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Abstract 

Background  The development, progression, and dissemination of antimicrobial resistance (AMR) are determined 
by interlinked human, animal, and environmental drivers, which pose severe risks to human and livestock health. 
Conjugative plasmid transfer drives the rapid dissemination of AMR among bacteria. In addition to the judicious 
use and implementation of stewardship programs, mitigating the spread of antibiotic resistance requires an under-
standing of the dynamics of AMR transfer among microbial communities, as well as the role of various microbial 
taxa as potential reservoirs that promote long-term AMR persistence. Here, we employed Hi-C, a high-throughput, 
culture-free technique, combined with qPCR, to monitor carriage and transfer of a multidrug-resistent (MDR) plas-
mid within an Atlantic salmon in vitro gut model during florfenicol treatment, a benzenesulfonyl antibiotic widely 
deployed in fin-fish aquaculture.

Results  Microbial communities from the pyloric ceaca of three healthy adult farmed salmon were inoculated 
into three bioreactors simulating the teleost gut, which were developed for the SalmoSim gut system. The model 
system was then inoculated with the Escherichia coli strain ATCC 25922 carrying the plasmid pM07-1 and treated 
with florfenicol at a concentration of 150 mg/L in fish feed media for 5 days prior to the washout/recovery phase. 
Hi-C and metagenomic sequencing identified numerous transfer events, including those involving gram-negative 
and gram-positive taxa, and, crucially, the transfer and persistence of the plasmid continued once florfenicol treat-
ment was withdrawn.

Conclusions  Our findings highlight the role of the commensal teleost gut flora as a reservoir for AMR even once anti-
microbial selective pressure has been withdrawn. Our system also provides a model to study how different treatment 
regimens and interventions may be deployed to mitigate AMR persistence.
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Background
Antibiotics have existed for hundreds of millions of 
years, and the phenomenon of resistance has developed 
alongside them [1]. Throughout history, microorganisms 
have evolved various mechanisms to evade the 
challenges posed by chemical agents and environmental 
pressures, including those from antimicrobial drugs. The 
acquisition of resistance traits is a natural and adaptive 
process for microbes, enabling them to survive in the 
presence of antimicrobial agents [2]. In any bacterial 
population, a small number of individuals naturally 
exhibit resistance to specific antimicrobial compounds. 
When these substances are introduced, they eliminate 
most susceptible bacteria, sparing those with resistance 
genes [3]. These individuals then reproduce, leading to a 
population predominantly composed of resistant bacteria 
over time. This process represents a straightforward 
example of the survival of natural selection. However, 
complexity increases with the ability of bacteria to 
exchange genetic material, not only among their kind but 
also across different taxa [4].

Bacterial DNA, including genes responsible for 
antimicrobial resistance (AMR), can be transferred 
through various mechanisms, such as conjugation, 
transposition, and transformation, which are the most 
well documented [5]. The transmission of antibiotic 
resistance genes both within and between species 
predominantly occurs through plasmids. Plasmids are 
mobile, typically circular genetic elements ranging in 
size from thousands to hundreds of thousands of base 
pairs, and can replicate independently of the host’s 
chromosome [6].

Through these exchanges of genetic material, resistance 
factors can migrate from harmless bacteria to those 
that pose significant threats to animals or humans, 
complicating or, in some instances, rendering the 
treatment of these diseases impossible [7]. In addition 
to the transfer of AMR genes, other genetic elements 
related to virulence and stress resistance can also be 
disseminated through these mechanisms, potentially 
transforming nonpathogenic bacteria into harmful 
pathogens [8]. This phenomenon is especially relevant 
in the microbiome of vertebrate guts, which accelerates 
the emergence of antibiotic-resistant bacterial strains 
and facilitates the proliferation of virulence factors [9]. 
Compared with other bacterial environments, the gut 
microbial ecosystem is crowded and dense, making 
it easier for bacteria to swap genes across species via 
horizontal transfer. This high level of gene exchange leads 
to important genetic diversity for microbes [10].

The presence of antimicrobial resistance genes in 
aquaculture is a complex, two-way process that poses 
significant risks to both the environment and human 

health. Wastewater from various sources, including 
residential, industrial, and agricultural runoff, often 
contains AMR genes [11]. When this contaminated 
wastewater enters aquaculture systems, which are 
generally located downstream from urban environments, 
these AMR genes can be introduced into the fish farming 
environment. Within this aquaculture environment, 
AMR genes can persist and proliferate, leading to 
the development of resistant bacterial populations, 
which can then spread and potentially infect other fish, 
contaminating the entire system. The issue does not stop 
there; it extends beyond the boundaries of the fish farm. 
Effluents and runoff from these aquaculture farms can 
carry AMR genes back into surrounding natural water 
bodies, creating a feedback loop in which resistance 
spreads further into the environment. This domino 
effect can impact wild aquatic life, leading to biodiversity 
loss and the potential for resistant bacteria to enter the 
food web. Moreover, when humans consume seafood 
contaminated with AMR genes, they risk contracting 
resistant infections that can result in illness or death. 
Recreational and occupational exposure to contaminated 
water also poses health risks, as people can come into 
contact with resistant bacteria. Aquaculture, one of the 
world’s fastest-growing food production industries, 
remains the least researched field in AMR [12]. Recent 
research has highlighted the prevalence of antibiotic 
resistance in aquaculture-associated pathogens, such as 
Vibrio species [13].

In this study, we deployed the Atlantic salmon artificial 
gut system SalmoSim (Fig. 1) to track a multidrug-resist-
ant (MDR) plasmid before, during and after treatment 
with an antibiotic widely deployed in finfish aquaculture.

Specifically, we aimed to establish (1) the host range 
and adaptability of the MDR pM07-1 plasmid [14] within 
the complex microbial community of the Atlantic salmon 
gut, (2) the impact of selective pressure exerted by the 
antibiotic florfenicol on the dynamics of plasmid transfer 
and the subsequent shifts in the microbial community 
structure, and (3) the role of different microbial taxa in 
promoting the persistence of AMR determinants in the 
absence of drug pressure.

Hi-C provides detailed spatial information about DNA 
interactions within microbial communities [15–18], 
whereas shotgun sequencing offers comprehensive 
genetic profiling [19, 20], allowing for the precise identifi-
cation and characterization of plasmid‒host associations. 
Additionally, we used quantitative PCR (qPCR) to deter-
mine the plasmid concentration [21] in the bioreactors.
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Materials and methods
Atlantic salmon gut sample collection and preparation
Three intestinal tracts were collected from healthy 
farmed adult Atlantic salmons. They were transported 
to the laboratory in an anaerobic box on ice to maintain 
their integrity and prevent microbial contamination. 
Upon arrival at the laboratory, the pyloric cecal segments 
were carefully separated from each intestinal sample. 
A total of 1 g of each gut microbial sample (comprising 
mucus and scrap from the internal epithelium) was 
extracted from each pyloric cecum and transferred into 
separate sterile cryovial tubes. The gut microbial samples 
were snap-frozen in liquid nitrogen and stored in a 
freezer at –  70  °C to seed the bioreactors as described 
below. In addition, we collected a set of “backup” 
samples to serve as a contingency plan to maintain the 
experimental integrity and allow for potential restarts, if 
needed.

Fish feed medium preparation
The nutritional information of the feed pellets used 
for the primary in  vitro culture system was previously 
described in [22, 23]. To prepare the feed medium, 
a mixture of 70 g of Instant Ocean and 20 g of ground 
fish pellets were combined with 2 L of Milli-Q water in 
a Duran bottle. To simulate the enzyme digestion of the 

salmon stomach, the pH of the solution was adjusted to 
3.5 using hydrochloric acid (HCl), and 12 ml of crude 
stomach enzyme extract was added while stirring. The 
enzyme digestion process was carried out for one hour. 
The pH was subsequently restored to neutral by the 
addition of sodium hydroxide (NaOH). Once the pH 
reached 7.0, 1 g of dry sterile mucus was added to the 
digested media, and the entire mixture was autoclaved at 
121  °C for 15 min to ensure sterility. After autoclaving, 
the fish meal was filtered through a sieve to remove any 
solid particles that could block the silicon tubes and then 
autoclaved once again. Each bioreactor was provided 
with a batch of fish feed media for the experiment.

SalmoSim in vitro system preparation
Three 700-mL custom-made double-jacketed glass 
bioreactors were used in this study. To support bacterial 
growth, four pieces of a 1 cm3 aquarium sponge filter 
were placed in each bioreactor to enhance the three-
dimensional structure. Magnetic stirrers were used 
for continuous mixing. The entire setup, including the 
bioreactors and the magnetic beads, was autoclaved to 
ensure sterility. A microcontroller board (Arduino Uno) 
was used to monitor the temperature and control and 
monitor the pH via automated pumping of acidic (0.1 M 
hydrochloric acid (HCl)) and basic (0.1 M NaOH) buffers 

Fig. 1  Experimental setup
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(see Fig.  1). pH buffers and feed media were pumped 
via Atlas Scientific peristaltic pumps controlled by the 
Arduino. Initially, 400 mL of sterile feed media was added 
to each bioreactor. During the continuous flow phases of 
the experiment, fish feed was supplied at a rate of 200 
ml/day, with the waste slurry removed via peristaltic 
pumping to maintain a constant total volume of 400 ml/
bioreactor.

Figure  1 Illustration of the SalmoSim in  vitro system 
configured within a biosafety cabinet. The system 
includes three 700-mL custom-made double-jacketed 
glass bioreactors labeled A, B, and C, each equipped 
with magnetic stirrers for continuous mixing and 
containing four pieces of 1 cm3 aquarium sponge filters 
to support bacterial growth. The temperature and pH 
are meticulously controlled by a microcontroller board 
(Arduino Uno), which regulates automated dosing of 
acidic and basic buffers (0.1 M hydrochloric acid and 
0.1 M NaOH) via Atlas Scientific pumps to regulate the 
pH. Initial sterile feed media (400 mL) were introduced 
into each bioreactor. The feed media was continuously 
supplied at 200 mL/day through peristaltic pumps, while 
the waste was simultaneously removed to maintain 
a stable volume of 400 mL per bioreactor. A chiller 
was integrated to sustain the system at 12 °C, and a 
nitrogen (N2) tank ensured that anaerobic conditions 
were maintained. The detailed wiring and tubing setup 
depicted in the figure ensured precise monitoring and 
control, which is crucial for studying antimicrobial 
resistance in microbial communities within the artificial 
gut environment of Atlantic salmon. This setup facilitates 
a comprehensive investigation of bacterial dynamics 
under controlled laboratory conditions

Inoculation and maintenance of bioreactors
Each bioreactor was inoculated with 1 g of gut contents 
containing intestinal microorganisms from the gut 
microbial sample from the pyloric cecum, which were 
subsequently dissolved in 1 mL of autoclaved 35 g/L 
Instant Ocean Sea Salt suspension. This inoculum 
served as the source of intestinal microorganisms, 
representing the microbial composition of the pyloric 
cecum of the fish Atlantic salmon. This step ensured the 
establishment of a representative microbial community 
in each bioreactor. The internal physiological and 
chemical environments of the bioreactors were carefully 
controlled to mimic in  vivo conditions. The dissolved 
oxygen level in the system was minimized by sparging 
the bioreactors with sterile-filtered nitrogen (N2) gas for 
20 min daily. The temperature of the bioreactors was 
regulated at 12 °C by pumping chilled water through the 
outer compartment of the double-jacketed bioreactors. 
To simulate the pyloric cecum compartments, the three 

bioreactors received daily additions of 1 mL of filtered 
salmon bile and 0.5 mL of autoclaved 5% mucous 
solution. The 5% mucous solution was prepared by 
mixing 5 g of mucous with 100 mL of Milli-Q water, 
which was then autoclaved to maintain sterility, aliquoted 
in 1.5 ml Eppendorf tubes and frozen at −  20  °C. This 
experimental setup ensured the provision of appropriate 
nutritional and environmental conditions, mimicking the 
pyloric cecum compartments of the fish. The continuous 
monitoring and control of pH, temperature, and nutrient 
addition allowed for the maintenance of a stable and 
representative in vitro fish gut system.

Bacterial strains and plasmid transfer
The strain used in this study was Escherichia coli ATCC 
29522, which is deficient in diaminopimelic acid (DAP) 
and harbors the MDR plasmid pM07-1 [14, 24]. To avoid 
the continuous use of DAP, the plasmid was transferred 
to Escherichia coli ATCC 25922 [25] via conjugation, 
which was performed according to the general 
conjugation protocol from the Barrick Laboratory [26]. 
This transfer step was carried out prior to the preparation 
of the inoculum for the subsequent experiments.

Plasmid inoculum preparation
A florfenicol stock solution was prepared by dissolving 
florfenicol in dimethyl sulfoxide (DMSO) at a 
concentration of 50 mg/mL. The stock solution was filter 
sterilized in a 0.2 µm filter syringe and stored as aliquots 
at −20 °C.

Before the gut simulator was inoculated, ATCC 25922 
harboring pM07-1 was acclimatized to the SalmoSim 
system conditions. Initially, it was cultured overnight 
in tryptic soy broth supplemented with florfenicol at a 
concentration of 50 μg/mL. The cultures were incubated 
at 37  °C with agitation at 300 rpm. To simulate the 
conditions of the bioreactors, customized marine media 
supplemented with florfenicol similar to the media 
used in the bioreactors were prepared. The ATCC 
25922 (pM07-1) strain was transferred to customized 
media, which also contained florfenicol. The culture 
was grown overnight at 25 °C with agitation at 300 rpm. 
Subsequently, ATCC 25922 (pM07-1) was cultured in 
fish feed media supplemented with florfenicol (50 mg/L), 
and the culture was incubated at 14 °C for 40 h.

To prepare the inoculum, ATCC 25922 (pM07-1) 
grown in the fish feed media was centrifuged at 2000×g 
for 10 min. The resulting pellet was washed with sterile 
seawater to remove antibiotics. After washing, the pellet 
was suspended in 1 mL of seawater. The system was then 
inoculated with approximately 1010 colony-forming units.
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Experimental design and sampling
The experimental trial followed a predetermined 
timeline involving static microbial growth, fish feed 
supplementation, plasmid inoculation, antibiotic 
treatment, and a subsequent washout period. Sampling 
was conducted at specific time points throughout the 
study for analyses such as Hi-C and qPCR. Initially, the 
experiment involved 5 days of static microbial growth 
without the continuous flow of fish feed media, allowing 
bacterial populations to establish within the in  vitro 
system. This was followed by a 35-day period of fish 
feed supplementation at 200 mL/day, which supported 
bacterial proliferation and activity. On day 40, the 
bioreactors were inoculated with plasmid-conjugated E. 
coli. Media supplementation was paused for 24 h post 
inoculation to allow the conjugated bacteria to settle, 
after which a continuous flow of feed media and waste 
removal resumed. This step introduces transmissible 

genetic material into bacterial populations to study the 
spread of antimicrobial resistance.

Starting on day 42, florfenicol was added to the fish 
feed media at 150 mg/L for 5 days, providing selective 
pressure to stimulate plasmid transfer between bacterial 
communities. This was followed by a 7-day washout 
period without antibiotic treatment.

Samples were collected at various stages to capture dif-
ferent phases of the experiment. Hi-C sequencing sam-
ples were taken on day 5, and additional samples were 
collected on day 42 before the addition of florfenicol 
(pretreatment), on day 47 (the last day of antibiotic treat-
ment; treatment phase), and on day 54 (the end of the 
study; washout phase). Additionally, samples for qPCR 
analysis were collected daily, starting on day 39 (Fig. 2).

Fig. 2  Experimental design and sampling
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Analysis of the pM07‑1 plasmid concentration 
during the main experimental trial
During the experimental trial, a 1 mL sample was 
collected from each sample in sterile 1.5 mL Eppendorf 
tubes. The collected samples were then subjected 
to centrifugation at 1000×g for 10 min at 15  °C. The 
supernatant was subsequently carefully removed, and the 
resulting pellet was suspended in 1 mL of Milli-Q water. 
To facilitate plasmid extraction, the samples were boiled 
for 15 min. After boiling, the samples were centrifuged 
at 13,000×g for 10 min to separate the supernatant. 
To quantify the plasmid levels in each bioreactor, 
quantitative real-time PCR (qPCR) was performed 
using 0.5 mL of the recovered supernatant obtained 
after centrifugation. Primers targeting the florfenicol 
resistance gene were used to quantify the levels of the 
MDR plasmid pM07-1. The specific gene associated with 
this plasmid was measured via qPCR with the primers 
flor-q-FP (GGA​TGG​CAG​GCG​ATA​TTC​AT) and flor-
q-RP (CTT​GAC​TTG​ATC​CAG​AGG​GC). The pM07-1 
plasmid was amplified and purified via the QIAGEN 
Plasmid Plus Midi Kit to create standards of known 
concentration. This was done so that a standard curve 
could be generated to enable absolute quantification of 
experimental samples by qPCR. Serial dilutions were 
prepared from the purified plasmid product as follows: 
P1 (1 in 100), P2 (1 in 1000), P3 (1 in 10,000), P4 (1 in 
100,000), P5 (1 in 1,000,000), and P6 (1 in 10,000,000). 
qPCR was performed via Luna® Universal qPCR Master 
Mix (BioLabs®, New England) at a concentration of 1x. 
The florfenicol resistance qPCR primers were used at a 
working concentration of 0.25 µM. Two microliters of 
either the experimental sample or the plasmid standard 
were used in each reaction, and the final total volume was 
10 µL. Each sample was analyzed in technical duplicate. 
The qPCR analysis was performed in Qiagen Strip 
Tubes in a Qiagen qPCR machine (Rotogene Q, Hilden, 
Germany).

The plasmid copy number in each sample was 
calculated by interpolating the Ct values from the 
bioreactor samples onto the standard curve equation. The 
copy number was expressed as copies/μl of the sample. 
The standard curve equation used for this calculation was 
derived from a linear regression of the known plasmid 
concentrations and their corresponding Ct values via the 
following equation:

where a and b are the slope and intercept of the 
standard curve, respectively. This equation allows for 
the determination of plasmid copy numbers in the 
experimental samples by substituting the Ct values into 
the equation and solving for the copy number.

Log
(

copy number
)

= a× (Ct)+ b,

Sample preparation for Hi‑C sequencing
A 10 mL sample from each bioreactor was collected on 
days 5, 42, 47, and 56 in 15 mL sterile tubes and centri-
fuged at 3000×g for 10 min. The supernatant was dis-
carded, and the pellet was resuspended in 0.5 mL of 
Phase Genomics PGShield™. The samples were subse-
quently sent to Phase Genomics (Seattle, WA, U.S.A.) for 
further analysis (see Fig. 3).

ProxiMeta methods
A Hi-C library was created with the Phase Genomics 
ProxiMeta Hi-C v4.0 Kit following the manufacturer-
provided protocol [27]. Briefly, intact cells were 
crosslinked via a formaldehyde solution, simultaneously 
digested via the Sau3AI and MlucI restriction enzymes, 
and proximity ligated with biotinylated nucleotides 
to create chimeric molecules composed of fragments 
from different regions of genomes that were physically 
proximal in vivo. Proximity-ligated DNA molecules were 
pulled down with streptavidin beads and processed into 
an Illumina-compatible sequencing library. Separately, 
using an aliquot of the original sample, DNA was 
extracted with a ZYMObiomics DNA miniprep kit [28], 
and a metagenomic shotgun library was prepared via 
ProxiMeta library preparation reagents. Sequencing was 
performed on an Illumina NovaSeq platform, generating 
PE150 read pairs for both the Hi-C and shotgun 
libraries. Hi-C and shotgun metagenomic sequencing 
files were uploaded to the Phase Genomics cloud-
based bioinformatics portal for subsequent analysis (see 
Fig. 3a).

Shotgun reads were filtered and trimmed for quality, 
normalized via fastp v0.20.1 [29] and then assembled via 
MEGAHIT v1.2.9 [30, 31] via default options (Fig.  3b). 
Hi-C reads were then aligned to the assembly following 
the Hi-C kit manufacturer’s recommendations [32]. 
Briefly, reads were aligned via BWA-MEM v0.7.17 [33] 
with the -5SP options specified and all other options 
default. SAMBLASTER v0.1.26 [34] was used to flag 
PCR duplicates, which were subsequently excluded 
from the analysis. The alignments were then filtered 
with SAMtools v1.11 [35] via the -F 2304 filtering flag 
to remove nonprimary and secondary alignments. 
Metagenome deconvolution was performed with 
ProxiMeta [36, 37], resulting in the creation of putative 
genome and genome fragment clusters. Clusters were 
assessed for quality via CheckM v1.1.3 [38] and assigned 
preliminary taxonomic classifications via Mash v2.2 [39].

As shown in Fig.  3a, the Hi-C sequencing process 
involves crosslinking chromatin within bacterial cells, 
followed by digestion of the DNA and religation of the 
crosslinked fragments, which are then biotin labeled. 
These labeled fragments are pulled down and sequenced, 
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providing spatial information about DNA interactions 
within the cell. Simultaneously, as shown in Fig.  3b, 
shotgun sequencing involves fragmenting DNA, ligating 
adapters, and using next-generation sequencing (NGS) 
to generate a library of sequences. This method allows 
for the comprehensive analysis and reconstruction of the 
bacterial genome. The integration of Hi-C and shotgun 
sequencing data enables a detailed comparison and 
comprehensive understanding of the genetic structure 
and interactions of the microbial community. The 
final visualization and interpretation of the data reveal 
insights into the genomic organization and potential 
antimicrobial resistance mechanisms in bacterial species 
such as Escherichia coli, Stenotrophomonas maltophilia, 
and Lysinibacillus fusiformis.

Taxonomic profiling
For the contigs generated from phase genomics, 
taxonomic profiling of the microbial communities 
present was conducted via Kraken version 2.1.2, which 
leverages a specialized microbial database to increase 
the accuracy and specificity of the identification process. 
The subsequent estimation of species abundance was 
performed with Bracken, which applies a threshold 

parameter of 100 (-r) and is configured to identify taxa 
exclusively at the genus level.

Following the taxonomic profiling, the microbial 
abundance data for each sample were visualized in 
RStudio. This involved the use of packages such as 
tidyr, dplyr, and ggplot2. To facilitate the calculation 
of abundances, the data were transformed to a long 
format. The top 25 taxa were identified by summing their 
abundances, and these taxa, along with an aggregated 
"Others" category, were plotted to highlight their relative 
proportions.

Whole‑genome sequencing, contig assembly, 
and annotation
The Escherichia coli strain ATCC 25922 was isolated 
from the bioreactor inoculum, and its DNA was extracted 
via the Qiagen REPLI-g single-cell kit following the 
manufacturer’s instructions. The extracted DNA was sent 
to GENEWHIZ for whole-genome sequencing (Illumina 
NovaSeq). Genome assembly was conducted via SPAdes 
4.0.0 [40]. Annotation of antimicrobial resistance genes 
was performed via the Comprehensive Antimicrobial 
Resistance Database (CARD) [41] through the PROKSEE 
server [https://​beta.​proks​ee.​ca/​proje​cts]. The PROKSEE 

Fig. 3  Integrated Hi-C and shotgun sequencing analysis of microbial samples from bioreactors

https://beta.proksee.ca/projects
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server also generated high-quality, navigable maps for 
the AMR genes of the whole genome, as well as for the 
plasmid PM07-1 and its AMR genes.

Results
Variations in microbial community dynamics 
across treatment stages and bioreactors
The analysis of microbial communities revealed notable 
variations in genus abundance and diversity across dif-
ferent treatment stages and bioreactors, indicating that 
dynamic yet moderate changes were influenced by the 
treatment process. The relative proportions of genera 
varied significantly across the samples in different phases 
within each bioreactor (Fig. 4a), and several genera domi-
nated specific samples. A detailed comparison of the 

similarities and differences in identified genera across 
bioreactors A, B, and C is provided in Supplementary 
Table S1. This summary highlights the presence and rela-
tive abundance of key genera across experimental phases, 
facilitating a better understanding of microbial interac-
tions and their potential influence on AMR transfer.

The ABC mixture sample was a composite of samples 
taken from three separate bioreactors, labeled A, B, 
and C, after a period of 5 days of static growth prior to 
the initiation of continuous flow with fish feed. AB&C 
were pooled in this way to provide a broad overview 
of the initial microbial community established across 
bioreactors in the experiment. The high diversity 
observed in the ABC mixture sample, as demonstrated by 
the Shannon diversity plot (Fig.  4b) and the rarefaction 

Fig. 4  Species diversity and relative abundance of the top 25 genera across all the samples. a Variation in the relative abundance of the top 25 taxa 
across samples in different bioreactor phases. The ABC mix bar represents a composite from bioreactors A, B, and C after 5 days of static growth 
prior to the initiation of continuous flow with fish feed. Stars indicate genera with the florfenicol resistance gene. Diverse, less abundant genera are 
represented as "Others." b Shannon diversity index. The Y-axis represents the Shannon diversity index, which ranges from 0 to 4. c The rarefaction 
curves show that the ABC mixture sample, which has the highest genus diversity, plateaus at 250 taxa. The other samples presented lower diversity, 
were less than 50 species, and presented less pronounced plateaus, indicating lower richness. d The Bray‒Curtis NMDS plot highlights relationships 
between microbial community compositions across bioreactor samples. Brown ellipses encapsulate clusters, showing samples from the same 
bioreactor. The ABC mixture (dark purple) is distinct, indicating a unique microbial community.
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curve plot (Fig.  4c), indicated that a substantial portion 
of the microbial community comprised a wide array of 
genera that were not individually dominant enough to be 
included in the top 25 most abundant taxa. Consequently, 
these less abundant but diverse genera are collectively 
represented as "Others" in Fig.  4a, reflecting the rich 
microbial diversity present in the ABC Mix sample.

In bioreactor A, there was a marked decrease in 
the populations of Bacillus and Aliivibrio across the 
experimental phases, accompanied by an increase in the 
populations of Escherichia and Stenotrophomonas, both 
of which possess the florfenicol resistance gene. Similarly, 
Bioreactor B exhibited an increase in populations 
of bacterial taxa with the florfenicol resistance gene 
during the treatment phase, including Bacillus and 
Psychrobacter. In bioreactor C, the population of the 
dominant group, Psychrobacter, decreased during the 
washout phase, whereas the population of Bacillus 
increased (Fig. 4a).

Figure  4b shows that the Shannon diversity index, 
which measures the richness and evenness of microbial 
communities, was highest in the ABC mixture sample. 
However, after 37 days of continuous flow with fish feed, 
a significant decrease in Shannon diversity was observed 
across all bioreactors (A, B, and C) compared with the 
ABC mixture sample. Interestingly, bioreactors A and 
B exhibited noticeable increases in diversity during the 
three experimental stages: pretreatment, treatment, 
and washout. In contrast, bioreactor C maintained a 
relatively constant level of Shannon diversity across all 
experimental stages, indicating a stable and consistent 
microbial community composition throughout the 
pretreatment, treatment, and washout phases of the 
study.

In Fig.  4c, the rarefaction curves depict the species 
diversity as a function of sample size. ABC MIX shows 
the highest diversity, reaching a plateau of approximately 
250 species. Compared with the ABC MIX treatment, 
the other treatments and washouts resulted in markedly 
lower species diversity, generally below 50 species, with 
much less pronounced plateaus, indicating lower species 
richness. The Bray‒Curtis NMDS plot (Fig.  4d) visually 
demonstrates the differences and similarities in microbial 
community compositions across samples from different 
bioreactors and stages. The ABC mixture (dark purple) 
is distinct from the other samples, indicating a divergent 
microbial community. The samples from bioreactors A 
(light green, green, and dark green), B (yellow, orange, 
and brown), and C (light red, red, and dark red) clustered 
together in the bioreactor, suggesting similar commu-
nity compositions within each bioreactor across stages 
but were distinct between the bioreactors. This finding 
indicates that microbial communities are more similar 

within each bioreactor throughout stages and that each 
bioreactor hosts a diver, relatively consistent community 
composition.

During the washout phase of Bioreactor A, we 
observed a noticeable increase in Yarrowia populations 
(Fig.  4a). A mechanical failure of the magnetic stirrer 
responsible for maintaining bioreactor homogenization, 
which occurred 5 days before the last sampling point, 
likely underpins this divergent profile. Specifically, the 
magnetic stirrer maintaining the homogenization of 
the bioreactor stopped working overnight, causing the 
internal magnet to cease spinning. This malfunction 
resulted in inadequate mixing within the bioreactor. 
Consequently, the pH probe detected a slightly acidic 
environment and instructed the Arduino system to pump 
more sodium chloride to adjust the pH to 7. However, 
due to insufficient mixing, the pH in the bioreactor 
increased significantly, exceeding the probe’s readable 
range. Although the issue was promptly corrected the 
following morning, the extreme pH conditions likely led 
to a substantial reduction in most bacterial populations, 
providing an opportunity for the Yarrowia group to 
thrive under these altered conditions.

Distribution and AMR gene transfer of the plasmid pM07‑1 
across bioreactors
To investigate the distribution and horizontal gene 
transfer of the plasmid pM07-1, which carries multiple 
antimicrobial resistance genes, we conducted a series 
of experiments in which bioreactors A, B, and C were 
inoculated with the Escherichia coli strain ATCC 25922. 
Additionally, we monitored plasmid concentrations and 
the distribution of AMR genes across the pretreatment, 
treatment, and washout stages.

Our results demonstrated that the genome of the 
inoculum bacteria, E. coli ATCC 25922, contained 58 
AMR genes when analyzed via the CARD database, 
with a threshold for the best identity contig-AMR match 
exceeding 90%. In particular, nine of these AMR genes 
were located on the plasmid pM07-1, which is approxi-
mately 150  kb in size (Fig.  5a). The complete genome 
assembly of E. coli ATCC 25922 was previously pub-
lished and submitted to NCBI under accession number 
CP009072 [25]. This strain, which was isolated from 
a clinical sample in Seattle, Washington (1946), and is 
commonly used in quality control testing, originally 
included two plasmids. However, after introducing plas-
mid pM07-1 through a conjugation process from an E. 
coli K12 strain deficient in diaminopimelic acid and sub-
sequently isolating bacteria from the bioreactor inocu-
lum, we discovered the presence of three plasmids. These 
genes confer resistance to various antibiotics, including 
floR (chloramphenicol and florfenicol resistance), tet(A) 
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(tetracycline resistance), APH(6)-Id and APH(3’’)-Ib 
(aminoglycoside resistance), sul2 and sul1 (sulfonamide 
resistance), CMY-2 (carbapenem, cephalosporin, and 
penicillin resistance), aadA7 (spectinomycin and strep-
tomycin resistance), and qacEdelta1 (resistance to disin-
fecting agents and antiseptics).

The results of the qPCR analysis of the florfenicol 
gene (Fig.  5b) revealed that during the pretreatment 
stage (Days 1–2), the plasmid concentrations in all three 
bioreactors (A, B, and C) remained low and consistent. 

During the treatment stage (Days 3–7), a notable increase 
in plasmid concentration was observed in bioreactor 
B starting from Day 6, when it reached approximately 
2 million copies/μl by Day 7. Bioreactor A also showed 
an increase in plasmid concentration, peaking on 
Day 7, although the increase was smaller than that in 
bioreactor B. Bioreactor C also presented an increase in 
plasmid concentration, but it was less pronounced than 
that in bioreactor B. In the washout stage (Days 8–13), 
plasmid concentrations in bioreactor B continued to rise, 

Fig. 5  Plasmid distribution, concentration dynamics, and gene prevalence across all samples. a. Circular genome map of the Escherichia coli strain 
ATCC 25922 with the plasmid pM07-1, highlighting nine AMR genes, including floR, tet(A), APH(6)-Id, sul2, CMY-2, aadA7, and qacEdelta1, which 
confer resistance to multiple antibiotics. b. Plasmid copy numbers over 13 days in bioreactors A, B, and C during the pretreatment, treatment, 
and washout stages. c. Heatmap showing AMR, stress-related, and virulence genes across bioreactor samples A (green), B (brown), and C (red) 
during the pretreatment, treatment, and washout stages. The plasmid pM07-1 is shown in purple. Escherichia coli, the plasmid vector used, 
is highlighted in red
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peaking at approximately 4 million copies/μl on Day 9, 
and fluctuated between 2–4 million copies/μl until Day 
13. In contrast, bioreactor A resulted in a decrease in 
the plasmid concentration after day 7, with low values 
by day 13. Bioreactor C displayed a modest increase 
in plasmid concentration, peaking around Day 11 and 
maintaining a higher concentration than did bioreactor A 
but lower than that of bioreactor B. Antibiotic selective 
pressure during the last 2  days of the treatment phase 
significantly increased plasmid abundance across all 
bioreactors. Specifically, plasmid abundance increased 
significantly in all observations during the treatment 
phase compared with the pretreatment phase (p < 0.05, 
calculated via a paired t test). Furthermore, there was 
no significant decrease in plasmid abundance during the 
washout phase, with 2 out of 3 observations showing no 
significant change compared with the treatment phase 
(p > 0.05, paired t test).

Figure 5c shows the distribution and transfer of AMR 
genes associated with the plasmid pM07-1 across various 
bioreactor samples, which are highlighted in purple at the 
bottom of the heatmap. We identified plasmid transfer to 
17 different bacterial species, comprising 7  g-negative 
and 10 g-positive species (Fig. 5c).

Successful plasmid pM07-1 transfer was defined as 
the presence of at least 8 out of 9 antibiotic resistance 
genes encoded on the plasmid in the recipient bacterial 
community. This threshold was established for potential 
minor variations in gene transfer efficiency and 
sensitivity of detection, which might cause the occasional 
absence of a single gene.

In the ABC mixture sample, only two AMR genes, 
bla and fosB, are located on the bacterial chromosome 
of Bacillus cereus. Escherichia coli, the vector for the 
plasmid, consistently expresses the plasmid-specific 
AMR genes at all stages across the bioreactors, except in 
the ABC mix.

In Bioreactor A, during the pretreatment phase, 
Photobacterium iliopiscarium and Stenotrophomonas 
maltophilia acquired the plasmid pM07-1. Additionally, 
successful plasmid acquisition occurred in Psychrobacter 
sp. TB67 and Bacillus sp. 2A57CT2. During the 
treatment phase, these same species continued to harbor 
the plasmid, with the addition of Alcalibacterium sp. 
AK22. However, in the washout stage, no plasmid was 
observed, likely because of the disruption caused by the 
magnetic stirrer described previously.

In the pretreatment stage of bioreactor B, the plasmid 
was detected in seven species, indicating extensive 
horizontal gene transfer. This phase also resulted in 
greater plasmid-associated AMR gene biodiversity, with 
new species such as Brevibacterium linens BL2, Kocuria 
UCD OTCP, and LysiniBacillus fusiformis, along with 

Aliivibrio wodanis showing the presence of the plasmid 
pM07-1. In the treatment phase, plasmid transfer 
increased with the addition of Bacillus thuringiensis, 
which acquired the plasmid despite not having it during 
pretreatment. We also identified the plasmid in six other 
species. During the washout phase, the plasmid stably 
persisted in five species, including Psychrobacter sp. TB2 
and Bacillus thuringiensis, along with three other species 
that still carried the plasmid.

In Bioreactor C, during the pretreatment phase, 
the plasmid pM07-1 was detected in seven species. 
Interestingly, during the treatment phase, the presence 
of the plasmid was observed in only five species. In the 
washout phase, the plasmid persisted in three species.

Discussion
In this study, we provide the first survey of the 
endogenous AMR complement in the gut microbiota of 
the Scottish Salmo salar. Using Hi-C technology coupled 
with shotgun sequencing, we then established a direct 
link between the MDR plasmid pM07-1 and its microbial 
hosts. This approach enables detailed mapping of the 
presence and distribution of AMR genes, providing new 
insights into microbial ecology and resistance dynamics 
within the aquaculture environment. Here, we show that 
the pM07-1 plasmid interacts with numerous bacterial 
hosts spanning gram-negative and gram-positive taxa 
and, in particular, continues to be transferred and 
persists once florfenicol treatment has been removed, 
emphasizing the role of the commensal teleost gut flora 
as a reservoir for AMR.

The SalmoSim in  vitro simulation platform provides 
a transformative framework for investigating microbial 
ecology and AMR in aquaculture systems. Unlike in vivo 
models restricted by ethical considerations, biological 
variability, and the logistical challenges of monitoring 
dynamic microbial communities, SalmoSim enables 
precise control over environmental parameters [22, 23]. 
This approach permits detailed interrogation of plasmid 
transfer and microbial interactions, free from the welfare 
constraints of animal-based research. Moreover, in 
contrast to ex  vivo methodologies, SalmoSim supports 
continuous nutrient supplementation under controlled 
anaerobic and temperature-regulated conditions. The 
resulting environment closely approximates the teleost 
gut, offering a more accurate and ethically sustainable 
surrogate for in vivo studies.

We noticed a substantial shift in the microbial 
communities across the different experimental phases. 
Notably, the ABC mixture sample presented the highest 
microbial diversity, as evidenced by the rich variety of 
genera represented. This initial high diversity could be 
attributed to the fact that the sample represents a pool of 
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all the bioreactors early in the experiment. Additionally, 
as we noted previously in SalmoSim, rare microbial taxa 
are progressively lost as the community adapts to culture 
conditions [22]

As the bioreactors transitioned to continuous flow 
with fish feed, a marked decrease in microbial diversity 
was observed. This is supported by the Shannon diversity 
index (Fig.  4 Panel b) and rarefaction curves (Fig.  4 
Panel c), both of which indicate significant reductions in 
species richness and evenness. We used florfenicol as a 
stress factor in our study because it is commonly used in 
aquaculture to treat bacterial infections [42, 43], making 
it relevant for simulating real-world conditions and stress 
factors. The continuous flow environment likely imposed 
selective pressures that favored certain genera capable of 
thriving under these conditions, leading to a reduction 
in overall diversity, since florfenicol has broad-spectrum 
antibacterial properties that are effective against a wide 
range of pathogens, including those resistant to other 
antibiotics [44]. In aquaculture, florfenicol is typically 
administered via medicated feed at doses of 10–15  mg/
kg fish/day for approximately 10 consecutive days, as 
recommended by regulatory guidelines and product 
bulletins [45, 46]. Here, we employed a substantially 
higher concentration (150  mg/L) of florfenicol within 
the SalmoSim in  vitro system to impose a pronounced 
selective pressure on the microbial community. This 
concentration surpasses typical in vivo exposures, and is 
designed to simulate worst-case scenarios such as local 
drug accumulation or accidental overdosing.

In bioreactor A, a decrease in the Bacillus and 
Aliivibrio populations was accompanied by an increase 
in the Escherichia and Stenotrophomonas populations, 
both of which carry florfenicol resistance genes. These 
findings suggest that the selective pressure exerted 
by florfenicol may have facilitated the proliferation of 
resistance genera. Similarly, Bioreactor B presented an 
increase in Bacillus and Psychrobacter populations, both 
of which are associated with florfenicol resistance during 
the treatment phase.

The changes observed in Bioreactor C were distinct, 
with Psychrobacter initially dominant but decreasing 
during the washout phase, whereas Bacillus populations 
increased. This variation indicates that different 
bioreactors may harbor unique microbial dynamics 
and resistance patterns, influenced by the founding 
community composition and subsequent environmental 
conditions [47].

Interestingly, while bioreactors A and B exhibited 
fluctuations in diversity across the experimental stages, 
bioreactor C maintained a relatively stable microbial 
community composition. This stability, as shown by 
the consistent Shannon diversity index across the 

pretreatment, treatment, and washout phases, suggests 
that certain microbial communities can achieve 
equilibrium despite the introduction of selective 
pressures [48]. The stability of bioreactor C might 
be attributed to the initial community’s resilience or 
adaptive mechanisms that buffer against environmental 
changes.

As shown in Fig. 4d, the clear clustering of samples by 
bioreactor indicates that microbial communities within 
each bioreactor are more similar to each other across 
stages than to those in other bioreactors. Importantly, 
each of the three bioreactors represented microbial 
communities derived from different individual Atlantic 
salmon. The significant differences observed in the bac-
terial community composition and diversity dynamics 
across these bioreactors likely reflect the inherent indi-
vidual variations among the host fish. These individual 
differences could arise from factors such as genetic 
background, early-life environmental exposures, and 
potentially distinct host‒microbe interactions [49].

Furthermore, the identification of nine AMR genes 
on the plasmid, including the florfenicol resistance 
gene, underscores the significant role that plasmids 
play in harboring and disseminating resistance traits. 
The presence of these genes, which confer resistance 
to various antibiotics, poses a substantial threat to the 
efficacy of antimicrobial treatments.

Plasmid transfer from gram-negative to gram-pos-
itive bacteria is rare and typically involves a shuttle, a 
type of plasmid that has the ability to replicate in mul-
tiple host species [50, 51], or broad host range plasmids 
such as IncP [52] and IncPromA [53], with narrower 
host plasmids such as IncX3 also showing cross‒gram 
transfer [54]. While previous studies have reported 
intergram plasmid transfer for other plasmid groups, 
our findings demonstrate that the MDR IncA/C plas-
mid pM07-1 can also traverse the gram-negative/gram-
positive boundary.

Here, we detected plasmid transfer in 17 distinct 
bacterial species, including seven gram-negative 
strains and ten gram-positive strains (Fig.  5c). These 
species belong to seven different bacterial families, 
demonstrating the broad host range and adaptability 
of the plasmid. The gram-negative species included 
members of the families Vibrionaceae, Moraxellaceae, 
and Xanthomonadaceae, whereas the gram-
positive species were distributed among the families 
Bacillaceae, Carnobacteriaceae, Brevibacteriaceae, and 
Micrococcaceae.

There are many probiotics on the market that are 
Bacillus-based formulations, and one major concern 
regarding the use of probiotics is that they can potentially 
acquire AMR genes through mobile genetic elements. 
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This poses a major risk in animal production systems, 
where such transfer could lead to the spread of resistance 
traits, complicating efforts to control infections and 
maintain animal health [55].

The presence of the resistance gene blaCMY-2 
for carbapenems, cephalosporins, and penicillins is 
particularly alarming [56]. These classes of antibiotics are 
among the most effective treatments currently available 
for combating pathogenic bacteria, including MDR 
strains [57]. The ability of the pM07-1 plasmid to confer 
resistance to these critical antibiotics indicates that the 
plasmid has the potential to significantly compromise 
treatment options for severe bacterial infections.

During the washout phase of bioreactor A, none of 
the nine AMR genes associated with plasmid pM07-1 
were detected. The extremely high pH in bioreactor 
A likely caused notable bacterial death, including that 
of the plasmid pM07-1 carriers, resulting in a drastic 
decrease in plasmid abundance. Additionally, surviving 
bacteria may have lost the plasmid due to stress-induced 
metabolic burdens [58]. Consequently, no plasmids 
or associated AMR genes were detected during the 
washout phase, indicating plasmid instability under 
harsh conditions. [59]. In addition, there was a notable 
shift in the microbial community structure. Specifically, 
the relative abundance plot revealed a significant increase 
in the Yarrowia population. The elevated pH conditions 
likely inhibited other highly abundant bacteria, creating 
an opportunity for Yarrowia to increase in population. 
As a yeast commonly used in fish feed as a probiotic [60, 
61], Yarrowia can thrive in altered environments [62, 
63], taking advantage of the reduced competition from 
other microorganisms that are less tolerant to high pH 
conditions.

Hi-C is a powerful tool for use in metagenomics stud-
ies; however, it has some limitations that can affect data 
interpretation. The observed inconsistencies in the pres-
ence of certain AMR genes (e.g., floR, sul1, sul2) across 
different bacterial species, despite all nine genes being 
present on plasmid pM07-1, can be attributed to several 
factors related to the Hi-C method used in our study. 
Insufficient sequencing depth or challenges in mapping 
short reads accurately to repetitive plasmid sequences 
can lead to missing gene signals [64]. Additionally, the 
Hi-C method can introduce biases in the data, such as 
preferential capture of certain regions over others, affect-
ing the consistency of gene detection across samples [65]. 
Furthermore, limitations in the resolution and coverage 
of Hi-C sequencing may result in incomplete detection of 
plasmid sequences in some bacterial species or samples, 
leading to discrepancies in the observed gene signals [66].

A stable baseline prior to selective pressure 
application is indicated in panel B (Fig. 5b), and despite 

the low plasmid concentrations observed during the 
pretreatment phase, we can clearly observe from panel C 
of Fig.  5 that notable HGT occurred even at this stage. 
The presence of antimicrobial resistance genes across 
multiple bacterial species indicates that the plasmid 
pM07-1 actively transferred resistance traits among the 
microbial community. This early HGT activity suggests 
that even minimal plasmid presence can facilitate the 
spread of resistance genes, highlighting the persistent 
and pervasive nature of HGT in microbial ecosystems. 
The pronounced increase in plasmid concentration in 
bioreactor B during the treatment and washout stages 
aligns with the high diversity of AMR genes and the 
introduction of new species harboring these genes. 
These findings suggest that the selective pressure from 
antibiotics not only increased the plasmid concentration 
but also facilitated the active transfer and establishment 
of the plasmid in novel bacterial hosts.

The first sample taken for Hi-C was a mixture from 
all three bioreactors to identify the AMR genes in the 
intestinal flora of the three Atlantic salmon used in the 
experiment before the addition of the fish feed and the 
MDR plasmid. We discovered only two AMR genes, bla 
and fosB, located on the chromosome of Bacillus cereus 
(Fig. 5c). These genes are significant because they confer 
resistance to antibiotics commonly used in human 
medicine, with bla encoding beta-lactamase enzymes 
that provide resistance to beta-lactam antibiotics [67] 
and fosB conferring resistance to fosfomycin [68], posing 
a potential threat to the spread of AMR. Although 
these genes are not plasmid-borne, they still present a 
risk owing to the potential for horizontal gene transfer 
through transformation [69], transduction [70], and 
conjugation of chromosomal genes [71].

The low incidence of AMR genes in the first sample, 
the ABC mixture, is consistent with the minimal use 
of antibiotics in Scottish aquaculture, where antibiotic 
consumption has substantially decreased in recent years 
[72–74]. Our findings’ minimal variety of AMR genes 
most likely reflects the efficiency of these interventions, 
since the sector has shifted to more sustainable methods, 
lessening the selective pressure for the emergence and 
spread of antibiotic resistance.

The presence of pM07-1 in multiple species, including 
Photobacterium iliopiscarium and Stenotrophomonas 
maltophilia, indicates efficient plasmid transfer and 
stable maintenance across diverse bacterial hosts. 
Stenotrophomonas maltophilia is a known human 
pathogen that is particularly prevalent in hospital 
environments, where it causes various infections, 
especially in immunocompromised patients. Notably, 
the blaCMY-2 gene on plasmid pM07-1, which provides 
resistance to multiple β-lactam antibiotics, underscores 



Page 14 of 16Barcan et al. Animal Microbiome            (2025) 7:18 

the potential for cross-species transmission of resistance 
traits and the associated zoonotic risk. The historical 
context of this plasmid, which originated from the catfish 
pathogen Edwardsiella ictaluri [14], further highlights 
the interconnectedness of antimicrobial resistance across 
different species and environments.

Interestingly, we observed a notable pattern in the 
bacterial taxa associated with plasmid pM07-1 across the 
bioreactors. With the exception of Kocuria UCD, every 
other bacterium carrying the plasmid was found in at 
least two different bioreactors. These findings suggest the 
potential resilience and adaptability of these taxa in the 
acquisition and maintenance of plasmids across various 
environmental conditions within bioreactors. The 
recurrence of these bacterial taxa in multiple bioreactors 
indicates that certain species may be more predisposed 
to plasmid acquisition and retention, highlighting their 
potential role in plasmid dissemination within microbial 
communities.

The findings from this study have profound 
implications for antimicrobial resistance management 
in aquaculture and other environments where microbial 
communities are exposed to antibiotics. The rapid and 
extensive HGT of resistance genes highlights the need 
for stringent monitoring and management practices to 
prevent the spread of MDR bacteria.

Understanding the dynamics of plasmid transfer 
and the conditions that favor the maintenance and 
dissemination of resistance genes can inform the 
development of strategies to mitigate the spread of 
antimicrobial resistance. This knowledge is crucial for 
designing interventions that target key points in the 
microbial community’s response to selective pressures, 
potentially curbing the proliferation of resistant strains.

Future research should focus on in-depth mechanistic 
studies of HGT and plasmid stability under diverse 
environmental conditions. Investigating the specific 
factors that enhance or inhibit plasmid transfer 
and maintenance can provide valuable insights into 
controlling the spread of resistance genes. While this 
study presents notable strengths, several limitations must 
be noted. First, while Hi-C sequencing is a powerful tool, 
it can introduce potential biases, such as preferentially 
capturing certain genomic regions and failing to fully 
detect AMR genes present on plasmids. Second, although 
the controlled conditions of the SalmoSim system 
allow for the isolation of specific variables, they do not 
fully capture the complexity of natural aquaculture 
environments, where microbial communities are shaped 
by a range of ecological factors. Moreover, the chosen 
florfenicol concentration (150 mg/L) surpasses typical 
field concentrations, thus amplifying the observed AMR 
signal and potentially overestimating plasmid transfer 

rates relative to real-world scenarios. Future research 
should replicate these findings in field settings and 
investigate AMR transfer dynamics at lower antibiotic 
concentrations to strengthen ecological validity.

Conclusions
In summary, our findings revealed that (1) plasmid 
pM07-1 has a broad host range, transferring to 16 
bacterial species of both gram-negative and gram-
positive bacteria, and (2) under florfenicol selective 
pressure, plasmid transfer increased, leading to an 
increase in plasmid concentrations and shifts in the 
microbial community structure, favoring resistant strains 
while reducing diversity among susceptible populations. 
(3) Plasmid transfer and maintenance seem to have a 
low cost, can occur in the absence of selection pressure, 
and can persist in a wide variety of microbial taxa in the 
absence of selection.
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