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Abstract

Background Plasmids are influential drivers of bacterial evolution, facilitating horizontal gene transfer and shap-

ing microbial communities. Current knowledge on plasmid persistence and mobilization in natural environments

is derived from community-level studies, neglecting the single-cell level, where these dynamic processes unfold. Pin-
pointing specific plasmids within their natural environments is essential to unravel the dynamics between plasmids
and their bacterial hosts.

Results Here, we overcame the technical hurdle of natural plasmid detectability in single cells by developing SPEci-
FISH (Short Probe EffiClent Fluorescence In Situ Hybridization), a novel molecular method designed to detect and vis-
ualize plasmids, regardless of their copy number, directly within bacterial cells, enabling their precise identification

at the single-cell level. To complement this method, we created ProFiT (PRObe Finding Tool), a program facilitating
the design of sequence-based probes for targeting individual plasmids or plasmid families.

Conclusions We have successfully applied these methods, combined with high-resolution microscopy, to investi-
gate the dispersal and localization of natural plasmids within a clinical isolate, revealing various plasmid spatial pat-
terns within the same bacterial population. Importantly, bridging the technological gap in linking plasmids to hosts
in native complex microbial environments, we demonstrated that our method, when combined with fluorescence-
activated cell sorting (FACS), can track plasmid-host dynamics in a human fecal sample. This approach identified
multiple potential bacterial hosts for a conjugative plasmid that we assembled from this fecal sample’s metagen-
ome. Our integrated approach offers a significant advancement toward understanding plasmid ecology in complex
microbiomes.
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Introduction

Plasmids play a vital role in bacterial evolution and adap-
tation, but limited studies have examined their ecology,
function, and distribution in natural systems. This is
primarily due to several limitations, including the lower
quantities of plasmid DNA compared to chromosomal
DNA, the low copy numbers of plasmids within micro-
bial cells, and the challenges in accessing diverse bacte-
rial host cells. Consequently, most studies that explore
the distribution and function of uncultivated plasmids
across and within their ecosystems use metagenomic
methods such as plasmidome sequencing [1-3] and bio-
informatic tools designed for the assembly of circular
plasmid sequences [4-8], or the classification of plas-
mid contigs among metagenomic reads [9-11], which
only approximate the plasmid hosts’ range [2, 12-21].
However, examining plasmidomes solely at the metagen-
omic level neglects fundamental processes occurring at
the single-cell level, such as plasmid spatial distribution
within individual microbes and transfer between them.
These aspects can profoundly influence plasmid main-
tenance and dispersal within and across the population.
For example, the random distribution of high-copy-num-
ber plasmids throughout the cell can ensure transfer to
daughter cells, while low-copy-number plasmids rely on
active partitioning mechanisms to ensure plasmid pres-
ence in both daughter cells [22—25]. Moreover, plasmid
dispersal across hosts can create source-sink mecha-
nisms, influencing plasmid frequency within and across
the population [26]. To study plasmids on the single-cell
level, culture-dependent methods or transformation are
commonly used [27-29], narrowing the plasmid range
to cultivable plasmids. In addition, studies commonly
genetically alter cultivated plasmids to facilitate their
detection using selective genes or marker genes [30—35],
thereby possibly modifying their behaviors. Further-
more, current microscopy-based, single-cell, culture-
independent methods are limited to identifying plasmids
within known hosts, thereby neglecting the identifica-
tion of unknown plasmid hosts within complex commu-
nities and metagenomes. This leaves the critical task of
identifying plasmids’ hosts within whole metagenomes
unresolved [36]. Other methods that preserve plasmid-
host associations in metagenomes prior to sequencing
include proximity-ligation techniques like Hi-C [37] and
3C [38], as well as emulsion-based approaches such as
EpicPCR [39]. While these methods leverage the physical
proximity of plasmid DNA to host DNA, further valida-
tion is necessary to confirm the bacterial host and elimi-
nate false positives. Additionally, in the case of Hi-C, the
DNA assembly process remains non-trivial and challeng-
ing, adding another layer of complexity to the accurate
identification of plasmid-host relationships. Hence, to
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fully understand the ecological forces controlling plasmid
effects on ecosystems, it is essential to assess their distri-
bution within individual microbial hosts as well as across
populations that form natural communities, providing
insights into the community dynamics and evolution.
Specifically, this includes understanding how plasmids
maintain themselves within the population without
selection regimes and how they control their dispersal to
avoid extinction from their host populations and com-
munities, and determining the extent to which plasmids
are transferred across different microbial cells and hosts
in natural systems. To cope with these challenges, our
study introduces an innovative bioinformatic and molec-
ular pipeline to target and study plasmids within their
hosts in their native environments. ProFiT—SPEci-FISH
pipeline stands for PRObe FInding Tool together with
Short Probe EffiClent Fluorescence In-Situ Hybridiza-
tion. Our pipeline is designed to cope with major hur-
dles encountered when studying plasmids in their natural
bacterial host cell and enables plasmid detection in high
specificity within cells using traditional methods such as
microscopy and FACS. ProFiT [40] first identifies multi-
ple short probes for multiple plasmids or plasmid genes,
while considering all available DNA contigs in the sample
to significantly reduce cross-reactivity. This is followed by
SPEci-FISH, which leverages these multiple probes and
also introduces an enzymatic amplification step boost-
ing the fluorescent signal at the target sequence, a crucial
step for pinpointing plasmids within their native environ-
ments. After validating the adaptability of our pipeline by
optimizing it on two commercial high-copy and low-copy
number plasmids, we applied it to four plasmids found
in a clinically relevant Escherichia coli strain [41], gain-
ing valuable insights into their dispersal and distribu-
tion at the population level. By combining our pipeline
with high-resolution Stochastic Optical Reconstruction
Microscopy (STORM), we achieved an understanding
of the spatial distribution of these plasmids within single
cells. We were also able to co-localize two plasmids at a
time within their bacterial host by dual labeling, shedding
light on their interactions and behaviors. Furthermore,
we demonstrated that our novel pipeline can specifically
detect plasmids of interest in complex samples, identify
their bacterial hosts, and recapitulate their dynamics
within the communities. The ProFiT and SPEci-FISH
methods could be used individually or together as ver-
satile and powerful tools for studying plasmid dynam-
ics, distribution, and interactions. Our approach offers
a significant advancement in the detection and analysis
of plasmid-host dynamics by allowing high-throughput
screening of cells using FACS. This robust approach
overcomes the limitations of microscopy-based tech-
niques, which are often constrained by spatial mapping
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of known microbial hosts and plasmids and are primarily
applicable to biofilms or whole tissues [36]. Unlike exist-
ing methodologies that depend heavily on pre-existing
sequencing data and prior knowledge of target taxa, we
can identify all plasmid-containing taxa, including those
with unknown identities, allowing us to detect horizon-
tal gene transfer (HGT) events that might otherwise be
overlooked in traditional sequencing workflows. By over-
coming the challenges of probe design, optimizing tech-
niques for different plasmid types, and offering insights
into single-cell, population and community levels, our
methods pave the way for an enhanced understanding of
microbial communities and their mobile genetic compo-
nents [42].

Results
ProFiT-SPEci-FISH: a pipeline for plasmid detection
within their bacterial hosts in their natural environment
To address the limitations of studying plasmid ecology
in natural systems, we developed a comprehensive pipe-
line integrating both wet-lab and computational steps.
This pipeline consists of SPEci-FISH, a novel molecular
technique utilizing multiple short probes to efficiently
target plasmids within environmental samples. Addition-
ally, it incorporates ProFiT, a computational tool which
designs specific probes by considering the vast diversity
of genes in metagenomic data to reduce the likelihood of
probe adherence to non-plasmid DNA (Fig. 1). The use
of both tools requires the plasmidome of the samples of
interest (such as soil, feces, or marine samples, Fig. 1).
This could be achieved by direct extraction of the overall
plasmidome using molecular techniques [1, 3, 43] and/or
by assembling plasmids from whole metagenomic DNA
sequencing using specific plasmid assemblers [4, 44].
SPEci-FISH harnesses the combined strengths of single-
molecule FISH (smFISH) [45], which uses multiple short
probes to achieve specificity and signal amplification, and
Catalyzed Reporter Deposition FISH (CARD-FISH) [46],
which incorporates an enzymatic amplification step for
further signal enhancement.

By utilizing these methods’ strengths, we can detect
plasmids with exceptional sensitivity and specificity,
even in cases where their copy numbers are low, owing

(See figure on next page.)
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to the combined effect of multiple probes and the cas-
cade of enzymatic reactions that amplify the fluorescent
signals (as specified in materials and methods and Fig. 1
scheme). Nevertheless, SPEci-FISH maintains a high
level of specificity by using multiple short probes binding
to many targets and lowering the chance that incidental
misbinding to incorrect targets would result in sufficient
signal intensity, enabling clear differentiation between
true signals and any potential off-target signals.
Fluorescent cells bearing the plasmid or plasmid genes
of interest can then be specifically examined or separated
using fluorescence-activated cell sorting (FACS). Subse-
quently, their bacterial hosts can be identified by amplify-
ing and sequencing the 16S rRNA gene of the sorted cells
containing the plasmids. To address nonspecific binding
in SPEci-FISH, a hurdle often exacerbated by the diverse
genetic makeup of environmental samples, we developed
ProFiT [40]. This program offers a streamlined yet robust
solution for accurate targeting of plasmid DNA. ProFiT
conducts a comprehensive screen of all DNA contigs in a
sample to identify and select probes that specifically tar-
get the desired plasmid DNA, while ensuring high speci-
ficity, effectively distinguishing the target DNA from the
myriad of other genetic material present in the sample.
By employing a greedy algorithm approach, ProFiT opti-
mizes probe selection, prioritizing those with the high-
est prevalence in the target DNA while minimizing the
risk of misbinding to unrelated sequences. This ranking
process guarantees that only the most suitable probes
are chosen, bolstering the reliability and accuracy of
subsequent experimental results. ProFiT also facilitates
the creation of probe sets optimized for targeting entire
groups of plasmids or plasmid genes, such as those asso-
ciated with mobilization or antibiotic resistance. Users
may customize the number of degenerate nucleotides
in the output, enabling the probes to effectively cap-
ture a broader range of targets. This feature not only
enhances labeling efficiency but also significantly reduces
costs associated with probe synthesis and experimenta-
tion. Furthermore, ProFiT enables users with other cus-
tomizable parameters, granting the flexibility to define
probe lengths and Limiting the number of probes bind-
ing to undesired targets. This versatility enables effective

Fig. 1 lllustration of the ProFiT-SPEci-FISH pipeline to explore plasmid dynamics and determine their bacterial host in environmental samples.

The sample undergoes sequencing, and plasmids are assembled using SCAPP [4]. ProFiT is then employed to design multiple small, specific
digoxigenin-labeled probes, tailored for the plasmids or plasmid genes of interest. These probes are ordered and subsequently hybridized

to the target plasmid using the SPEci-FISH method. Probes are then detected by anti-digoxigenin antibodies, conjugated to horseradish
peroxidase (HRP). This enzyme catalyzes multiple reactions with tyramide-labeled fluorophores, which serve as the substrate, leading to a localized
and amplified fluorescent signal that can be visualized using a fluorescence microscope or analyzed using FACS. Dotted lines represent optional

steps in the pipeline
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targeting of closely related sequences, ensuring robust
and reliable results even in scenarios where sequences
are not 100% identical. ProFiT outputs two files, one con-
tains each probe sequence, along with a list of all posi-
tions in the target sequence(s) where it matches, and all
positions in the negative sequences where it misbinds
[40]. The second file lists, for each probe, the new target
sequences that are fully covered by adding this probe to
the set of previously listed probes, and the new negative
sequences that would be incorrectly covered by add-
ing this probe. This setup allows users to determine the
desirability of adding each specific probe to their experi-
ment. Probes in each file are ordered based on how few
negative sequences and how many new target sequences
they match.

Efficient targeting and labeling of multiple plasmids
of varying sizes and copy numbers within single cells
and populations
To test the SPEci-FISH method on different plasmid
copy numbers, we initially implemented the method on
commonly used and well-characterized high-copy num-
ber (pUC19,>100 copies/cell) and low-copy number
(pSC101, ~ 5 copies/cell) plasmids (Fig. 2Ai). These plas-
mids were each introduced into the E. coli TG1 strain
through bacterial transformation. We used ProFiT to
design specific probes to target these plasmids and to
fluorescently label them using SPEci-FISH. This effort
enabled the precise targeting and successful visualiza-
tion of the plasmids within their bacterial hosts. Labeling
efficiency was determined by using FACS to quantify the
proportion of fluorescently labeled cells carrying plas-
mids, compared to control cells lacking the plasmids
but subjected to the same labeling procedure. To opti-
mize signal detection, we evaluated sets of 5, 10, 15, and
20 probes targeting the LCN plasmid. Using 20 probes
yielded the highest signal-to-noise ratio, calculated as the
geometric mean fluorescence intensity of each sample
divided by that of its corresponding plasmid-lacking TG1
control (Fig. S1A). While the number of probes can be
adjusted depending on the specific plasmid and sample,
we used 20 probes across all experiments for consistency.
Our results show that only 0.21% of control cells (lack-
ing the plasmid) exhibited a signal, whereas 99.2% and
98.2% of cells containing the plasmid exhibited a signal
for the low-copy number and high-copy number plas-
mids, respectively (Fig. 2Aii, S1B). These results sug-
gest that the SPEci-FISH method demonstrates a very
high signal-to-noise ratio, enabling accurate counting
of plasmid-containing cells, while minimizing off-target
signals. In these tested populations, most cells carry the
plasmids, aligning with the commercial design purposes
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of these plasmids for industrial and research applications
aimed at maximizing the number of plasmid-containing
cells to increase gene expression efficiency [47, 48].

Furthermore, to assess the detection sensitivity of the
SPEci-FISH approach in native microbial samples, we
performed a spiking experiment using a rumen sam-
ple (Fig. S1B). A known quantity of E. coli cells harbor-
ing the high-copy number plasmid pUC19 (~10* cells)
was added to 1 mL of rumen content, which is estimated
to contain~10° total microbial cells per milliliter. This
corresponds to a relative abundance of approximately
0.001% for the spiked plasmid-bearing cells. Following
SPEci-FISH labeling and FACS analysis, we observed an
increase in the fraction of fluorescently labeled cells from
3.36% in the unspiked control to 6.93% in the spiked sam-
ple. This~2-fold increase suggests that the method is
capable of detecting plasmid-carrying cells at abundances
as low as 1 in 10° cells, under conditions where the plas-
mid is present at high copy number and the probes are
well optimized. These results demonstrate the method’s
potential for identifying rare plasmid-host associations in
diverse microbial communities.

Next, we explored more complex samples to test the
specificity of ProFiT probe design and SPEci-FISH plas-
mid labeling within single cells and populations. To do
so, we used an E. coli ST131 clinical isolate population,
E2022, previously shown to carry multiple plasmids [41].
We reassembled plasmids from the reads of this strain
using SCAPP [4]. Two plasmids matched the two fully
assembled plasmids previously submitted to the public
database. We also successfully assembled additional plas-
mids that had not been fully resolved in earlier work [41]
(Fig. S2A, S2B). Using ProFiT and SPEci-FISH, we tar-
geted and analyzed four plasmids of various sizes within
isolated cells, assessing their distribution across the cel-
lular population and within individual cells (Figs. 2Ai
and 3). Probe sets were specifically designed for these
plasmids using ProFiT and applied effectively with
SPEci-FISH (Fig. 2Ai). FACS was then used to quantify
the targeted plasmids (Fig. 2Aii, S1), providing valuable
insights into their distribution across the bacterial pop-
ulation. Interestingly, we observed varying prevalence
of each plasmid within the same population, indicating
that different portions of the isolated population carried
different plasmids. This variation suggests a potential
distribution of labor, possibly governed by the balance
between positive and negative fitness effects associated
with each plasmid.

Intrigued by the single-cell heterogeneity within micro-
bial communities and its potential impact on plasmid
dynamics, we harnessed the power of SPEci-FISH to
colocalize plasmids within their bacterial hosts. This
allowed us to assess the degree of overlap between the
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Fig. 2 Microscopic visualization and FACS analysis of SPEci-FISH labeled plasmids. A (i) Microscopy images showing SPEci-FISH labeled E. coli TG1
cells containing no plasmid, high-copy number (HCN) and low-copy number (LCN) plasmids, as well as E. coli E2022 cells containing plasmids
pE2022-1 to pE2022-4. Cells were stained with Alexa 647 (red) or 488 (green). (i) Corresponding FACS analyses for these samples, depicting

the proportions of positively labeled cells in each sample. B (i) Microscopy images of E. coli E2022 cells with plasmids pF2022-3 and pE2022-2
simultaneously labeled using SPEci-FISH, stained with Alexa 647 and 488, respectively. (i) Corresponding FACS analyses showing the proportions
of positively labeled cells containing both plasmids, pE2022-3 only, or pE2022-2 only

different E. coli E2022 subpopulations carrying the dif-
ferent plasmids. To apply this application of SPEci-FISH,
we employed probe sets that specifically targeted two
distinct plasmids within the E2022 strain (Fig. 2Bi, Bii,
S1B). To perform dual labeling, the SPEci-FISH proto-
col was modified to include two consecutive hybridiza-
tion steps, with each of the plasmid probe sets (see Fig. 5
and materials and methods). Specifically, SPEci-FISH was
performed in two consecutive steps once for each plas-
mid using a specific probe and fluorophore. Using this
plasmid dual-labeling approach, we could detect intracel-
lular variability with respect to the plasmid entities they
carry. We successfully simultaneously targeted pE2022-
2, a 2,080 bp small plasmid without annotated genes
and pE2022-3, a larger conjugative plasmid of 33,144 bp
(Fig. 2Bi, S2A, S2B). We applied FACS using a specific

channel to count instances of cells carrying only one of
these plasmids individually vs. co-occurrence of both
within single cells, ultimately allowing us to better under-
stand plasmid dispersal at the single-cell level and con-
nect it to plasmid physiology (Fig. 2Bii).

To assess the co-occurrence of plasmids within individ-
ual cells, we simultaneously labeled both pE2022-2 and
pE2022-3 in the same E. coli population. We found that
33.7% of the cells carried pE2022-3, the larger conjuga-
tive plasmid, and 20% carried pE2022-2, the smaller non-
conjugative plasmid (Fig. 2Bii, S1B). Notably, 14.6% of
the cells harbored both plasmids. These results indicate
that pE2022-3 appeared independently in 19.1% of the
cells, while pE2022-2 was found without the conjugative
plasmid in only 5.4% of the cells. Importantly, the indi-
vidual prevalence rates for each plasmid closely matched
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Intracellular targeting of multiple plasmids
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those observed when we labeled and analyzed each plas-
mid separately, further validating the method’s accuracy
(Fig. 2Aii).

These findings may be explained by the mobility poten-
tial of the larger plasmid, which, despite its size, can
migrate between cells, thereby increasing its prevalence.
In contrast, the smaller, non-conjugative plasmid may
be more vulnerable to dilution effects, drift, and selec-
tive pressures that reduce its prevalence among microbial

cells. An alternative explanation is that the smaller plas-
mid relies on the presence of the conjugative plasmid
for its mobilization and long-term maintenance. Further
investigation is needed to uncover the underlying mecha-
nisms. Overall, these findings underscore the strength
of our pipeline to reveal and study intricate, hidden
genetic interactions at the single-cell level within micro-
bial communities.
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Determining the intracellular distribution of multiple
plasmids using SPEci-FISH

In addition to examining the distribution of plasmids
across bacterial populations, SPEci-FISH can also pro-
vide insights into their localization within individual
cells. Here, we used Stochastic Optical Reconstruction
Microscopy (STORM) for the intracellular visualization
of four plasmids of the strain E2022 labeled by SPEci-
FISH (pE2022-1 to pE2022-4, Fig. 3).

Understanding the spatial distribution of plasmids
within bacterial cells could be leveraged for unraveling
their impact on microbial physiology and ecology. There
are conflicting findings regarding plasmid distribution
models, specifically for those present in high-copy num-
bers, with some studies suggesting a focus of plasmids
at the cell poles due to restricted diffusion through the
nucleoid, and others reporting a more even distribu-
tion [49-56]. Our observations of plasmids within strain
E2022 revealed a dynamic interplay between these dis-
tribution patterns. Specifically, the fluorescent signals
from plasmid pE2022-2 were predominantly localized at
the cell poles and outer perimeter of the cell rather than
evenly distributed throughout the central region of the
cell. This observation aligns with previous findings indi-
cating that plasmids often face limitations in their ability
to freely disperse within the nucleoid at the cell’s center,
resulting in their tendency to aggregate at the cellular
poles [49, 51, 56, 57]. Alternatively, we observed that the
remaining three plasmids displayed uniform distribu-
tions of the fluorescent signal within the cell, without a
distinct polar preference. This is consistent with previ-
ous studies that have demonstrated that certain plasmids
are randomly distributed throughout cells [54, 55]. These
plasmid distribution patterns shed light on the multi-
faceted nature of plasmid dynamics within single cells,
raising questions about the underlying mechanisms that
govern these diverse behaviors and their implications for
microbial population dynamics.

(See figure on next page.)
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Single-cell analysis using ProFiT and SPEci-FISH reveals
broad host range of a promiscuous plasmid in-situ
Identifying plasmids in their native contex is of great
importance and a major challenge in the field. To address
this, we applied our pipeline and successfully targeted
a de novo assembled plasmid of interest (Fig. 4). We
detected this plasmid’s host in its native environment
and found that it is promiscuous, sharing more than one
host from different phyla. After assembling the plasmi-
dome from a human gut shotgun sequence, we compiled
a list of plasmids for analysis (Fig. 4A). Among them, we
identified a ~40 kbp plasmid, which we named pAIZM1,
that carries genes such as mobilization proteins and a
zeta toxin-antitoxin system. This plasmid had 94.69%%
similarity over 84% of its length to the Bacteroides fragi-
lis plasmid pBF9343, corroborating the reliability of our
assembly pipeline. This similarity presented the opportu-
nity to use an already isolated strain and its plasmid as
a control (Figure S3A). We leveraged ProFiT, designed
to detect shared probes for multiple plasmids, to create
probes shared between these two plasmids. We validated
these probes on the isolated pBF9343 and its host before
targeting the natural plasmid in its environment (Figure
S3A). We applied SPEci-FISH followed by FACS to two
human fecal samples: one in which the plasmid was bio-
informatically detected and another in which it was not
(Fig. 4A, 4B, S3B, S4A). In the sample where the plasmid
was not detected, no significant difference was observed
in the fluorescent signal between conditions with or
without probe addition (Figure S3B). To further confirm
probe specificity, we applied nonsense probes designed
to have no target within the sample, as verified bioin-
formatically, and indeed, no signal was detected (Figure
S3C). In contrast, in the sample where the plasmid was
detected, we observed a significant 3- to fourfold increase
in fluorescent signal (Fig. 4B, S4A). We then sorted the
plasmid-containing cells and performed 16S rRNA gene
amplicon sequencing of the sorted cells, as well as the
original sample (Figure S4B). Interestingly, this analysis
revealed an enrichment of 20 bacterial species, including

Fig. 4 Detecting plasmid mobility in gut environments. A The plasmidome of a healthy human fecal sample was assembled to identify a specific
plasmid of interest. Probes were designed using ProFiT, and the plasmid was labeled in-situ with SPEci-FISH. Fluorescent cells were sorted using
FACS and their 16S rRNA gene was amplified and sequenced to identify the bacterial hosts. B A boxplot showing the proportions of positively
labeled cells harboring pAIZM1 in a fecal sample, analyzed by FACS. The top panel represents the proportions without SPEci-FISH labeling (control),
while the bottom panel represents the proportions with SPEci-FISH labeling. C Potential bacterial hosts (strain level) of pAIZM1 were determined

by sequencing the cells with and without the plasmid, and comparing the abundances. The bar plot shows abundances significantly higher

within the fraction containing the plasmid versus the fraction without the plasmid. Colors represent the different phyla. D Simultaneous labeling

of pAIZM1 with SPEci-FISH and the 16S rRNA gene with standard FISH for two of its potential hosts, B. fragilis (top) and R. bromii (bottom). pAIZM1
was labeled with Alexa Fluor 647 (right) and the 16S rRNA gene was labeled with Alexa Fluor 488 (left). FACS analyses in the boxplot on the right
depict the proportions of positively labeled cells in each bacterial host. Pie charts summarize the proportion of each bacterial host with and without

the plasmid
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Ruminococcus bromii, a keystone species involved in
resistant starch degradation in the human gut, suggest-
ing that plasmid pAIZM1 is associated with multiple
hosts from distinct bacterial phyla (Fig. 4C). To test this
hypothesis and quantify the plasmid-carrying cells within
each microbial species, we chose R. bromii and B. fragilis
as potential hosts to target, due to the availability of vali-
dated specific 16S rRNA probes for these microbes [58,
59]. We employed these 16S rRNA probes for dual-flu-
orescence labeling of B. fragilis and R. bromii, alongside
the AIZM1 plasmid probes, to precisely detect and quan-
tify the proportion of cells carrying the plasmid within
their entire specific population (Fig. 4D). Our results
showed that, on average, 74% of B. fragilis cells and 59%
of R. bromii cells carry the AIZM1 plasmid. This observa-
tion suggests that AIZM1 is compatible with both hosts.
However, the higher prevalence of the AIZM1 plasmid
within the B. fragilis population indicates greater com-
patibility with this species. These results may suggest a
metacommunity patch sorting dynamics scenario from
the plasmid’s perspective and a source-sink dynamic
between the two species’ populations, with B. fragilis
serving as the source and R. bromii as the sink as previ-
ously shown for multiple plasmids [26]. The plasmid
exhibits higher fitness in one patch (B. fragilis) compared
to the other (R. bromii). However, these dynamics poten-
tially increase the probability of plasmid maintenance at
the community level, ensuring its persistence even if one
of the species is excluded. Moreover, this demonstrates
how our pipeline can be leveraged to study plasmid host
ranges in their natural environments and corroborates
the methods’ robustness and specificity.

Discussion

Here, we developed a comprehensive pipeline for plas-
mid targeting and visualization within single cells, allow-
ing us to study plasmid dynamics within their microbial
hosts in natural environments at various levels of reso-
lution, from the single-cell to the community level. At
the single cell level, when applying ProFiT and SPEci-
FISH in combination with high-resolution microscopy
to visualize the spatial arrangement of the E. coli clini-
cal isolate plasmid pE2022-2 within individual cells, we
observed plasmid clusters at the cell poles. This obser-
vation aligns with findings from previous research indi-
cating that plasmids exhibit limited mobility within the
central region of the cell, potentially due to nucleoid hin-
drance, leading to their accumulation at the cell poles [49,
51, 56, 57]. Alternatively, we observed a more uniform
distribution of plasmids from the E. coli clinical isolate,
pE2022-1, pE2022-3, and pE2022-4 throughout the cells,
indicative of random dispersion throughout the cellular
cytoplasm, a pattern which has also been identified for
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other plasmids in previous works [54, 55]. These obser-
vations suggest that different plasmids employ distinct
distribution dynamics within the same population’s cells,
underscoring the importance of investigating the under-
lying mechanisms governing these distribution behav-
iors and their ecological implications. At the population
level, our pipeline enabled the analysis of the prevalence
of 4 plasmids of E. coli isolate E2022, as well as simul-
taneous targeting and colocalization of plasmids in the
population. Unlike the commercial plasmids, none of the
examined plasmids were detected across all cells in the
population, suggesting a division of labor in their main-
tenance. This observation has far-reaching implications
for microbial ecology and evolution, indicating plasmid-
driven intrapopulation genetic heterogeneity that might
have significant phenotypic consequences. For example,
such genetic heterogeneity could enable specific sub-
populations carrying ecologically relevant plasmid genes
to invade and adapt to new environments inaccessible to
the rest of the population. This could include the ability
to utilize specific materials or withstand toxins, thereby
creating evolutionary bottlenecks, promoting diver-
gence and diversification within the different systems,
and potentially leading to speciation. Additionally, our
single-cell co-occurrence analysis revealed distinct dis-
persal patterns throughout the population that could be
connected to plasmid physiology where the conjugative
plasmid, pE2022-3, showed higher prevalence across the
cells compared to the non-conjugative pE2022-2. This
observation could be attributed to the plasmid lifestyle,
where the conjugative plasmid is more prone to migra-
tion. Additionally, it is tempting to speculate that the
non-conjugative plasmid pE2022-2 may rely on the con-
jugative plasmid pE2022-3 for mobilization, given that
pE2022-2 is often found in conjunction with pE2022-3.
This could be due to potential hitchhiking of pE2022-2
on the mobilization machinery of pE2022-3, even in the
absence of a mob gene on pE2022-2, a notion recently
suggested [60]. Using the ProFiT-SPEci-FISH pipeline,
potential dependencies between natural plasmids could
be studied to detect plasmid population dynamics and
potential interactions.

At the community level, we examined plasmid dis-
tribution patterns in situ within a complex human fecal
sample. This allowed us to identify potential hosts for a
plasmid detected bioinformatically, further narrowing
the technological gap in identifying uncultured plas-
mids and their hosts in native microbial ecosystems. We
assembled plasmids from a human metagenome sample
and identified a conjugative plasmid with high similar-
ity to the B. fragilis pBF9343 plasmid, based on BLAST
results. This plasmid, which we termed pAIZM1, was
selected for further analysis of its host range. We targeted
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this plasmid using a set of 20 short probes efficiently
designed with ProFiT, and labeled it through SPEci-FISH.
This procedure allowed us to identify 20 potential hosts
of plasmid AIZM1 by sorting plasmid-containing cells
and using 16S rRNA amplicon sequencing to annotate
these hosts. Moreover, we confirmed the presence of the
plasmid within two potential hosts, B. fragilis and R. bro-
mii, using dual labeling of their 16S rRNA genes along-
side the plasmid, followed by FACS analysis. Interestingly,
these two hosts, as well as the other putative ones, belong
to very divergent phylogenies of different phyla. This
finding aligns with previous research indicating that
plasmid transfer can naturally cross large phylogenetic
barriers [13, 61]. Moreover, the existence of natural
broad host plasmids has been examined in the past, with
cases reporting over a hundred predicted bacterial hosts
per plasmid [14, 32]. Additionally, in experimental set-
ups introducing broad host plasmids to microbially rich
habitats such as soil, these plasmids were found to invade
unexpectedly diverse phylogenies [32]. Collectively, these
observations suggest that plasmids naturally tend to
show higher promiscuity with regard to their hosts, and
might also explain the high ratio of HGT often observed
in nature [62]. Our findings also suggest a source-sink
dynamic between the potential hosts, which could con-
tribute to the maintenance and prevalence of the plas-
mid, in agreement with previous research [26, 63].

While the ProFiT-SPEci-FISH pipeline offers a novel
and powerful framework for detecting plasmids and link-
ing them to their bacterial hosts in their native ecosys-
tems, several limitations should be acknowledged. First,
although the method does not rely on prior taxonomic
knowledge, probe design through ProFiT requires plas-
mid sequence assemblies. In environments where assem-
bly is particularly challenging (e.g., due to low coverage
or high complexity), designing specific probes may be
more difficult. Second, applying the method to different
plasmids or plasmid-encoded genes may require recali-
bration of the hybridization and labeling conditions, as
variations in sequence composition, secondary struc-
ture, and plasmid copy number can affect probe bind-
ing efficiency and signal intensity. Additionally, fixation
and permeabilization protocols may need to be tailored
to specific sample types to ensure effective probe entry
and target accessibility, and the number of probes may
also require calibration accordingly. Finally, in natural
samples, heterogeneity in plasmid carriage [64] within a
specific target host cell population may limit our ability
to optimize the labeling conditions, as we cannot read-
ily determine whether the plasmid has been sufficiently
labeled without additional experimental validation, such
as single-cell real-time PCR. Despite these challenges,
the ProFiT-SPEci-FISH pipeline remains a versatile and
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powerful approach for investigating plasmid dynam-
ics across single-cell, population, and community levels
within native microbial ecosystems. Its modular design
allows for flexible adaptation at each step, enabling
broad application to different samples. In addition to its
simplicity, this approach is advantageous as it does not
require culturing or plasmid isolation processes, making
it convenient for unsupervised targeting and identifica-
tion of plasmid hosts. This enhances our understanding
of plasmid functionality, localization, and distribution
within the specific environment by enabling the detec-
tion of horizontal gene transfer events via plasmids,
which is pivotal for unraveling the intricate workings of
microbial communities.

Materials and methods

Strains and plasmids

Plasmids pUC19 and pSC101 were acquired from A2S
technologies Ltd (Yavne, IL) and Biological Industries
Ltd. (Beit-Haemek, IL), respectively, and subsequently
transformed into chemocompetent cells of the E. coli
strain TG1. An E. coli isolate (E2022) from a clinical study
of a patient with a urinary tract infection [41] was kindly
sent to us by Prof. Fernando de la Cruz. We ordered two
1 kbp DNA sequences from A2S technologies Ltd (Yavne,
IL), which each correspond to specific DNA sequences
present on two different plasmids from E2022. These
sequences were subsequently inserted into pUC19 and
pSC101 plasmids. This strategic approach allowed us to
use the same probes to target multiple plasmids in all
these strains, reducing overall costs significantly. Addi-
tionally, we ordered the B. fragilis strain DSMZ 2151,
which harbors a plasmid (pBF9343, accession number:
CR626928.1), from the Deutsche Sammlungvon Mik-
roorganismen und Zellkulturen (DSMZ).

TG1 plasmid-containing cells were grown overnight at
37 °C in LB medium, supplemented with the correspond-
ing antibiotics: ampicillin for pUC19 and tetracycline for
pSC101. Similarly, E2022 was grown under similar condi-
tions, with ampicillin. B. fragilis was grown anaerobically
overnight at 37 °C in YCFA medium.

Plasmid assembly

Paired-end reads of the E2022 bacterial strain were down-
loaded from the European Nucleotide Archive (ENA),
accession number: PRJEB6262. These were trimmed and
cleaned using Trim Galore v2.6 [65] and assembled into
contigs by Megahit v1.0.3 [66]. These were then assem-
bled into plasmids by SCAPP v0.1.4 [4], resulting in 4
plasmids. These plasmid sequences were deposited in
GenBank (accession numbers: OR345921 to OR345924).
The same process was done on a fecal sample which was
sequenced locally. The plasmidome was assembled, and
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a plasmid was chosen for targeting within the fecal sam-
ple. This assembled plasmid, which we named pAIZM]1,
exhibited a high similarity (95% identity over 84% of the
assembled plasmid’s length) to plasmid pBF9343.

Probe design using ProFiT: PRObe Finding tool

To simplify the process of choosing multiple probe sets
to target many plasmids, we developed ProFiT (PRObe
FInding Tool). This program accepts a List of target plas-
mid or plasmid gene sequences as the positive set, along
with other genetic sequences found in the sample as the
negative set and attempts to cover the positive set with-
out misbindings in the negative set, in a greedy fashion.
The program scans the sequences to count the number
of positive and negative sequences hit by all possible
probes of a given probe length with a user-defined maxi-
mum number of degenerate nucleotides. The probes are
then ranked by their prevalence in the target set, with the
probes with misbinding in more than a maximal number
of negative sequences excluded. Probes are added to the
probe set in ranked order, after filtering candidates that
overlap within 3 nt of already placed probes or exceed
the maximal allowed misbindings in the negative set.
Upon adding each probe, the number of probes match-
ing each target sequence is updated, and the program ter-
minates when all target sequences are covered by a given
minimum number of probes. If the algorithm exhausts
the set of possible probes without covering all positive
sequences, it begins adding probes with misbinding in
the negative set using a similar greedy process to ensure
few false positives until the entire positive set is covered.
For each probe in the created probe set, the positions of
hits in the positive and negative sequences are reported
for further tailoring by the user. ProFiT provides custom-
izable parameters, allowing users to specify the probe
length, the maximum number of probes that can misbind
in a negative sequence, the minimum number of probes
needed to cover each positive sequence, and the maxi-
mum number of degenerate nucleotides allowed, which
effectively enables the targeting of similar sequences,
even if they are not 100% identical.

A set of 20 short DNA probes (20 nt) was designed for
each plasmid using ProFiT. These were ordered (HyLabs,
Rehovot, Israel) with digoxigenin (DIG) modifications
added to the 5" end of the probes (Table S1).

SPEci-FISH: Short Probe EffiClent Fluorescence in-situ
Hybridization

SPEci-FISH includes fixation, permeabilization, hybridi-
zation, and enzymatic signal amplification steps (Figs. 1
and 5). In this method, cells were harvested from isolates
or fecal samples (~10° cells) and fixed with 4% PFA by
incubation at room temperature for 15 min with a tube
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rotator. Fixed cells were then collected by centrifugation,
washed once with PBS, and stored at 4 °C until further
use. All centrifugations were carried out at room temper-
ature, for 5 min at 8000 g. To prevent cell clumping dur-
ing PBS washes, 0.1% pluronic [Thermo Fisher Scientific,
Massachusetts, United States] was added (final concen-
tration: 0.001%).

For E. coli isolates, the fixed cells were resuspended
in water, and ethanol was added gradually for cell per-
meabilization, up to a final concentration of 70%. The
cells were then incubated at room temperature for 2 h.
Subsequently, the cells were centrifuged, and the result-
ing pellet was resuspended in 50 pL of 30% formamide
hybridization buffer, prepared based on a previously pub-
lished protocol [67] (900 mM NaCl, 20 mM Tris—HCI
[pH 8], 0.01% [wt/vol] sodium dodecyl sulfate [SDS], 30%
[vol/vol] formamide [Sigma-Aldrich, Missouri, United
States]). Next, 10 pL of the probe mix (100 pM, final con-
centration: 20 uM) was added to all reactions, except for
the negative control, and incubated overnight at 35 °C for
hybridization. The optimal concentrations of formamide
and probes, as well as hybridization temperatures, were
determined through calibration experiments (data not
shown).

On the following day, 800 uL PBS was added to the
cells, which were then centrifuged. The pellet was
washed twice with a washing solution (WS) prepared as
described previously [68] (95 mM NaCl, 20 mM Tris—
HCI [pH 8], 5 mM EDTA [pH 8], 0.01% [wt/vol] sodium
dodecyl sulfate [SDS]). The cells were resuspended in
1 mL WS for each wash, incubated at 37 °C for 10 min,
and pelleted. Pellets were then resuspended in 1 mL
antibody binding solution (10% [vol/vol] Western block-
ing reagent [Roche Diagnostics, Indiana, United States]
in PBS) and incubated at room temperature for 45 min,
with a tube rotator. Subsequently, 2 pL Anti-Digoxigenin
antibody [Sigma-Aldrich, Missouri, United States] was
added and cells were incubated for another 1.5 h. Cells
were centrifuged and washed twice in PBS at room tem-
perature for 10 min each, with a tube rotator.

Cell pellets were centrifuged and resuspended in 100
uL amplification solution prepared based on a previously
published protocol [66] (2 M NaCl, 10% [wt/vol] dex-
tran sulfate, and 0.1% [wt/vol] blocking reagent [Roche
Diagnostics, Indiana, United States] in PBS). Then, 1 pL
0.15% H,0O, was added (freshly diluted) to a final concen-
tration of 0.0015%, together with 0.25 pL Alexa-labeled
tyramide (Alexa Fluor 647 or 488, resuspended in 150
pL DMSO) [Thermo Fisher Scientific, Massachusetts,
United States]. Cells were incubated at 46 °C for 45 min
in the dark, then 800 puL PBS was added, and cells were
centrifuged. Two additional washing rounds with PBS
were performed and the cells were counterstained with
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All centrifugations were carried out at room temperature (RT) for 5 min at 8,000 g. PBS
washes were supplemented with Pluronic F68.

1. Collect cells from starter cultures or fecal samples (~10° cells)
2. Wash cells with PBS.

Fixation
4. Resuspend pelletin 1 mL 4% PFA.
5. Incubate at RT, for 15 min with rotation.
6. Centrifuge cells and remove supernatant.
7. Wash pellet with 1 mL PBS.
8. Centrifuge cells and remove supernatant.
9. Store at 4°C until further use.

Permeabilization (ETOH or Lysozyme)
ETOH method:
1. Gradualy resuspend cells in 70% ETOH (300 pl DDW + 350 pl ETOH + 350 pul ETOH).
Homogenize cells well to avoid cell clumping.
2. Incubate at RT for 2 hr with rotation.

Lysozyme method:
1. Resuspend cells in 1 mL Tris-EDTA buffer with 1 mg/mL lysozyme.

2. Incubate at RT for 10 min with rotation. ©»» X .

3. Centrifuge cells and remove supernatant.
4. Wash pellet with 1 mL PBS.

Hybridization
1. Centrifuge cells and remove supernatant.
2. Resuspend cells in 50 pL 30% hybridization solution (900 mM NacCl, 20
mM Tris-HCl [pH 8], 0.01% [wt/vol] sodium dodecyl sulfate [SDS],
30% [vol/vol] formamide).
3. Add 10 pL of the probe mix (20 uM final concentration).
4.Incubate cells at 35°C overnight.

A\

)

3. Centrifuge cells and remove supernatant. Xﬁ
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Washing
1. Add 800 pL PBS to the cells, centrifuge, and remove supernatant.
2. Resuspend cells in washing solution (95mM NaCl, 20 mM Tris-HCl [pH 8],
5mM EDTA [pH 8], 0.01% [wt/vol] sodium dodecyl sulfate [SDS]).
3. Incubate at 37°C for 10 min, with rotation.
4. Centrifuge cells and remove supernatant.

Antibody Binding
1. Resuspend cells in 1 mL antibody binding solution (10% [vol/vol] Western
blocking reagent in PBS).
2. Incubate at RT with rotation for 45 min.
3. Add 2 pL Anti-Digoxigenin antibody.
4. Incubate at RT with rotation for 1.5 hr.
5. Centrifuge cells and remove supernatant.
6. Resuspend cells in 1 mL PBS.
7. Incubate at RT with rotation for 10 min.
8. Repeat steps 5-7.

Signal Amplification
Centrifuge cells and remove supernatant.
2. Resuspend cells in 100 pL amplification solution (2M NaCl, 10% [wt/vol]
dextran sulfate, and 0.1% [wt/vol] blocking reagent in PBS
Add 1L 0.15% H,0, and 0.25 uL Alexa-labelled tyramide.
Incubate at 46°C for 45 min.
Add 800 pL PBS.
Centrifuge cells and remove supernatant.
Resuspend cells in 1 mL PBS. \
Dual labeling
1. Centrifuge cells and remove supernatant.
2. Resuspend cells in 3% H,0, (1:10 30% H,0, in DDW) for 15 min.
3. Centrifuge cells and discard supernatant.
4.Add 1 mL PBS.

Incubate at RT with rotation.
5. Repeat hybridization step with next pair of probes.

=

—_

Z

©® N U AW

Repeat steps 6-8.

Counter-stain cells with 1 pg/mL DAPI, then resuspend them in 200 pL PBS and
store in the dark at 4°C until further use. Cells can be stored for months without a
visible decrease in signal intensity.

Fig. 5 SPEci-FISH protocol. The workflow of SPEci-FISH includes fixation, permeabilization, hybridization, and enzymatic signal amplification

4, 6-diamidino-2-phenylindole stain (DAPI, 1 pg/mL).
Then, the cell pellets were directly resuspended in 200 pL
PBS and stored at 4 °C before imaging.

In the case of dual labeling, DAPI was not added after
the first hybridization round. Instead, cells were washed
in 3% H,O, for 15 min with a tube rotator, to deactivate
excess HRPs. Cells were then centrifuged and washed
once in PBS. After washing the cells, the procedure was
repeated starting from the hybridization step, using
the second set of probes and a different Alexa-labeled
tyramide to achieve two fluorescent signals simultane-
ously. After the second hybridization round, cells were
stained with DAPI.

Stochastic Optical Reconstruction Microscopy (STORM)

Twenty microliters of labeled E2022 E. coli cells were
immobilized on poly-L-lysine-treated STORM high
glass bottom 35 mm p-Dish (ibidi, 81,158). To induce
photoswitching of Alexa-647, the cells were immersed
in STORM imaging buffer. The buffer was prepared by
combining a solution of 50 uL MEA (77 mg Cysteam-
ine in 1 mL of Buffer A), 20 puL Gloxy (13.39 mg glu-
cose oxidase in 1 mL of buffer A), and 930 pL Buffer

B (10% glucose in Buffer A). Buffer A stock solution
contains 1 M TRIS at pH 8 and 5 M NaCl. Images were
collected on the Zeiss Elyra PS1 inverted wide field flu-
orescence microscope using a Zeiss 100X N.A 1.46 in
epifluorescence mode. 641 nm laser was used at 100%
power, and 405 nm irradiation was applied as needed.
10,000 images were collected in each experiment with
a frame-rate of 55 fps using irradiation intensities of
~1-3 kW cm™2. Single particle localization, fitting,
drift correction and reconstruction was done in Zen
(Zeiss).

Fluorescence-activated cell sorting

For sorting and flow cytometry analyses we used a Sony
MA900 FACS machine. The determination of bacterial
cells in each sample was established by assessing size,
granularity, and DAPI intensities positive. The sorting
gates were defined based on the fluorescence signals
emitted by the probes (Alexa Fluor 488 and 647), allow-
ing the separation of cells containing the target plas-
mids. The sorted cells were collected in sterile tubes for
sequencing analyses. Subsequent FACS analyses were
conducted using FlowJo v10.
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Fecal sample pretreatment and DNA extraction

To target plasmids in a complex environment, two
human fecal samples were pre-treated using the proto-
col below. Bioinformatic analysis identified one sample
as containing the plasmid pAIZM1, while the other did
not. Both samples underwent the pretreatment steps,
but DNA extraction and sequencing were performed
only for the pAIZMI-positive sample. For pretreat-
ment, feces in PBS 1:1 [w/vol] were homogenized by
vortex, the homogenate was centrifuged at 4 °C for
20 min at 10,000 g, the pellet was dissolved 1:4 [w/vol]
in extraction buffer (100 mM Tris—HCI, 10 mM EDTA,
0.15 M NaCl, 0.15% Tween 80 [v/v], pH 8.0), and incu-
bated at 4 °C for 1 h. The suspension was then centri-
fuged at 500 g for 15 min at 4 °C to remove ruptured
plant particles while keeping the bacterial cells in sus-
pension. The supernatant was then passed through four
layers of cheesecloth, centrifuged (10,000 g, 20 min,
4 °C), and the pellet was kept in TE 1:1 [w/v] at—20 °C
until DNA extraction. For the pAIZM1-positive sam-
ple, DNA was extracted as previously described [69].
Briefly, cells were lysed by bead disruption with phenol
followed by phenol/chloroform DNA extraction. The
final supernatant was precipitated with 0.6 volume of
isopropanol and resuspended overnight in 50-100 pL
TE (10 mM Tris—HCI, 1 mM EDTA), then stored at
-20 °C. DNA was sequenced on the Illumina MiSeq
platform [70], yielding approximately 9.5 million reads.
Plasmids were assembled from the resulting paired-end
reads as described above.

Plasmid-host association

To determine the bacterial hosts of pAIZM1 within a
fecal sample, we used the sorted cells from the FACS
analyses, with and without pAIZM1. The V4 region of
the 16S ribosomal RNA gene subunit of these cells was
amplified using 16S universal primers (ACTCCTACG
GGAGGCAGCAGT and GTATTACCGCGGCTGCTG
GCAC) with custom barcodes, and sequenced on the
[lumina MiSeq platform [69], yielding ~ 7 k reads (sub-
sampled to an even read depth of 6,631 reads). Using
Qiime2 [71], the paired-end reads were then demul-
tiplexed, trimmed using dada2 denoise-paired, and
assigned to taxonomy using the Greengenes database
v13-8 [72]. The constructed relative abundance bar-
plot of OTUs was then viewed and exported using the
online Qiime2 viewer.

Identifying pAIZM1 HGT events in a fecal sample

Once the predicted hosts of pAIZM1 were identified, we
labeled two of these hosts along with the plasmid in situ.
To accomplish this, we first labeled pAIZMI1 using
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SPEci-FISH (with Alexa 647), as described previously, but
with a modified permeabilization step [59]. Specifically,
fixed cells were permeabilized using a Tris—EDTA buffer
containing 1 mg/mL lysozyme [Sigma-Aldrich, Missouri,
United States] for 10 min at room temperature when tar-
geting B. fragilis or 10 mg/mL lysozyme for 1 h at room
temperature when targeting R. bromii. This was followed
by an additional washing step in PBS.

Subsequently, we utilized a previously described [73]
16 s rRNA FISH protocol to target either B. fragilis or
R. bromii (using probes tagged with Alexa Fluor 488 5
Bfra 998 [58], GTTTCCACATCATTCCACTG, and
Rbro 730 [59], TAAAGCCCAGYAGGCCGC). Briefly,
the plasmid-lebelled cells were not counterstained with
DAPI, and 50 pL 30% hybridization solution were added,
as described above. Then, 4 pL of the relevant probe was
added to all reactions aside from the negative control
(50 ng/uL final concentration: 4 ng/uL), and incubated
overnight at 35 °C for hybridization. On the following
day, 800 puL PBS was added to the cells, which were then
centrifuged. The pellet was washed once in 1 mL wash-
ing solution (WS) prepared as described previously [67]
(65 mM NaCl, 20 mM Tris—HCI [pH 8], 5 mM EDTA
[pH 8], 0.01% [wt/vol] sodium dodecyl sulfate [SDS]),
incubated at 37 °C for 20 min, and pelleted. The cells
were counterstained with 4,6-diamidino-2-phenylindole
stain (DAPI, 1 pg/mL). Then, the cell pellets were directly
resuspended in 200 pL PBS and stored at 4 °C before
imaging.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-025-02238-z.

Supplementary Material 1: Figure S1. Evaluation of SPEci-FISH probe
performance and representative FACS analyses. (A) Boxplot showing

the signal-to-noise ratio of the geometric mean fluorescence intensity,
comparing the use of 5, 10, 15 and 20 probes in the SPEci-FISH method.
(B) FACS analyses of SPEci-FISH-labeled E. coli TG1 cells containing no
plasmids, high-copy number (HCN) plasmids, or low-copy number (LCN)
plasmids. Also shown are E. coli E2022 cells harboring plasmids pE2022-1
through pE2022-4, as well as simultaneously labeled cells for plasmids
pE2022-2 and pE2022-3 using SPECi-FISH. Rumen samples labeled with
SPECi-FISH- with and without spiking with 10* of the HCN plasmid- are
also included. Cells were labeled with Alexa Fluor 647 (top three panels
on the left and bottom two), Alexa Fluor 488, (top four panels on the
right), or both dyes for dual labeling. Figure S2. pE2022 plasmid maps and
genes. (A) Maps of plasmids pE2022-1 to pE2022-4 assembled by SCAPP,
found in E. coli strain E2022. (B) Common plasmid encoded features and
their presence on plasmids of strain E2022. Figure S3. Validation of SPEci-
FISH specificity using isolates and fecal samples. (A) Microscopy images
and FACS plots of Bacteroides fragilis harboring the naturally occurring
plasmid pBF9343, labeled using SPEci-FISH with and without probes that
are shared between pBF9343 and the pAIZM1 plasmid. Alexa Fluor 488
was used for detection. (B) A fecal sample that, based on bioinformatic
metagenomic analysis, lacks the pAIZM1 plasmid shows comparable
Alexa Fluor 488 and 647 intensities regardless of probe presence, indicat-
ing no off-target binding. (C) A fecal sample labeled with nonsense probes
exhibits minimal fluorescence intensity, highlighting the specificity of the
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SPEci-FISH method. Figure S4. Identification of potential hosts of pAIZM1
in a human fecal sample using SPEci-FISH. (A) FACS plots corresponding to
Figure 4B showing a fecal sample, identified by metagenomic analysis to
harbor plasmid pAIZM1, which was targeted using SPEci-FISH with Alexa
Fluor 647. (B) Relative abundance of bacterial species based on 16S rRNA
amplicon sequencing of the fecal sample (left) and sorted cells labeled for
pAIZM1, showing only species identified as potential hosts of the plasmid
(right). (C) FACS plots of dual labeling targeting both pAIZM1 and the

16S rRNA gene of two putative host species: B. fragilis (Ieft) and R. bromii
(right). The 16S rRNA gene was labeled with Alexa Fluor 488, and pAIZM1
was labeled with Alexa Fluor 647. Table ST DNA sequences of probe sets,
designed using ProFiT to target plasmids using SPEci-FISH.
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