual-fluorescent bacterium and the
recipient of Xenopus tropicalis intestinal microbiome. Some common pollutants of oxytetracycline (OTC) and three heavy metals
(Zn, Cu and Pb) were selected as the stressor. The multi-techniques of flow cytometry (FCM), scanning electron microscopy (SEM),
atomic force microscopy (AFM), single-cell Raman spectroscopy with sorting (SCRSS) and indicator analysis were used in this study.
The results showed that ARG transfer could occur more easily under stressors. Moreover, the conjugation efficiency mainly
depended on the viability of the intestinal bacteria. The mechanisms of OTC and heavy metal stressing conjugation included the
upregulation of ompC, traJ, traG and the downregulation of korA gene. Moreover, the enzymatic activities of SOD, CAT, GSH-PX
increased and the bacterial surface appearance also changed. The predominant recipient was identified as Citrobacter freundi by
SCRSS, in which the abundance and quantity of ARG after conjugation were higher than those before. Therefore, since the diversity
of potential recipients in the intestine are very high, the migration of invasive ARGs in the microbiome should be given more
attention to prevent its potential risks to public health.
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INTRODUCTION
Antibiotic resistance could be selected by antibiotics released into
the environment at low (subinhibitory) concentrations [1] and
antibiotic resistance genes (ARGs) from the environmental
resistome have been detected in human commensals and
pathogens [2]. HGT is the main pathway to mediate the spread
of genes encoding antibiotic resistance among microbial hosts [3].
Moreover, as a significant HGT mechanism, conjugation can
disseminate ARGs by transferring mobile genetic elements,
including plasmids, integrons and transposons [4–7]. The hor-
izontal spread of plasmids usually carries one or more resistance
genes and deserves more extensive attention, especially in high-
density flora such as the intestinal environment of humans and
animals [8]. The long-term alteration of the normal healthy gut
microbiota and horizontal transfer of resistance genes could result
in a reservoir of organisms with a multidrug-resistant gene pool
[9]. Among different environments, the human intestine-
associated microbiota has 25 times more likelihood of having
horizontal gene transfer [10]. Meanwhile, the intestine can serve
as a reservoir for a variety of ARGs, such as β-lactam resistance and
quinolone resistance [11], in which the chromosomal ancestral
source of qnrB is theorized to be Citrobacter [12]. Therefore, it

should be noted that the intestines of aquatic animals would be a
hot site for HGT to occur.
Some factors, including heavy metals and antibacterial biocides,

can co-select for antibiotic-resistant strains via cross-resistance
(that is, via the same mechanism) or co-resistance (that is, via
genetically linked mechanisms) [13–15]. For example, E. xiangfan-
gensis from the intestine showed resistance not only to β-lactam,
quinolone, aminoglycoside and sulfonamide antibiotics but also to
an unusually high number of plasmid-based heavy metal
resistance gene clusters, such as copper, mercury and cadmium
[16]. Gram-negative bacteria increased significantly after the
addition of heavy metals and were more prone to receiving
resistant plasmids from donors [17, 18]. It was shown that OTC
served as a selective pressure to increase the proportion of tet-
bacteria in the red seabream (Pagrus major) intestine, where tet (B)
and tet (M) abundance increases immediately [19]. The presence
of OTC promotes the spread and proliferation of ARG and
transforms the microbial community structure [20]. The concen-
tration of heavy metals may promote bacterial antibiotic
resistance and thereby increase the prevalence of ARGs across
aquatic environments [21]. For instance, Cu could accelerate the
propagation of MRGs and ARGs via intI1 in the horizontal gene
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transmission process in urban rivers [22]. In duck/fish polyculture
ponds, levels of Zn and Cu were significantly correlated with
numerous ARG types, in which sul2, floR, and tetM were identified
as potential ARG indicators [23]. The observed increase in the
abundance of antibiotic resistance in aquatic ecosystems is likely
due to the co-selection of Pb, Zn and Co [24]. A diversity and high
abundance of ARGs were observed to be disseminated via water
source to aquaculture pond water and existed in the reared
organism [25], while the intestine was a hotspot environment for
receiving ARGs. Therefore, there is a great need to investigate the
effects of ARBs and ARGs on the intestinal microbiome and
evaluate the potential for horizontal migration of ARGs in the
aquatic environment with the combined presence of heavy metals
and antibiotics.
In this study, a conjugative system consisting of both multiple-

resistant bacteria and a potential intestinal microbiome was
established to study the conjugative transfer capability and rule of
four ARGs carried by the plasmid, in which ARGs of the donor
were harbored on the environmentally relevant conjugative
plasmid RP4. Some common aquatic pollutants, namely, three
heavy metals (Zn, Cu, Pb) and one antibiotic (OTC), were selected
as stressor. Tests including cell viability differences, plasmid
validation, mRNA expression levels, bacterial reactive oxygen
system enzyme index and cell membrane variation were
conducted to reveal the underlying mechanisms. The results aid
in comprehending the mechanism for the enrichment of the ARG
level of each stressor and reveal the ARG dissemination
approaches between bacteria during conjugation.

MATERIALS AND METHODS
Bacterial strains
Dual fluorescent E. coli K12 (chromosome labeled with red fluorescent
protein mCherry) carrying the RP4 plasmid (labeled with green fluorescent
protein sfgfp) was selected as the donor, while indigenous bacteria from
intestinal samples of Xenopus tropicalis were selected as the recipient.
Since the mCherry gene expresses red fluorescence and the sfgfp gene
expresses green fluorescence, E. coli K12 will exhibit dual-fluorescence (red
and green). When the plasmid RP4 of E. coli K12 was transferred to other
bacteria via HGT, the recipient would exhibit green fluorescence, while the
donor itself, which had lost the plasmid, would express only red
fluorescence in chromosome. The culture conditions and acquisition
method of the recipient are shown in Text S1.

Mobile plasmid-mediated conjugative transfer and plasmid
verification
To test the effect of three heavy metals (Zn, Cu, Pb) and the antibiotic OTC
on ARG transfer to indigenous intestinal microbes, mating conjugation was
established. The conjugative system was conducted in the LB-based
solution and consisted of both donor and recipient bacteria at cell
densities of 108 CFU/mL. In this case, 4 mL of the donors and recipients
were mixed, followed by immediately adding 12mL of different stress
solutions (containing OTC, Zn, Cu, Pb, Zn+OTC, Cu+OTC, Pb+OTC
groups) subsequently. Treatment with equal volume sterile water addition
was used as a control. The mixed cultures were harvested for subsequent
experimental assays after an 8 h incubation at 37 °C [26].
The donors, recipients and transconjugants in mating systems were

isolated on LB plates using a sterile inoculation loop after recognizing the
fluorescence signal under the inverted fluorescence microscopy (Carl Zeiss,
Germany). The plasmids of transconjugants were extracted using the
E.Z.N.A. BAC/PAC DNA Isolation Kit (D2156-01, Omega, USA). The specific
traG gene of plasmid RP4 was amplified by PCR (Eppendorf, Germany) [17]
and the amplicons were observed using 1% agarose gel electrophoresis.
PCR primers and conditions are described in Text S2 and Supplementary
Table S1.

Analysis of conjugative transfer frequency with the aid of FCM
The mixed culture was harvested by centrifuging for 8 min at 8000 rpm
and washing twice with PBS (pH 7.2–7.4). The acquired cell pellet was
resuspended in PBS and filtered with a 70 μm cell sieve and the OD600 of

the final cell suspension was set to 0.5. The frequency of conjugative
transfer was assessed by FCM (Flowsight, Merck, USA). The number of
bacteria collected by FCM was set to 10,000. The following formula was
used to calculate the conjugative transfer frequency (f) [27]: f= (Ng–Nd)/
(Nt–Nr), where Ng is the number of bacteria carrying green fluorescent
(donors and transconjugants); Nd is the number of bacteria carrying both
red and green fluorescent (donors with plasmid RP4); Nt is the total
number of collected bacteria, Nr is the number of bacteria carrying red
fluorescent (donors with and without plasmid RP4).

Measurement of viable bacteria counting
Verify the stressor response induced by exogenous heavy metals and OTC
over time by examining the absorbance and cell viability of donors and
recipients. The Cell Counting Kit-8 (CCK-8) (APE × BIO, USA) assay was
applied to assess the activity of donors and recipients. The OD450 value of
each well was measured at 0, 2, 4, 6 and 8 h with the Varioskan LUX
Multifunctional microplate reader (VLBL0TD2, Thermo Fisher, USA).
Calculation methods of cell viability are shown in Text S3.

Evaluation of mRNA expression for conjugative transfer
The mechanism of various stressors affecting HGT can be explained by
quantifying HGT-related mRNA. Firstly, the donor, recipient and mating
systems were treated by control and experimental groups for 8 h for the
RNA extractions. The bacterial cell pellets were collected by centrifugation
at 8000 rpm, 4 °C for 8 min. Total RNA was extracted from pellets using
Bacterial RNA Kit (R6950, Omega, USA). Secondly, extracted RNA was
transcribed to cDNA with ReverTra Ace qPCR RT Kit (FSQ-101, TOYOBO,
Japan) by PCR. Thirdly, the expression of the target genes was accurately
quantified by qPCR (Bio-Rad, Singapore). Conditions of PCR reverse
transcription reaction and QPCR reaction are described in Text S4 and
Text S5. The HGT-related mRNA genes include porin genes (ompA, ompC,
ompF), oxidative stress genes (rpoS), conjugative genes (trbBp), regulatory
plasmid transfer and replication genes (trfAp, traJ), global regulator genes
(korA, korB, trbA) and coupling genes (traG). The 16S rRNA gene was used
as an internal control. The primers used in this study are provided in
Table S2.

Determination of the bacterial reactive oxygen system index
ROS is an important mechanism by which HGT occurs in bacteria and the
activity of ROS-related enzymes is usually positively correlated with their
concentration [28, 29]. Catalase (CAT) assay kit (A007-1-1), superoxide
dismutase (SOD) assay kit (A001-3) and glutathione peroxidase (GSH-PX)
assay kit (A005-1) were used to evaluate the bacterial reactive oxygen
system index in conjugative solution. The activity of the indicators was
measured according to the manufacturer’s instructions. All kits were
purchased from Nanjing Jiancheng Institute of Biological Engineering.

Effect of stressor on the cell membrane surface
Bacteria in the conjugatiive solution were prepared according to the steps
in Text S6 and then observed by SEM (Tescan, Lyra 3 xmu). The conjugative
solutions were adhered to fresh cut mica and then dried for more than 2 h
[30], after which they were transferred to the sample stage of AFM
(Dimension Fast-Scan, Bruker, USA) for bacterial imaging and images were
acquired. Fields of vision were selected for observation in each sample
based on the random distribution of bacteria and represented the final
condition with the dominant images.

Cultivable and nonculturable transconjugant identification
and qPCR
The cultivable transconjugants were separated from the total conjugative
solution using plate streaking. Both cultivable and nonculturable transcon-
jugants were separated with SCRSS (PRECI SCS-P300, HOOKE, Instruments
Ltd.). SCRSS method for isolating single cells is described in Text S7. The
transconjugant isolated from SCRSS were used to obtain amplified DNA
with REPLI-g Single Cell kit (150345, QIAGEN, Germany) and the products
were PCR amplified using bacterial primers 341F (5′- AGAGTTTGATCCT
GGCTCAG-3′) and 806R (5′- TACGACTTAACCCCAATCGC-3′). The PCR
products were then sent to Comate Bioscience Co.,Ltd. for sequencing.
Then the obtained 16S rRNA gene sequences were put into BLAST for
homology comparison.
Relative abundance of resistance genes was examined to explore the

resistance evolution of recipients after receiving plasmids. Selection of
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tetM, zntA, pcoD and pbrT as indicator genes for OTC, Zn, Cu and Pb,
respectively [19, 23, 31]. Gene tetA carried by the plasmid RP4 was selected
to verify the entry of plasmid RP4 into the recipient [32]. Since intI1 are
associated with HMRGs and ARGs gene cassette and sul1 is frequently
associated with integrons [33, 34], intI1 and sul1 were selected to assess
the migration potential and resistance risk of the recipient after receiving
plasmid RP4. The qPCR tracked tetA, tetM, zntA, pcoD, pbrT, sul1 and intI1 in
the recipients and transconjugants. The relative abundance of all
measured target genes was calculated using 16S rRNA as an internal
reference gene control. DNA was extracted from the collected bacteria
using a bacterial DNA kit (D3350, Omega, USA) according to the
manufacturer’s instructions. All the qPCR procedures and primers are
described in detail in Text S4 and Table S3 in SI.

Correlation tests and statistical analysis
All experiments were conducted in biological triplicate. Transfer frequency
data were derived from a total of nine data from three tests per parallel
sample and expressed as mean ± standard deviation (SD). All data were
analyzed with SPSS 27.0 (SPSS, Chicago, USA). The results were analyzed by
Independent-sample t test methods. The p values less than 0.05 were

considered to be statistically significant. Further, Pearson correlation was
applied to calculate correlation coefficient, which was significant if p value
was less than 0.05. Data visualization was performed using Origin 2021
(OriginLab Co., MA, USA).

RESULTS
Stressor affected foreign ARG transfer to the intestinal
microbiome
To evaluate the single and combined effects of these four
stressors on conjugation at low concentrations, E. coli K12 with
the RP4 plasmid was selected as the donor. Meanwhile, some
indigenous microbiome from the intestine of Xenopus tropicalis
were the recipients (Fig. 1a). Based on some studies, Zn, Cu and
Pb exhibited the greatest conjugative transfer ability at
concentrations of 50, 5 and 100 μg/L in freshwater microcosms,
respectively [27]. Therefore, these concentrations were chosen to
further explore whether HGT among animal intestinal micro-
biome has the same ability. The 100 μg/L concentration of OTC

Fig. 1 Schematic depicting experimental design and conjugation results of ARGs induced by OTC and heavy metals. a Schematic
experimental design of the conjugation. b Fold change of conjugation frequency of RP4 plasmid in E. coli K12 under OTC and heavy metal.
c Fold change of transconjugant number under antibiotic and heavy metal. Significant differences between individual exposure groups and
the control were tested with the independent-sample t test: *(p < 0.05).
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was chosen because it was found to strongly promote intI1
abundance in our previous study [35]. To verify the transfer of
the RP4 plasmid, transconjugants were isolated on plates
containing antibiotics (ampicillin, kanamycin and tetracycline)
and green fluorescence verification was performed. Moreover,
the plasmids in transconjugants were identified as the same as
those in the donor by PCR amplification and gel electrophoresis,
while no plasmid was detected in the recipient (Supplementary
Fig. S1).
OTC and heavy metals might increase the conjugative transfer

of ARGs by increasing the transconjugant quantity. The frequency
under OTC, Zn, Cu and Pb stressors were up to 1-fold higher than
that of the control group, where the OTC, Cu+OTC and Pb+OTC
groups were significant (p= 0.022–0.045, Fig. 1b). Among the
single heavy metals, Cu had the maximum transfer frequency
[(2.0869 ± 0.0096) × 10−1 transconjugants per recipient cell],
where the number of transconjugants was 1.0493–1.1314-fold
higher than the control and the fold change in conjugation
frequency was 1.0721–1.2826-fold higher, followed by Pb and Zn
in that order (p= 0.10–0.71, Fig. 1c). In addition, the combined
effects of any one of the three heavy metals and OTC were
effective in increasing the number of transconjugants. The
conjugative transfer frequency increased with Pb+OTC
[(2.0614 ± 0.0078) × 10−1 transconjugants per recipient cell] and
was up to 1.0943–1.1752-fold higher than that of the control
group (p= 0.048). Therefore, the combined effect of low
concentrations of Pb and OTC was more likely to promote the
risk of HGT of ARGs in the environment. It should be noted that
Xenopus tropicalis were not exposed to any OTC or heavy metals
during their development from embryonic periods to adults, so
their indigenous microbiome in the intestine should have low
resistance. In this conjugative system, the coupling of low
concentrations of OTC and heavy metals was enhanced by
constructing intestine-potential bacteria in the environmentally
relevant model compared to the control. Collectively, we
concluded that OTC and Zn, Cu, Pb at environmental concentra-
tions increased the conjugative transfer of ARGs.

Relationship between intestinal microbiome activity and
conjugative transfer efficiency
For the donor, the absorbance of OD450 progressively increased in
all groups from 0 h to 4 h (Fig. 2a), but there was no significant
difference in donor cell viability within the group for most of times
(Fig. 2b), indicating that the survival of the donor was not stressor
dependent. For the recipient, since the intestinal microbiome was
not resistant to OTC and heavy metals, the recipient had some
inhibition when exposed to OTC and heavy metals at 0 h, except
for the Zn and Pb group (Fig. 2c). However, the absorbance of
OD450 of the recipient were higher than those of the donor
regardless of the time, indicating that their cellular activity was
higher than that of the donor. The horizontal transfer of ARGs
between bacteria is affected by cell activity [28]. For cell viability,
the cell viability of all groups was significantly correlated for most
of the time, except for 4 h (p= 0.00000031–0.042, Fig. 2d). Cell
viability recovered after 2 h, with the control, OTC, Zn, Zn+OTC
and Pb+OTC groups significantly increasing (p= 0.00000031–
0.00069) at all times selected for the assay (except for 4 h), while
the Cu and Cu+OTC groups significantly increased at all times
(p= 0.0000050–0.00032). This shows that the cell viability of the
recipient was more susceptible to the perturbation of OTC and
heavy metals. At the 8 h, it was shown that the cell viability of the
recipient was lower in all experimental groups than in the control
group but generally restored. In addition, the conjugation
frequency had a positive correlation with the number of
transconjugants (p < 0.05, Fig. S2), while the cell viability rate
of recipients had a negative correlation with the number of
transconjugants (p < 0.05). Therefore, an increase in the frequency
of conjugation may depend on a moderate decrease in the activity
of the recipient bacteria at a certain concentration.

Stressor changed the mRNA expression of related genes in
conjugative systems
Assays on the mRNA expression of donors and recipients revealed
that that the types and abundance of mRNA expression factors
were higher in the donors than in the recipients (Supplementary

Fig. 2 Effects of OTC and heavy metals on the cell viability of donors and recipients. a Absorbance of OD 450 nm of donors. b Cell viability
of donors. c Absorbance of OD 450 nm of recipients. d Cell viability of recipients. Significant differences between individual exposure groups
and the control (0 h) were tested with the independent-sample t test: *(p < 0.05), **(p < 0.01) and **(p < 0.001).
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Fig. S3a). All selected mRNA-related genes were detected in the
donor, while trbBp, trfAp, traJ, korB and trbA were not detected in
the recipient. The abundances of donors were 18.3797–4659.5069-
fold higher than recipients, with the most obvious being korA,
ompA, traG and ompF gene. The principal component analysis
showed that only Cu had a relatively large effect on multiple
resistant donors (Supplementary Fig. S3b), but for potential
recipients, all OTC and heavy metals had a perturbing effect on
the recipient (Supplementary Fig. S3c). Core genes and proteins
related to cell membrane structure and function showed
significant changes with exposure to OTC and heavy metal. For
example, the abundance of facilitating regulation-related mRNA
expression was significantly increased (up to 0.8256–1.3639-fold)
in the OTC, Pb and Zn+OTC groups (Fig. 3a). For the conjugative
system, OTC and Zn+OTC showed significantly increased
expression of ompA, ompF and ompC genes (p < 0.001), with
ompF increasing 3.9176-fold and 2.0113-fold, respectively (Fig. 3b).
The mRNA expression level of the global control system gene korA
was significantly reduced under all stressor (p < 0.001) (Fig. 3c).
Compared with the control group, the expression levels of korA
were reduced in the Zn+OTC, Cu+OTC and Pb+OTC groups,

decreased by 59.1326%, 58.0043%, 51.9323%. For other system
genes, OTC significantly increased the trbBp and traJ genes by
1.2892- and 1.6328-fold, respectively (Fig. 3d). However, for ARGs,
OTC and heavy metals had a significant promotion effect
(p < 0.001) on the horizontal migration of all ARGs (with traG as
the indicator). These had the potential to drive the horizontal
migration of plasmid-mediated ARGs in the intestinal microbiome.

Stressor promoted both ROS-enzyme expression and
conjugative transfer efficiency
SOD generation in the conjugations was extremely significantly
correlated with the stressor of OTC and heavy metals (p < 0.001)
(Fig. 4a) and the SOD levels increased from 0.1156 U· mgprot−1 to
0.2928, 0.2798, 0.2837 and 0.3012 U· mgprot−1 after 8 h of
exposure to OTC, Zn, Cu and Pb, respectively. Moreover, no
obvious difference was found in SOD generated by the conjuga-
tions between the single heavy metal group and its combined
stress group with OTC. There was no significant correlation
between SOD and frequency in the exposure to stressors alone
group (på 0.05, Supplementary Fig. S4). However, a positive
significant correlation was observed in the OTC combined with

Fig. 3 Effects of mRNA expression in different exposures. a Total expression of mRNA. b mRNA expression of conjugation of Omp system
genes. c mRNA expression of conjugated GR system genes. d mRNA expression of conjugation about other system genes. Significant
differences (c, d) between individual exposure groups and the control were tested with the independent-sample t test: *(p < 0.05), **(p < 0.01)
and **(p < 0.001).
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Zn/ Cu group (p < 0.001), suggesting that Zn or Cu combined with
OTC could promote HGT by increasing SOD content. Both OTC
and heavy metals significantly affected CAT generation in the
donor and recipient during conjugation (p < 0.001) (Fig. 4b), but
the fold changes in CAT levels caused by OTC and heavy metals
ranged from 5.6907-fold to 13.1625-fold and the combined effects
of heavy metals and OTC were even less than those of the
corresponding heavy metals alone, especially Pb, with the largest
reduction of 2.9621-fold. In addition, the CAT generation in the
conjugation depended on the presence of the stressor more than
the kind of stressor. The stressor likewise increased GSH-PX
generation in the conjugation significantly (p < 0.001). GSH-PX
generation increased in all stress groups, with 2.0187, 1.9673,
1.6454 and 2.0625-fold in the OTC, Zn, Cu and Pb stress groups
compared with the control, respectively (Fig. 4c). Only GSH-PX,
both donors and recipients during the conjugation, significantly
increased with simultaneous exposure to OTC in the Zn or Cu
stress group, with fold increases of 1.7381 and 1.7991-fold,
respectively. Therefore, all single stressor could improve the
generation of bacterial catabolic enzymes, but the combined
stressor effect of antibiotics and heavy metals was different from
the enzyme kind. Here, nonspecific effect, cooperative inhibition
and stress-specific effect were found for the generation of SOD,
CAT and GSH-PX, respectively.
To further verify whether the production of ROS-related enzyme

activity was correlated with mRNA expression, correlation analysis
was performed between enzyme activity expression and mRNA

expression among all groups. There was a highly significant
correlation among CAT, SOD and GSH-PX (p < 0.001) (Fig. 4d). The
global control system gene korA had a highly significant negative
correlation with all three enzyme activities (p < 0.001). In addition,
the outer membrane protein system gene ompC and transfer
regulation gene traG were significantly correlated with both CAT
and SOD (p < 0.05). GSH-PX also had a significant correlation with
ompA, ompC and trbBp (p < 0.05). The stressor-induced increase in
ROS-related enzyme activity indicated the enhanced permeability
of the cell membrane, as did the increase in the outer membrane
protein system genes.

Stressor altered the characteristics of the cell surface
The SEM image of bacteria during the conjugation process showed
that the cell membrane surface appeared to be heavily laden with
globular and filamentous secretions in the presence of stressor
(Fig. 5a–h) and some secretions connected the bacteria to each
other, which could potentially increase the conjugation of the
donor and recipient. Moreover, AFM was used to further investigate
the more subtle changes on the cell membrane surface; the cell
surface of both donor and recipient in the absence of stressor was
intact, while the donor was smooth with no flagella, as well as a
small amount of surrounding secretion (Fig. 5i). The recipient was
rougher (Fig. 5j) with abundant ciliary or flagella. In the control
group with no stressor, both the donor and recipient cells
remained intact, while the secretion on the donors increased
(Fig. 5k). Additionally, donor and recipient were covered and drawn

Fig. 4 Effects of antibiotics and heavy metals on reactive oxygen species in mating systems of each group. a SOD activity. b CAT activity.
c GSH-PX activity. d Correlation between enzyme activity and mRNA in conjugations. Significant differences (a–c) between exposure groups
and the control group were tested with an independent-sample t test and significant correlations (d) between assay factors were analyzed
with Pearson correlation analysis: *(p < 0.05), **(p < 0.01) and ***(p < 0.001).
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close. In contrast, with exposure to OTC and heavy metals, granular
protrusions (Fig. 5l), small pores (Fig. 5m), or a state of surface
invagination (Fig. 5n) were observed on or in the bacterial cell
membrane of all stress groups, which indicated that OTC and heavy
metals altered the characteristics of the cell membrane. Thus, the

closer cell contacts and membrane damage detected here align
with the changes in membrane permeability and the correspond-
ingly higher levels of gene transfer detected in the presence of OTC
and heavy metals. These results further explain the conjugative
transfer of ARGs enhanced as stressed by OTC, Zn, Cu and Pb.

Fig. 5 Effects of antibiotics and heavy metals on the characteristics of the cell membrane surface in conjugation solution. a SEM imaging
of the control group. b SEM imaging in the OTC group. c SEM imaging in the Zn group. d SEM imaging of the Cu group. e SEM imaging of the
Pb group. f SEM imaging of the Zn+OTC group. g SEM imaging of the Cu+OTC group. h SEM imaging of the Pb+OTC group. i Cell
membrane of the donor (AFM image). j Cell membrane of the recipient (with abundant fimbriae, AFM image). k Full state of the cell
membrane in the control group (AFM image). l Granular protrusions appear on the surface of the cell membrane (blue arrow, AFM image).
m Small pores appear on the surface of the cell membrane (green arrow, AFM image). n Invagination of the cell membrane surface (red arrow,
AFM image).
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Variation in transconjugant resistance with the obtainment of
plasmid
The abundance of ARGs in the transconjugants varied more
significantly than that in the recipient (Fig. 6a). The abundance of
the tetA gene in the recipient increased obviously after receiving
the plasmid from the donor. Interestingly, the horizontal migration

of ARGs not only transferred their own resistance to the recipient
but also contributed to the increase in the abundance of other
ARGs, such as sul1 and intI1 genes. It was very clear that no
sulfonamide antibiotics were added and the sul1 and intI1 genes
were confirmed to be undetected in the plasmid (Fig. S4a, b). For
the sul1 gene, expression upregulation was extremely obvious by
1002.9081–2252.7065-fold in the transconjugants and each heavy
metal combined with OTC increased the relative abundance of the
sul1 gene in both the recipients and transconjugants. Similarly, the
relative abundance of intI1 increased more obviously in the
transconjugants than in the recipients of all stress groups, which
supported the occurrence of ARG HGT by applying more mobile
elements. Moreover, the correlation of gene expression in
recipients and transconjugants showed that the occurrence of
transfer (represented by traG) was significantly correlated
(p < 0.05) with the expression of the resistance genes pcoD and
sul1, while the pcoD gene was also significantly correlated
(p < 0.05) with the outer membrane protein system gene ompF
(Fig. 6b, c). All 26 strains isolated by plate streaking were identified
as Citrobacter freundii. The bacteria with only green fluorescence
were sorted and identified by SCRSS (Fig. 6d, e). The results
showed that 45 of the 50 strains were identified as Citrobacter
freundii by bacterial identification library. The remaining five
unknown strains were identified through sequencing as Aero-
monas sp., Geobacillus sp. and Escherichia coli. But only Citrobacter
freundii was culturable and the others were non-culturable.

DISCUSSION
The influence of antibiotics and heavy metals on intestinal
resistance in aquatic organisms has received increasing attention
in recent years [19, 36–38]. The diffusion of resistance genes can
also be promoted by heavy metals, which is related to the high
bacterial sensitivity to metal pollution [39]. Here, it was found that
stressor at low concentrations could promote exogenous ARG
transfer to the intestinal microbiome, both the fold changes in
transconjugant number and conjugative transfer were enhanced
and the horizontal migration potential of the invaded ARGs
depended on the activity of the recipients. Considering that low-
dose antibiotics could promote the spread of ARGs by pili capture
and communication responses [40] and that heavy metals could
co-select ARGs in the same plasmid of ARBs [41], the effects
caused by these stressor on the transfer of ARGs have warranted
more attention. Moreover, conjugative transfer could be affected
by the bacterial stressor response and vitality [42]. Since bacterial
cells often suffer a fitness cost after conjugative plasmids’ entry,
transconjugants replicate slower than plasmid-free cells [43]. DNA
entering the recipient as single-stranded DNA during plasmid
transfer can activate the SOS response halting cell replication
[44, 45]. Moderate inhibition of recipient activity by OTC resulting
in decreased amounts may also be an important factor in the
increase of conjugative frequency. Although the number of viable
donors was nearly stable through the process of conjugation, the
recipient number fluctuated, indicating that the nonresistant
intestinal microbiome was continuously adapting to the stress
environment, as evidenced by time.
Multiple mechanisms are involved in the HGT of intestinal

microbes in the host (Fig. 7), including altered expression of mRNA,
ROS enzymes and cell membranes. The outer membrane protein
(Omp) carried by IncF plasmid in E. coli K12 and Enterobacteriaceae
family has been shown to have mating pair stabilization, which
plays important roles in concert with pore-forming proteins and
membrane transport, increasing membrane permeability [46–48].
The donor cooperates with different outer membrane receptors in
the recipients through TraN to mediate mating pair stabilization
and efficient DNA transfer [47]. However, TraN is present in IncF
plasmids and not in the RP4 system [47, 49]. The significantly
upregulated expression of Omp genes indicates that OTC and

Fig. 6 Transconjugant sorting and ARG analysis. a Relative
abundance of genes and integron in transconjugants and recipients.
b Correlation analysis of genes carried by recipient. c Correlation
analysis of genes carried by transconjugant. d Confocal fluorescence
image of microbiota through GFP (green) and mCherry (red) models
was collected and imaged. e Bright-field views before and after cell
sorting. Significant correlations (b, c) between each gene were
analyzed with Pearson correlation analysis: *(p < 0.05), **(p < 0.01)
and ***(p < 0.001).

X. Lin et al.

2010

The ISME Journal (2023) 17:2003 – 2013



heavy metals might regulate IncF plasmids system in bacteria to
increase porin expression and pore formation, allowing a donor
pilus to attach to and access the recipient, thus facilitating cell-to-
cell contact [48, 50], which contributed to the plasmid RP4 transfer.
Additionally, upward expression of ompC, traJ, traG and downward
expression of korA contributed to the development of HGT. SOD is
the primary biological tool that microorganisms use to degrade
superoxide within the cell membrane and the environment [51].
SOD activity in microorganisms has a strong correlation with the
survival of bacteria in antibiotics and is protective against antibiotic
toxicity [52]. Bacteria employed Zn or Cu as the catalytic metal to
form SOD to reduce the toxic effects of OTC in the conjugative

system [53], helping the plasmid transfer. Moreover, the increased
expression levels of enzymes CAT and GSH-PX promoted the
resistance of intestinal bacteria to the damage caused by harmful
metal ions and then effectively protected the donors and acceptors
from ROS damage, thus enhancing the uptake potential of conjugal
plasmids [29]. After exposure to OTC and heavy metals, the cell
membranes of bacteria in all conjugations showed different
degrees of changes, with most of them showing small pores on
the surface, which might be related to the migration of plasmids
into and out of the cell through its membrane, facilitating plasmid
DNA passing through the bacterial membrane and driving the
resistance genes spread from cell to cell among bacteria [27].

Fig. 7 A model depicting the mechanisms underlying the RP4 plasmid-mediated conjugation promoted by OTC and heavy metals.
a Membrane damaged. b Improved outer membrane protein gene. c Migration gene regulation. d Increased intracellular ROS-enzyme
production. e Inhibited recipient activity.
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Citrobacter freundii was one of the predominant recipients (i.e.,
ARB) in the intestine, which could be isolated successfully in all
groups. In terms of environmental risks arising from ARGs, ARB
was at greater risk than recipient (i.e., non-ARB) owing to the
variety and abundance of ARGs, in which sul1 and intI1 were the
most sensitive genes under the combined effect of antibiotics and
heavy metals. Bacteria stimulated by heavy metals were more
likely to survive in an antibiotic environment [54]. Heavy metals
and antibiotics showed a synergistic effect on intestinal ARGs and
the coregulated resistance induced by heavy metals might
aggravate the enrichment of ARGs [55]. However, the recipients
in this study did not have target resistance, thus suggesting that
Citrobacter freundii in the intestine is susceptible to environmental
ARBs, antibiotics and heavy metals and easily develops into
multidrug-resistant bacteria. It has been proven that when
bacteria adapt to one plasmid, they become generally permissive
to plasmid carriage [56]. In addition, there was an abundance of
nonculturable bacteria in the intestinal microbiome, of which
Aeromonas could also be dominant as transconjugants. Aero-
monas in wildlife has the potential to be an indicator of
antimicrobial resistance in aquatic environments [57]. Antibiotic
stressor transmitted ARGs between bacteria via plasmid conjuga-
tion, which finally contributed to the spread of ARGs (e.g., tetC) in
the aqueous environment [58], but the identification of suscep-
tible bacterial pairs will help to explore further mechanisms and
block technology for ARG conjugation.
In this study, in vitro conjugative systems were established at a

laboratory scale, which cannot accurately reflect the real effects
caused in vivo. Therefore, future studies on animals in vivo in real
environments should be conducted to evaluate the risk of
horizontal transfer of ARBs and ARGs in aquatic organisms under
stressor (e.g., heavy metals and antibiotics). Considering the
colonization of ARBs in vivo, the distribution of ARBs in the
intestine also needs to be assessed, as well as the ecological
analysis of HGT from in vitro to in vivo.
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