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Abstract
Antibiotic resistance poses a threat to global public health causing simple infections to
become untreatable and lead to potential fatality. Antibiotic resistance genes (ARGs) can be
exchanged between microorganisms via horizontal gene transfer (HGT) enabling the rapid
dissemination of resistance. HGT of ARGs present on broad host range plasmids (BHRP) can be
transferred among phylogenetically distant bacteria. There is a need to characterize the bacteria
that transfer BHRPs, as well as the transfer rates of BHRPs to inform antibiotic resistance
mitigation strategies. This work is focused on the development and application of an engineered
BHRP that reports on HGT by producing a volatile gas after HGT occurs. The project focused on
characterizing the performance of this bioreporter in E. coli. Specifically, the E. coli was
engineered as a donor of the BHRP reporter and the gas signal output was quantified. In addition,
the reporter BHRP was transferred intraspecies to receiver Pseudomonas putida and the gas
signal output was evaluated with respect to E. coli. Gas detection of the reporter gas was
demonstrated in complex matrices (e.g. wastewater). Results indicated that background donor
signal, variability of gas production in transconjugant hosts, and the potential of gas degradation
in activated sludge (AS) were significant challenges for application of the gas reporter in real
wastewaters. Future research using targeted single-cell fusion PCR methods could be applied to
characterize the hosts of the BHRP in a mixed community, without the need for Flow Assisted
Cell Sorting (FACS). When coupling the gas reporter and single-cell fusion PCR, the aggregate
gas signal of a mixed community could be further resolved. Future research could apply the gas
reporter as a proxy to refine estimates of ARG transfer present on BHRP in real systems; critical
to the evaluation of risk of ARG spread between environmental and clinically-relevant
pathogenic bacteria.
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Motivation
Antibiotic resistance: A major public health crisis
Infectious bacteria that resist antibiotic treatment have created a global public health
crisis, as identified by the Centers for Disease Control and Prevention (CDC) 1, World Health
Organization2,3, and numerous other public health organizations.4,5 Approximately 35,000 annual
deaths are associated with infectious diseases involving antibiotic resistance (AR) in the United
States alone.1 Antibiotic resistant bacteria (ARB) confound treatment options and require higher
cost alternative antibiotic treatments. With the ability to quickly spread resistance untreatable by
any known antibiotic, multidrug resistant bacteria increase the risk of death by regressing routine
injuries and surgeries back to the pre-antibiotic era. 1
Microorganisms evolve mechanisms to fight antibiotics during stress exposures. 6–8 In the
event of antibiotic exposure, residual ARB overtake non-resistant bacteria and increase their
population abundances. ARB propagate their antibiotic resistance genes (ARGs) vertically,
through cellular division. In addition to de-novo evolution, AR can be acquired when resistant
organisms exchange antibiotic resistance genes (ARGs) with other microorganisms, through
horizontal gene transfer (HGT). ARGs are often present on mobile genetic elements (MGEs) like
plasmids that facilitate the exchange of genetic material between microorganisms. Vertical gene
exchange and HGT both contribute to the rapid dissemination of AR and ARGs may eventually
enter a human pathogen. This has raised significant concern for environmental and public health,
as antibiotic resistance found in bacteria in a wastewater treatment plant may function as a
reservoir for transfer to microorganisms in soils, plants, animals, and humans. 9
Cases of clinical antibiotic resistance linked to environmental microbes suggest ARGs
were horizontally transferred from the environmental resistome to pathogens. 10–13 For example,
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resistant clinical isolates of vancomycin resistance, extended-spectrum beta-lactamases, and
quinolone resistance demonstrate confident links to the environmental resistome. 14–19 Studies
suggest that dense microbial communities like those found in wastewater treatment plants
(WWTPs) and plant rhizospheres provide ideal ecosystems for horizontal exchange of ARGs. 20–
22

However, the propagation of ARGs in WWTPs has been both supported and denounced. 23–25
Environmental scientists and engineers must address critical knowledge gaps to (1)

corroborate the contribution of horizontal gene transfer in the dissemination of antibiotic
resistance in WWTPs, and (2) reduce the spread of antibiotic resistance from environmental
reservoirs to clinical settings. We are limited in part by the lack of knowledge of (1) the
contribution of HGT to the dissemination of AR in mixed communities, (2) dominant
microorganisms responsible for the transfer of ARGs to pathogenic bacteria, and (3) parameters
which promote and inhibit HGT in microbial communities.

Conjugation is fundamental to the transfer of broad host range plasmids that contribute to the
dissemination of ARGs
ARGs are often associated with MGEs that can transfer via conjugation, such as plasmids
and integrative conjugative elements (ICEs).26,27 Conjugation is a key mechanism of HGT28 by
which cell to cell contact enables the transfer of extrachromosomal plasmid DNA among
bacteria.29–31 Broad host range plasmids (BHRPs), such as RP4 and pAMβ1, have been found to
replicate in multiple genera spanning both gram positives and gram negatives and are attributed
to the rapid and unexpected spread of ARGs.15,17,26,32–36 BHRPs are a readily accessible reservoir
for antibiotic resistance genes in wastewater treatment plants. 37 ARGs present on MGEs
arguably pose a greater risk to human health than chromosomally encoded ARGs because they
may be transferred across species boundaries to pathogenic bacteria.
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BHRP are essential vehicles for the dissemination of ARGs, often providing the functions
for ARG transfer and replication. ARGs have been identified on large 60,000 bp IncPα selftransmissible plasmids such as RP4.38 BHRP transfer may be induced by the presence of
antibiotics. Increased mobilization of RP4 carrying tetracycline resistance was observed in the
presence of subinhibitory concentrations of tetracycline in mouse intestine. 39 Mobilizable IncQ
BHRP characteristic of Escherichia coli have been found to replicate and function in many
Gram-negative bacteria.40 Mobilizable plasmids with similar characteristics to IncQ plasmids
have been identified to host ARGs with high prevalence and diversity in pig manure. 41
Researchers have used long read metagenomic sequencing to measure a WWTP resistome and
found over 50% of all plasmids and ICEs to be associated with ARGs. 42 However, the
quantification of BHRP transfer rates and the bacteria partaking in transfer are needed to further
justify the contribution of HGT from BHRP in mixed microbial communities.
Mechanisms for the transfer of MGEs including BHRPs are diverse and complex 40 and
challenge the extension of laboratory-measured plasmid transfer rates to real systems. An order
of magnitude variation of BHRP transfer rate is common for replicate experiments. 43 BHRP
transfer rates may range several orders of magnitude across donor- recipient pairs in a single
study. Large variations in BHRP transfer result in exacerbated uncertainties at low cell
numbers.44 Mathematical models have been developed for mixed homogenous suspensions and
simple biofilms, but are not accurate for a wastewater treatment process. 45 Cell contact time, cell
contact frequencies, host-recipient phylogenetic similarity, BHRP transfer regulation, nutrient
conditions, the ratio of donor to recipient cells, and physical conditions, such as nutrient
concentration, are several variables which could contribute to the uncertainty of transfer
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frequency in real systems.36,43–46 When possible, BHRP transfer should be measured in situ or in
increasingly complex environments which can more closely simulate the natural environment.

Methods for measuring HGT events, a progression to culture independent methods
Existing approaches to measure the HGT of BHRP containing ARGs include both
culture-dependent and culture-independent methods. Plate counting is the gold standard of
culture-dependent methods and involves the isolation of ARB on antibiotic agar. Bacteria are
spread across antibiotic agar, incubated, and observed for the growth of visible colonies, or
colony forming units (CFUs). The ratio of resistant colonies to the number of non-resistant
colonies indicates the percentage of the bacterial population hosting ARGs. The foundation of
the scientific field employed plate counting for the estimation of HGT of BHRP containing
ARGs, yet plate counting exhibits several disadvantages.
Plate counting requires long incubation times and the manual counting of colony forming
units (CFU) resulting in low method throughput. Plate counting is limited to the quantification of
the viable, functionally resistant, and culturable fraction of a community; capturing only a small
percentage of ARB in mixed communities.13 Biparental mating assays, by which BHRP donor
cells are forced into contact with recipient cells on solid surfaces, are routinely combined with
plate counting. Forced and artificial contact result in inflated transfer rates which are not
representative of real systems. Plating methods are best suited for the identification of
functionally resistant phenotypes, co-culture mating experiments, and strain-specific transfer of
ARGs, however, alternative culture-independent methods can capture a larger and more
representative fraction of bacteria hosting ARGs and BHRPs in mixed communities.
In contrast to culture-dependent methods, culture-independent methods are suited to
detect a diverse set of bacteria, often targeting the DNA from a mixed microbial community.
8

High throughput sequencing technologies offer unparalleled opportunity for the characterization
of the genetic composition of transfer and antibiotic resistance genes, alternatively known as the
mobilome and resistome.11,47,48 Quantitative PCR (qPCR), metagenomics, engineered biosensors,
and single-cell fusion PCR are culture independent methods used to identify hosts and
abundances of ARGs outside of the laboratory.49 qPCR is a sensitive and targeted approach for
the quantification of gene abundance and is routinely purposed for the correlation of a parameter
change to the increase or decrease in gene abundance (i.e. a change in temperature results in a
decrease in ARGs). A drawback of qPCR is that it does not provide host resolution when applied
to an environmental sample. Metagenomics can be used to distinguish accurate and unbiased
analysis of all mobile elements in a sample. A key drawback of metagenomics is the failure to
discern plasmid and host associations, in addition to time and resource intensive analysis which
rely on comprehensive databases. Two culture independent methods: biosensors and fusion PCR
have unrealized capacities and limitations for the in situ detection of BHRPs and their hosts.

epicPCR can inform BHRP plasmid host relationships
Single cell fusion PCR, specifically emulsion paired isolation and concatenation PCR
(epicPCR), is a targeted approach used to identify qualitative assignments of an ARG or BHRP
hosts, and to date, no studies have linked BHRP hosts in wastewater treatment plants. EpicPCR
is a high-throughput, culture-independent method which begins with the encapsulation of single
cells, followed by a three primer PCR fusion reaction to link a target gene to the 16S rRNA gene
of the host (Figure 1). The separation of microorganisms into individual emulsion droplets is
followed by the fusion of a target gene to 16S rRNA gene.
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Figure 1. Emulsion Paired Isolation and Concatenation PCR (epicPCR): 1) Emulsion isolation
of bacterial cells. 2) Lyse trapped cells. 3) Perform PCR on lysed cells to form fusion gene
products. 4) Recover and sequence fusion amplicons. Figure adapted from Rice et al. 49
EpicPCR has been used to identify rare sulfate reducing bacteria in lake water and
sediments and to identify ARG hosts in wastewater treatment plants. 50–52 Qualitative host
assignments of BHRP can provide insight into plasmid fate, BHRP mobilizers, and ARG
reservoirs. Key advantages of epicPCR include gene specificity, inexpensive parallel sample
processing, and reduced data sizes relative to metagenomics. Host measurements via epicPCR
may be processed in parallel to quantitative ARG abundance obtained by qPCR, to elucidate
ARG and BHRP hosts and changes in ARG abundance. Finally, microbial biosensors function
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independently of the abovementioned methods and are suitable for the measurement of BHRP
transfer rates in situ.
EpicPCR exhibits several drawbacks. EpicPCR fails to provide quantitative gene
abundance information and is limited to the generation of qualitative host associations. The
formation of distributed droplet sizes results in large variations of subsequent DNA
amplifications. Next, the confirmation of single cells is a requirement for method accuracy. Cell
extractions and sample preparation can be time intensive and require extensive protocol
refinement. In the event of poor sample preparation or difficult to process samples, the
introduction of both false positive and negative host associations may occur. Finally, an analysis
of target gene abundance and sequence should be performed to ensure confidence of host
linkages.

Biosensors
A biosensor is an engineered organism that performs a microbial encoded function to
produce a reporter (i.e. chemical or metabolite) in response to a stimulus or event. The reporter is
designed to be measurable and quantifiable, such as green fluorescent protein (GFP). The
function is engineered under transcriptional control of a select promoter sequence and is encoded
on a segment of DNA, called a reporter gene. Subsequently, the reporter gene is transcribed into
RNA and translated into the reporter protein which performs the reporter function.
Transcriptional control is the most common approach to reporter regulation, as a suite of DNA
parts have been created over the past decade for a modular approach to biosensor
development.53,54
The simplest approach to transcriptional control of a reporter is through an inducerrepressor system.53,55,56 A simple inducer-repressor system functions via an ‘on’ or ‘off’
11

transcription of a reporter gene. A constitutive promoter sequence is transcribed by RNA
polymerase in the absence of a repressor. By providing a biosensor with a specific and
orthogonal repressor, which does not interfere with the host machinery, the target binding
location of the repressor is placed adjacent to the sequence of the reporter gene. The bound
repressor blocks RNA polymerase from transcription of the reporter gene and creates the ‘off’
state. The presence of an inducer reduces the binding ability of the repressor, thwarting repressor
binding to the promoter sequence of the reporter gene. If no repressor is present, the reporter
gene is constitutively transcribed. A phenotypic trait such as an ARG is routinely coupled to the
reporter sequence for the selection of functional clones. The ARG is of low clinical importance
and is not to be confused with ARGs of clinical interest.
An effective biosensor requires a well-characterized promoter repressor system
introduced which is on a vector plasmid. The most notable repressor-inducer system is the lacI
repressor and Plac promoter system which is inducible via the sugar arabinose. This system has
been extensively characterized and optimized in E. coli.56 Other than E. coli, gram-negative
bacterial hosts such as P. putida and pathogens Pseudomonas aeruginosa, Proteus mirabilis, and
Serratia marcescens have demonstrated an ability to effectively use lacI, Plac, and a series of lac
promoter hybrid derivatives like Ptac.57–59 In addition to promoters, broad host range vectors have
been engineered to expand the suite of capable hosts.58,60,61 Isolation and modification of BHRP
obtained from environmental organisms is a prime example of a beneficial use case for BHRPs.
The diversification of programmable hosts has allowed for a rapid progression of synthetic
biology tools, yet the deployment in real systems remains a challenge.
Biosensors have been readily characterized in homogenous systems, however, face
significant challenges which prevent their deployment in real environments. Several limitations

12

are associated with the transcriptional control of a reporter. Non-linear kinetic expressions
characterize even the simplest repressor-inducer system and the output is dependent on the
specific growth rate of the biosensor.62 The introduction of second organism has been found to
directly impact the output of the biosensor and is a function of specific growth rates. 62 Secondly,
the process of transcription is slow and outputs may take hours to reach to detectable levels.
Next, repressor binding is imperfect and leaky repression can undermine the signal generated by
the biosensor. Therefore, the simplest of circuits require the devotion of substantial resources to
tuning and characterization.
Biosensors are straightforwardly purposed for reporting on the HGT of a BHRP. As
stated previously, plasmid vectors are required for the introduction of a reporter gene into the
host cell. The regulation system must be decoupled from the mobile element to ensure that the
regulation system is not passed during transfer. The incorporation of a chromosomally encoded
repressor gene is one approach to decouple the regulation system from the plasmid.
Chromosomal integration of the repressor gene can result in a multi-fold reduction in the signal
produced by the donor cell.63 Chromosomal integration can be performed in a single step. 64
Additionally, the biosensor is required to host a copy of the transfer genes which provide the
cellular machinery for conjugative transfer. Often, an antibiotic marker gene is chromosomally
integrated in biosensor and recipient to differentiate the cells on a countable basis through plate
counting. When a receiver cell accepts the plasmid, it is referred to as a transconjugant. The main
differentiation is that the receiver cell is not a host of the plasmid. The transconjugant cell lacks a
chromosomally integrated copy of the repressor gene, therefore the reporter gene is transcribed.
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Fluorescence-based reporters
Fluorescent reporter assays have successfully been used to monitor the transfer of ARGs
present on BHRP in microbial communities.65–67 The measurement of HGT has been
accomplished using a similar system to the one described above and using a fluorescent protein
reporter. For example, the chromosomally integrated repressor lacI represses GFP expression in
the donor cell and only when the plasmid transfers to a receiver cell without lacI, does
constitutive expression of GFP cause the transconjugant cell to fluoresce green (Figure 2). The
receiver cell becomes a transconjugant when the plasmid is received, resulting in the synthesis of
GFP.

Figure 2. Fluorescence based mating assay for the identification of transconjugant cells from
donor cells. Red donor E. coli cells constitutively synthesize a red fluorescent protein (mCherry),
and constitutive production of lacI represses the production of GFP. Upon transfer to a receiver
cell, the Plac promoter constitutively drives expression of GFP, resulting in detectable green
fluorescence.
Transconjugants can then be sorted using fluorescence activated cell sorting (FACS) and
combined with 16S rRNA gene sequencing to characterize the phylogenies of the receiver cells
(Figure 3). Fluorescence activated cell sorting (FACS) combines flow cytometry and high-speed
redirection to sort individual cells based on differences in fluorescence emission. 68 FACS can be
applied for the quantification of HGT events and sorting allows for sequencing of the microbial
community for taxonomic identification.69
14

Figure 3. Biosensor identification and sorting with FACS: 1) Introduce reporter plasmid with a
reporter gene (e.g. GFP). 2) Expression of reporter gene. 3) Use FACS to isolate positive cells
from the mixed community. 4) Sequence 16s rRNA gene amplicons to obtain host information.
Figure adapted from Rice et al.49
Challenges exist for the deployment and measurement of fluorescent based reporters in
real environments. Hard-to-image matrices (soils, sediments, and wastewater) scatter light
extensively, blocking light and interfering with the excitation and emission of the GFP
fluorophore. Molecular biosensors may not produce a reliable signal that exceeds the background
absorbance. Additional complications arise because GFP requires oxygen to produce a signal,
and fluorophore function is also sensitive to low pH.70 Heterogeneity of fluorescence output
challenges FACS sorting, as binary gates are used to sort GFP producing cells from the mixed
community. Additionally, the low number of transconjugants relative to the total number of cells
limits throughput, like searching for a needle in a haystack. Klumper et al. reported a sorting
time of 24 hours for the separation of 200 transconjugant cells at a rate of 1:1,000,000
transconjugants per total cell events71, indicating the low throughput of FACS and hindering
time-series conjugation experiments that could otherwise reveal time-resolved host range
relationships. Low throughput and sample disruption effectively limit fluorescence reporting to
snapshots in time.
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Gas reporting using Methyl Halide Transferase (MHT)
To address the limitations of fluorescent reporters, a gas reporter has been developed to
report on via the production of an enzyme that synthesizes a rare methyl halide gas. 72 The
reporter enzyme methyl halide transferase (MHT) synthesizes gas using halide ions and methyl
groups from S-adenosyl methionine. These two components are provided to the liquid sample in
the form of salts and casamino acids, respectively. The gas can be sampled from the headspace
of the sample and is simple to detect using gas chromatography mass spectrometry (GCMS). The
gas reporter allows for real-time, non-disruptive reporting of binary events, such as HGT. Prior
to this work, the gas reporter was characterized in E. coli using the species-specific F plasmid72,
which has been known to conjugate at high frequencies in liquids. 73 The number of E. coli
transconjugants were measured by plate counting, and were strongly correlated with the gas
production rate. Our work adapts the gas reporter to a BHRP to correlate transfer frequency and
gas production across species.

Objectives and Experimental Justifications
Abiotic and biotic interactions greatly challenge the predictability, reproducibility, and
integrity of biosensor generated outputs tied to HGT and applied in situ. For this purpose,
biosensor output requires characterization across a progression of ideal laboratory conditions to
real systems. This approach enables a change of a single or a few parameters, to evaluate the
sensitivity of various conditions on biosensor performance. A variation of single condition could
lead to time and resource intensive analysis with no clear translation to the dynamics of a real
system.
As environmental scientists aim to predict the HGT of ARGs to inform policy and
interventions, in situ measurements are essential to resolve ARG hosts and HGT transfer rates.
16

To understand the contribution of HGT in microbial communities, we must first develop and
characterize molecular and biomolecular tools which can detect rare, in situ HGT transfer events
in real environments. In situ measurements, have the potential to improve HGT transfer rate
measurements which are typically recorded outside of a microbe’s natural environment and
under artificial conditions which promote HGT. A lack of in situ HGT measurements are
because of both physical complexities and methodological challenges.
To address the lack of in situ measurements of HGT, our overarching goal was to adapt
the methyl halide gas biosensor to a novel BHRP vector system and to purpose the biosensor for
the detection of rare intraspecies and interspecies HGT events in real wastewaters. Several
requirements for the justification of our biosensor were to demonstrate that 1) the gas signal is
detectable, measurable, and distinguishable from background noise, 2) the biosensor functions in
hosts other than E. coli, and 3) the output function of the biosensor exhibits predictable behavior
in hosts in both well-defined media and real wastewaters.
The biosensor signal was quantified in E. coli with respect to a non-gas producing
repressed donor, and the relative rates of gas production between donor and transconjugant were
measured. Correlations of total gas and cell number were performed using plate counts to
normalize the production of gas over time for the purpose of reproducibility and predictability. A
signal to noise ratio was defined as the signal provided by the gas producing E. coli with respect
to the repressed donor. The signal to noise ratio of produced gas by transconjugant and repressed
donor, respectively, was expected to outline the upper signal bound with respect to background.
The implications of the measured signal to noise ratio were further examined to analyze the
range of signal to noise ratios which would be required for confident detection of a HGT over a
range of transfer rates. The novel BHRP gas reporter system was next conjugated to P. putida,
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and transconjugant gas output was measured and compared relative to E. coli. The comparison of
gas production was expected to inform the variability between closely related gram-negative
bacteria.
To explore variables which could influence gas production and gas quantity, we
examined the role of wastewater as a sink. A spiked incubation of gas molecules was added to a
water control, an autoclaved sample of activated sludge, and activated sludge, with the
hypothesis that an observed decrease in gas measurements were a function of the environment
composition. Interpretation of these results would provide insight into whether the decline in gas
measured was significant with respect to the fraction of the total gas and the lower limit of
detectable gas. Ultimately, a large decrease in gas output could require an alternative deployment
strategy or an alternative use case. The impact of wastewater on the biosensor output was next
examined. We spiked the gas producing strain into equivalent samples as described in the gas
spiking experiment, but samples consisted of the required precursors for gas production (i.e.
casamino acids and S-adenosyl methionine). An observation of significant differences in gas
production could promote further questioning of biosensor robustness, functionality, the
consideration of metabolic limitations, and biosensor lifespan. The findings presented in this
work suggest an alternative approach for the deployment of a BHRP in situ which is deccoupled
from biosensor output so that biosensor background and reporter signal limitations can be
avoided altogether (Figure 10).

The pBBR1 model system
The model BHRP pBBR1 was purposed for the distribution of our reporter, due to the its
broad host range and reduced incompatibility with commonly found BHRP in wastewaters.
pBBR1 is a BHRP first isolated from wild type Bordatella bronchiseptica S87. This BHRP may
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be mobilized by IncP transfer genes amongst gram-positive and gram-negative strains, yet does
not belong to the incompatibility groups of the broad‐host‐range IncP, IncQ or IncW groups. Top
et al. found IncQ followed by IncP plasmids to exhibit the broadest plasmid host ranges,
respectively, amongst a wastewater influent community. 74
Several considerations are summarized for the chosen reporter located on our BHRP
model system. The promoter should function across hosts to maximize the expression of mht and
the production of gas. Next, changes in plasmid copy number and subsequent metabolic impact
could reduce the amount of MHT and gas produced by the cell. Pili formation and other
previously mentioned physical parameters are expected to influence the rate BHRP transfer. 75
Specific growth rates, cell density, and plasmid transfer rate are all considerable variables that
were expected to influence biosensor output.

Materials and Methods
Framework of the reporter
E. coli S17-1 carries an RP4::mu derivative integrated into the chromosome to provide
the transfer functions necessary for mobilization.76 The strain was obtained through a
collaborators of the Bennett lab. Chromosomal integration of lacQI77 into two lambda sites78 of
S17-1 donor cells were performed using clonetegration. 64 The bioreporter BHRP pSH042 was
derived from plasmid pBBR1-mcs261 and contains a kanamycin resistance cassette (kmR) and an
MHT reporter gene under the constitutive control of lac promoter (P lac). Recipient E. coli
MG1655 contains a chloramphenicol resistance cassette (cmR)(Figure 4). Unique sets of
resistance markers between donor and transconjugant allow for transfer rate measurements
normalized to CFU measurements from traditional plating assays. Vector pBBR1-mcs2 was
purchased from Addgene.60 PCR amplicons used for vector assembly were synthesized using
19

Phusion High-Fidelity DNA polymerase and a BIO-RAD T100 Thermocycler. 72 The plasmid
backbone and a commercially synthesized Batis maritima MHT amplicon were previously
combined into a Golden Gate79 assembly reaction to create our BHRP reporter controlled by Plac
and sourced by Shelly Cheng.

Figure 4. Donor E. coli S17-1 lacI synthesizes LacI to repress the constituitive Plac promoter
adjacent to the mht gene (mht off). Receiver E. coli containing an integrated copy of
chloramphenicol resistance gene (cmR) does not produce LacI. Receiver E. coli becomes
transconjugant when receiving the plasmid from the donor cell, and constitutively produces mht
and methyl halide gas.
Conjugation and transconjugant gas production incubation experiments
Prior to performing mating experiments, plasmid pSH042 was introduced into the
mobilizing donor strain and receiver strain E. coli S17-1 lacI and E. coli S17-1, respectively,
through electroporation transformation. Donor E. coli S17-1 lacI pSH042 and transconjugant E.
coli S17-1 pSH042 were grown overnight and seeded into fresh 20 mL Luria Broth (LB) cultures
at 1:100 dilutions. Cultures were administered with select antibiotics of kanamycin at a
concentration of 25 ng/uL, as needed for plasmid upkeep. Fresh cultures were washed 2x in M63
minimal media containing 100 mM NaBr prior to resuspension and sealed in gastight vials,
incubated with shaking at 200 rpm at 37°C for 24 hours. Gas measurements were performed at a
specified temperature and were immediately followed by plating of cells on antibiotic agar at
20

identical concentrations to liquid overnight cultures. Plasmid pSH042 was transferred via
conjugation to receiver E. coli MG1655 cells with an integrated copy of chloramphenicol
resistance (cmR). The transfer of pSH042 to cmR receiver cells led to the acquisition of functional
kanamycin resistance and allowed for the enumeration of CFU of transconjugants on solid agar
plates to obtain estimates of transfer frequencies (Figure 5). Plates were incubated at 37°C for 18
hours and plate counts were performed manually.

Figure 5. Workflow of conjugation experiments. Donor and receiver cells participate in
conjugation and growth in M63 media in sealed in gastight vials, incubated with shaking at 200
rpm at 37°C for 24 hours. Measurements of headspace gas are performed, concluded by the
immediate plating of cells. Gas production rate can be calculated from the gas measurement area
per donor cell and unit time.
Isolation of P. putida pSH042
E. coli S17-1 lacI pSH042 and P. putida F1 (ATCC 700007) were grown overnight and
seeded into fresh 20 mL Luria Broth (LB) cultures at 1:100 dilutions. Fresh cultures were
washed 2x in M63 minimal media containing 100 mM NaBr prior to resuspension in M63.
Donor and receiver cells were grown overnight and sealed in gastight vials, incubated with
shaking at 200 rpm at 37°C for 24 hours. Transconjugant P. putida pSH042 were isolated on
Pseudomonas Isolation Agar (VWR cat no. 90004-394) containing kanamycin at a concentration
21

of 25 ng/uL. Colonies were picked, inoculated in liquid LB cultures, and 50% glycerol was
added to cultures for long term storage. The creation of strains of E. coli S17-1 pSH042, E. coli
S17-1 lacI pSH042, and E. coli MG1655-chl pSH042 are described in the prior section of
conjugation experimental design.

Characterization of gas variability across strains
Strains of E. coli S17-1 pSH042, E. coli S17-1 lacI pSH042, and E. coli MG1655-chl
pSH042 were grown overnight in LB containing 25 ng/uL of kanamycin. Fresh cultures were
washed 2x in M63 minimal media containing 100 mM NaBr prior to resuspension in M63.
Optical density measurements were performed for the estimation of dilutions, and the wellcorrelated relationship for E. coli cell number (1*108 cells = OD600 of 0.5) was used to adjust
initial cell density to 107 transconjugant cells per sample. Gas headspace measurements were
recorded in triplicate at 12 hours, 18 hours, and 24 hours, followed by immediate plating on
kanamycin LB agar for plate counting.

Methyl bromide spiked into increasingly complex environments
Methyl bromide (MeBr, Sigma Aldrich cat no. 295485) was spiked as a liquid into water,
activated sludge (AS), and autoclaved activated sludge. Vials were immediately capped in a
fume hood and incubated at 30°C for one hour and 24 hour GCMS headspace measurements.
Liquid concentrations were identified from gas count ranges that corresponded to concentrations
of gas produced by transconjugant cells in well-defined media incubation experiments.

Transconjugant E. coli MG1655 pSH042 gas production in increasingly complex environments
Transconjugant E. coli MG1655 pSH042 were grown overnight in LB containing 25
ng/uL of kanamycin. Fresh cultures were washed 2x in M63 minimal media containing 100 mM
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NaBr prior to resuspension in M63. Optical density measurements were used to adjust the initial
cell density to 5*107 transconjugants per sample. Cells were resuspended in M63 minimal media,
AS supplemented to 1X M63 media, and autoclaved AS supplemented to 1X M63 media. Gas
headspace measurements were performed in triplicate with the GCMS after 24 hours, following
the incubation of cells at 37°C and shaking at 200 rpm. Cells were plated immediately after
GCMS measurements for the normalization of gas production to CFU.

epicPCR
epicPCR was adapted from Hultman et al. and Spencer et al. 50,52 20 uL of cells in PBS
were obtained per 1 mL of conjugation sample. STT emulsion oil and ABIL emulsion oil were
prepared as described. 100 uL of Acrylamide/bisacrylamide (30% m/v), 110 uL of nuclease free
water, and 25 uL of ammonium persulfate (10% m/v) were added to sorted cells. Samples were
vortexed briefly at 3000 rpm and transferred to a 2 mL round bottom tube. STT emulsion oil was
vigorously mixed by hand and vortexed before addition of 600 uL to the mixture. The 2 mL tube
was vortexed for 30 seconds at 3000 rpm and subsequently, 30 uL of tetramethylethylenediamine
(TEMED) was added and the sample was again vortexted for 30 seconds at 3000 rpm. The
polymerization reaction of acrylamide beads was quenched after 1 hour and 15 minutes by
adding 800 uL of water saturated diethyl ether. The sample was inverted then ether was drawn
off the sample and replaced with 1 mL of nuclease free water. The sample was mixed by
inverting and centrifuged at 13,000 x g for 30 seconds. The oily water was removed from the
sample and replaced with nuclease free water. The process of nuclease free water addition,
mixing and centrifugation was repeated until the presence of oil was no longer visibly evident.
Acrylamide beads were resuspended in 1 mL TK buffer and filtered through a 35 uM cell
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strainer before the beads were used directly or stored overnight at 4°C. Beads were checked for
integrity and single cell encapsulation via DAPI staining before use.
Fusion PCR was prepared via the addition of 900 uL thoroughly mixed ABIL emulsion
oil was added to four autoclaved 2 mm glass beads in a 2 mL round bottom tube. 100 uL of
fusion master mix consisted of 20 uL of 5x GC buffer, 2 uL MgCl 2, 2.5 uL dNTPs, 10 uL of R2
primer (10 uM), 10 uL of F1 primer (10 uM), 1 uL of R1-F2’ primer (1 uM), 0.5 uL of bovine
serum albumin (50 mg/mL), 0.2 uL of Tween 20, and 8 uL of Phusion Hot Start Flex
polymerase. All primers are provided below (Table 1). Acrylamide beads (45.8 uL) were
thoroughly mixed with master mix (54.2 uL) and added dropwise to the 2 mL round bottom tube
containing the glass beads and ABIL emulsion oil. The mixture was emulsified by vortexing at
3000 rpm for 1 min. Reactions (50 uL) were aliquoted into 16 PCR reaction tubes and placed on
an Applied Biosciences Veriti Thermocycler for:

All PCR reactions were immediately pooled together into a 2 mL round bottom tube for
the second oil extraction. Saturated diethyl ether (1 mL) was added to the fusion PCR product,
vortexed briefly at 3000 rpm, and centrifuged at 13,000 x g. Ether was removed and nuclease
free water (50 uL) was added to the sample to collect PCR products. A following ethyl acetate
extraction was performed via by adding 1 mL water saturated ethyl acetate to the tube, vortexed
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briefly at 3000 rpm, and centrifuged at 13,000 x g. Ethyl acetate was removed and two more
diethyl ether extractions were performed with water saturated diethyl ether as described in the
first extraction step. Remaining diethyl ether was evaporated in a laminar flow hood and a
remaining ~100 uL of water phase PCR products were recovered. PCR cleanup was performed
on the recovered sample with the GeneJET PCR Purification Kit (Cat. K0701) and eluted into 15
uL of nuclease free water for use in downstream blocking PCR.
Four total volumes of 25 uL blocking PCR reactions consisted of 10.25 uL of nuclease
free water, 5 uL 5x GC buffer, 0.5 uL of dNTPs, 2.5 uL of U519F_block7 (32 uM), 2.5 uL of
U519R_block7 (32 uM), 3 uL fusion PCR purified DNA, and 0.25 uL of (2U/uL) Phusion Hot
Start Flex polymerase. Reactions were run with the following thermocycler program:

PCR cleanup was performed on the recovered sample with the GeneJET PCR Purification Kit
(Cat. K0701) and eluted into 15 uL of nuclease free water for use in downstream nested PCR.
Four total volumes of 25 uL nested PCR reactions consisted of 6.25 uL of nuclease free
water, 5 uL 5x GC buffer, 0.5 uL of dNTPs, 2.5 uL of R3B (3 uM), 2.5 uL of F3B (3 uM), 2.5
uL of U519F_block7 (3.2 uM), 2.5 uL of U519R_block7 (3.2 uM), 3 uL blocking PCR purified
DNA, and 0.25 uL of (2U/uL) Phusion Hot Start Flex polymerase. Reactions were run with the
following thermocycler program:
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PCR products were visualized using agarose gel electrophoresis and gel purified via QIAquick
Gel Extraction Kit (Cat. 28706), with replacement of QC buffer for QX1 buffer (Cat. 20912).

Table 1. Primers targeting mht-gfp on our BHRP reporter
Primer Name
Target Forward Primer (F1)
Target Reverse Primer (R1)
Reverse Linker (R1-F2’)
Reverse 16s Primer pH’(R2)52
U519F_block7
U519R_block7
Barcoded F1Primer (F3B)
Nested 16s Primer 1492L (R3)50
Barcoded Nested 1492L (R3B)

Primer Sequence (5’ – 3’)
ACAGGTAGTTTTCCAGTAGTGC
GAGCGAAAGCGAATATGAA
GWATTACCGCGGCKGCTG GAG
CGAAAGCGAATATGAA
AAGGAGGTGATCCAGCCGCA
TTTTTTTCAGCMGCCGCGGTAATWC/3SpC3/
TTTTTTTGWATTACCGCGGCKGCTG/3SpC3/
TTTCTGTTGGTGCTGATATTGCACA
GGTAGTTTTCCAGTAGTGC
GGTTACCTTGTTACGACTT
ACTTGCCTGTCGCTCTATCTTC
GGTTACCTTGTTACGACTT

Results and Discussion
Repression and signal generation of donor and transconjugant
We evaluated the repression ability of our BHRP gas reporter in well-defined growth
M63 medium. Gas production was compared between repressed donor E. coli S17-1 LacI (D)
and non-repressed transconjugant E. coli S17-1 (Tc) over 48 hours (Figure 4). As expected, we
observed a substantial difference in the production by transconjugants compared to repressed
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donors. A 100:1 signal to noise (Tc gas counts/ D gas counts) was measured. We confirmed that
the observed differences between repressed donors and transconjugants in detected gas could not
be explained by cell counts, as nearly equal numbers of donor and transconjugant cells were
received when plated on selective growth media.
N.D

N.D

45

67

Figure 4. Representation of repressed donor cell and gas producing transconjugant cell (left).
Transconjugant E. coli S17-1 pSH042 produce MHT and synthesize methyl bromide over 48
hours in M63 medium, providing a signal to noise ratio of 100:1 signal with respect to the
repressed donor cell, E. coli S17-1 lacI pSH042 (right).
As expected, we observed the incomplete repression in donor cells. This observation was
consistent with other reporter systems using the LacI repressor.63 A maximum signa to noise
ratio of about 500:1 was observed for MG1655-chl transconjugants (data not shown). The
increased signal to noise could be explained by differences in specific growth rate of MG1655chl transconjugants, evidenced by colony plate counts across time points. The basis for this
difference is likely because S17-1 hosted a chromosomally integrated copy of a 60 kb plasmid
RP4 resulting in a reduced specific growth rate.
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Gas variability between several species of E. coli transconjugants and P. putida
In our study, we compared gas production of transconjugant E. coli strains and P.
putida hosting our reporter BHRP over 12, 18, and 24 hours (Figure 5, left). Our findings
demonstrated a similar order of magnitude of dynamic range between repressed S17-1 donor and
transconjugant hosts of around 100-fold. As previously stated, a dynamic range of 500:1 was
observed between S17-1 donors and MG1655 transconjugants. Interestingly, P. putida produced
less gas at all time points compared to S17-1 and MG1655 transconjugant E. coli, yet when
normalized to cell number, P. putida exhibited a gas production rate similar to E. coli (Figure 5,
right). These findings implied that our reporter system was functional across species boundaries
and may be applicable for a well-defined co-culture system. Additionally, the variation of gas
counts between transconjugant hosts for any given time, and for a single transconjugant host
compared across all time points, suggest that specific growth rates significantly impacted the
cumulative total of reporter gas. Lastly, our data show that no gas count increases were observed
between 18 hours and 24 hours for P. putida. This finding was unexpected and may be explained
by cell density limitations or unfavorable growth conditions.
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Figure 5. Donor and transconjugant MeBr gas counts from GCMS headspace measurements
(left), for cells incubated in M63 minimal media at 37°C over 24 hours. Normalized gas
production rates for donor and transconjugants (right), comprise of count data normalized by
CFU.
Next, the biosensor signal to noise ratio should be larger than the frequency of rare events
of HGT. The conclusion addresses this subject in more detail.

Evaluation of MeBr sinks in increasingly complex environments
The addition of MeBr to samples of water, activated sludge (AS), and autoclaved AS for
incubation times of 1 hour and 24 hours at 30°C showed a reduction of MeBr signal in activated
sludge relative to water and autoclaved AS at 24 hours (Figure 6). The reduction of MeBr
detected in activated sludge was not observed at 1 hour. The presence of solid particles may have
resulted in increased absorption and a reduction in the quantity of detectable gas between water
and autoclaved AS samples. Another explanation may be attributed to differences in pH. Large
variations between replicates were observed for the 1 hour 1500 ng/mL samples and may be due
to a saturation limit of the instrument.
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Figure 6. GCMS measurements of MeBr spiked in water, autoclaved activated sludge (AS), and
AS for incubations of 1 hour (left) and 24 hour (right) at 30°C.
Implications of these findings suggest that gas concentrations of greater than 500 ng/mL
are required for a detectable 24 hour AS measurement. The instrument lower limit of detection
was about 50 gas counts. Short term incubations are suggested for AS samples to reduce the loss
attributed gas signal over time. Significant loss of gas detected at 1500 ng/mL in AS suggest the
presence of significant degradation sinks for MeBr. Possible consumption via anaerobic
metabolisms may contribute to the loss of detectable gas in AS. 80 It should be noted that the
consumption of gas only impacts experimental design if the total detectable output drops below
the instrument limit of detection. For a given time point and sample, a scalar value could be used
to correlate the cumulative generated gas signal.

Transconjugant gas production across increasingly complex matrices: Implications for time and
detection limit constraints
Transconjugant MG1655-chl pSH042 generated a similar MeBr gas count across all
environments at 6 hours, however, at the 22-hour time point, the largest number of counts of
MeBr were detected in M63, followed by autoclaved AS, and AS, respectively. A large spread in
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gas counts were observed for the 22 hour time point (Figure 7, left). A similar trend to the
spiked gas experiments was observed at the latter time point. Results suggest that measurements
performed at earlier time points minimize the loss of gas signal.
Shorter incubation times are preferred. Possible contributions from gas absorption,
transconjugant viability/survivability, and the presence of competing bacteria all support this
expected outcome. However, when examining the normalized data, the reverse trend was
observed when considering CFU counts (Figure 7, right). A probable explanation for large
normalized gas production rates for AS samples could be that poor cell extraction efficiency
resulted in negatively skewed colony plate counts.

Figure 7. GCMS gas count measurements of MeBr from produced by MG1655-chl pSH042
transconjugants (left). Normalized gas production rates for MG1655-chl pSH042 transconjugants
(right), comprise of count data normalized by CFU.
Conjugation experiments with varying ratios of initial donor and receiver cells
Liquid conjugation incubations were performed across a range recipient cells for a fixed
concentration of donor cells. Gas counts for all conjugation pairs were observed within one order
of magnitude of the donor cell control (Figure 8). Increased gas counts were observed for
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inoculations with less initial receiver cells. This result suggested that donor growth significantly
contributed to the total number of counts received. Samples with a larger initial receiver
population resulted in less cumulative gas produced. Competition with donor cells the upper
bound of cell density may explain this phenomenon. Ultimately, this experiment demonstrated
that an increase in signal to noise is required to discern donor background from noise. No
significant differences in gas production were observed between samples. The main implication
of these findings was that no significant differences in gas counts for mixtures of donor and
receiver cells were observed. The detection of rare HGT events require either an increase in
signal to noise ratio or the reduction in the number of donor cells with respect to transconjugants.

Figure 8. MeBr gas counts measured at 37°C by GCMS following the 24-hour incubation of
donor cells at an initial incubation of 105 cells and a varied initial cell number of receiver cells. D
represents donor cell, S17-1 represents S17-1 receiver cell, MG represents MG1655 receiver
cell.

Conclusion
The research presented in this thesis adapted a gas reporter from a species-specific
application to a broad host system purposed for the detection of HGT of a BHRP model system.
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We examined several physical conditions that impacted the output of the gas reporter when
purposed for the in situ detection of low frequency conjugation events. The signal to noise ratio
between transconjugants and donors was a central concern for the reporter system. A signal to
noise ratio of 500:1 transconjugants to donors suggested that 500 donors produced an equivalent
amount of signal to a single donor cell, yet the rate of conjugative transfer was only 1:10,000,
therefore, a background gas production of donors overwhelmed any signal from the
transconjugants. To report on rare conjugation events which can span orders of magnitude across
species and conditions, one should first perform order of magnitude analysis to ensure that the
signal to noise ratio can supersede the frequency of the event (Figure 9). Potential drawbacks of
the current reporter system could be addressed through the optimization of donor/receiver
incubation ratios, enhancing conjugation frequency, enrichment of the transconjugant cells, or
removal of donor cells.

Figure 9. Qualitative visualization of background donor leakiness plotted against conjugation
frequency. Areas of red represent high contributions of donor signal to the gas measurement, and
green areas represent detectable transconjugant signal relative to the donor signal.
A few approaches could improve the signal to noise ratio. Theoretically, if
transconjugants could be selected for over donor cells by way of counterselection 81 or favorable
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growth conditions, the transconjugant reporter signal could be increased comparatively to the
donor background. Counterselection would require additional donor cell modification. Next,
genetic modifications to the biosensor, such as protein degradation tags in the donor cell could be
employed to reduce the donor background.
One way to enrich for transconjugants and remove of donor cells could be through the
use of FACS. The introduction of a red protein reporter only present in the donor could enable
the selective removal of donor cells and enrichment of transconjugants. Another benefit of this
approach is that when paired with epicPCR for host range measurements, the production of the
reporter is no longer required by the transconjugant (Figure 10). This could allow for the
dissemination of more representative and increasingly diverse set of plasmids. The use of
epicPCR is required to assign the host relationships, as the removal of donors would alone fail to
differentiate the pool of combined receiver cells and transconjugant cells.
Our findings demonstrate that the amplification of gas signal was reliant on cell growth
limitations and specific growth rate. Additionally, natural conjugation from donor cell to receiver
cell was likely hindered by the liquid environment and high cell densities. Anticipated transfer
frequencies exhibited by the RP4 transfer system range from 10 -4 to 10-2 on solid filters71, and an
increase in transfer frequency could be achieved on two dimensional surfaces, such as an
air/liquid or liquid/solid interfaces. Donor and receiver cells naturally compete with
transconjugants for the same resources but are present at much higher ratios, limiting the vertical
division of transconjugant hosts in our experimental setup.
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Figure 10. A proposed transconjugant-independent transfer system for the identification of
BHRP hosts in complex microbial communities. Donor cells (D) expressing red fluorescent
protein provide a BHRP to receiver cells (R). Enrichment of receiver and transconjugant cells
(Tc) and the removal of donor cells allow for host attribution and amplification of the target
BHRP present in transconjugant cells.
Dissemination of a functional reporter to undomesticated bacteria is challenging due to
several modes of possible failures. Replication failure, plasmid loss, transcription variability,
metabolic impact, protein denaturation and cell viability are all possible failures that could
prevent the successful deployment of a cell-based biosensor purposed for the detection of HGT.
The use of receiver dependent assays have resulted in both false positive and negative host
associations.69 Cell-free sensors could improve upon the large uncertainties provided by cellbased biosensors purposed for in situ applications.82
Host range measurements of BHRP are necessary to identify hosts that encounter and
propagate ARGs. Identified hosts could be selectively removed for the purpose of slowing the
dissemination of ARGs to pathogenic bacteria. Phage therapy, for example, could be used to
eliminate reservoirs of ARGs, thereby reducing ARG proliferation and the potential for HGT. 83–
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86

In the clinic, phage therapy has demonstrated success as an alternative to antibiotics for the

treatment of antibiotic resistant infections. 87 Host range information of BHRP can inform highrisk priority hosts that contain plasmid mobilizing functions. If epicPCR can be supplemented
with quantitative methods such as qPCR and 16s rRNA gene sequencing, the abundance of
BHRPs, host assignments, and host abundances can be discerned. Future work should quantify
the contribution of horizontal gene transfer, the hosts of BHRPs and ARGs, and develop more
comprehensive databases to corroborate the significance of gene transfer in WWTPs.
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Abstract
Antibiotic resistance poses a threat to global public health causing simple infections to
become untreatable and lead to potential fatality. Antibiotic resistance genes (ARGs) can be
exchanged between microorganisms via horizontal gene transfer (HGT) enabling the rapid
dissemination of resistance. HGT of ARGs present on broad host range plasmids (BHRP) can be
transferred among phylogenetically distant bacteria. There is a need to characterize the bacteria
that transfer BHRPs, as well as the transfer rates of BHRPs to inform antibiotic resistance
mitigation strategies. This work is focused on the development and application of an engineered
BHRP that reports on HGT by producing a volatile gas after HGT occurs. The project focused on
characterizing the performance of this bioreporter in E. coli. Specifically, the E. coli was
engineered as a donor of the BHRP reporter and the gas signal output was quantified. In addition,
the reporter BHRP was transferred intraspecies to receiver Pseudomonas putida and the gas
signal output was evaluated with respect to E. coli. Gas detection of the reporter gas was
demonstrated in complex matrices (e.g. wastewater). Results indicated that background donor
signal, variability of gas production in transconjugant hosts, and the potential of gas degradation
in activated sludge (AS) were significant challenges for application of the gas reporter in real
wastewaters. Future research using targeted single-cell fusion PCR methods could be applied to
characterize the hosts of the BHRP in a mixed community, without the need for Flow Assisted
Cell Sorting (FACS). When coupling the gas reporter and single-cell fusion PCR, the aggregate
gas signal of a mixed community could be further resolved. Future research could apply the gas
reporter as a proxy to refine estimates of ARG transfer present on BHRP in real systems; critical
to the evaluation of risk of ARG spread between environmental and clinically-relevant
pathogenic bacteria.
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Motivation
Antibiotic resistance: A major public health crisis
Infectious bacteria that resist antibiotic treatment have created a global public health
crisis, as identified by the Centers for Disease Control and Prevention (CDC) 1, World Health
Organization2,3, and numerous other public health organizations.4,5 Approximately 35,000 annual
deaths are associated with infectious diseases involving antibiotic resistance (AR) in the United
States alone.1 Antibiotic resistant bacteria (ARB) confound treatment options and require higher
cost alternative antibiotic treatments. With the ability to quickly spread resistance untreatable by
any known antibiotic, multidrug resistant bacteria increase the risk of death by regressing routine
injuries and surgeries back to the pre-antibiotic era. 1
Microorganisms evolve mechanisms to fight antibiotics during stress exposures. 6–8 In the
event of antibiotic exposure, residual ARB overtake non-resistant bacteria and increase their
population abundances. ARB propagate their antibiotic resistance genes (ARGs) vertically,
through cellular division. In addition to de-novo evolution, AR can be acquired when resistant
organisms exchange antibiotic resistance genes (ARGs) with other microorganisms, through
horizontal gene transfer (HGT). ARGs are often present on mobile genetic elements (MGEs) like
plasmids that facilitate the exchange of genetic material between microorganisms. Vertical gene
exchange and HGT both contribute to the rapid dissemination of AR and ARGs may eventually
enter a human pathogen. This has raised significant concern for environmental and public health,
as antibiotic resistance found in bacteria in a wastewater treatment plant may function as a
reservoir for transfer to microorganisms in soils, plants, animals, and humans. 9
Cases of clinical antibiotic resistance linked to environmental microbes suggest ARGs
were horizontally transferred from the environmental resistome to pathogens. 10–13 For example,
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resistant clinical isolates of vancomycin resistance, extended-spectrum beta-lactamases, and
quinolone resistance demonstrate confident links to the environmental resistome. 14–19 Studies
suggest that dense microbial communities like those found in wastewater treatment plants
(WWTPs) and plant rhizospheres provide ideal ecosystems for horizontal exchange of ARGs. 20–
22

However, the propagation of ARGs in WWTPs has been both supported and denounced. 23–25
Environmental scientists and engineers must address critical knowledge gaps to (1)

corroborate the contribution of horizontal gene transfer in the dissemination of antibiotic
resistance in WWTPs, and (2) reduce the spread of antibiotic resistance from environmental
reservoirs to clinical settings. We are limited in part by the lack of knowledge of (1) the
contribution of HGT to the dissemination of AR in mixed communities, (2) dominant
microorganisms responsible for the transfer of ARGs to pathogenic bacteria, and (3) parameters
which promote and inhibit HGT in microbial communities.

Conjugation is fundamental to the transfer of broad host range plasmids that contribute to the
dissemination of ARGs
ARGs are often associated with MGEs that can transfer via conjugation, such as plasmids
and integrative conjugative elements (ICEs).26,27 Conjugation is a key mechanism of HGT28 by
which cell to cell contact enables the transfer of extrachromosomal plasmid DNA among
bacteria.29–31 Broad host range plasmids (BHRPs), such as RP4 and pAMβ1, have been found to
replicate in multiple genera spanning both gram positives and gram negatives and are attributed
to the rapid and unexpected spread of ARGs.15,17,26,32–36 BHRPs are a readily accessible reservoir
for antibiotic resistance genes in wastewater treatment plants. 37 ARGs present on MGEs
arguably pose a greater risk to human health than chromosomally encoded ARGs because they
may be transferred across species boundaries to pathogenic bacteria.
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BHRP are essential vehicles for the dissemination of ARGs, often providing the functions
for ARG transfer and replication. ARGs have been identified on large 60,000 bp IncPα selftransmissible plasmids such as RP4.38 BHRP transfer may be induced by the presence of
antibiotics. Increased mobilization of RP4 carrying tetracycline resistance was observed in the
presence of subinhibitory concentrations of tetracycline in mouse intestine. 39 Mobilizable IncQ
BHRP characteristic of Escherichia coli have been found to replicate and function in many
Gram-negative bacteria.40 Mobilizable plasmids with similar characteristics to IncQ plasmids
have been identified to host ARGs with high prevalence and diversity in pig manure. 41
Researchers have used long read metagenomic sequencing to measure a WWTP resistome and
found over 50% of all plasmids and ICEs to be associated with ARGs. 42 However, the
quantification of BHRP transfer rates and the bacteria partaking in transfer are needed to further
justify the contribution of HGT from BHRP in mixed microbial communities.
Mechanisms for the transfer of MGEs including BHRPs are diverse and complex 40 and
challenge the extension of laboratory-measured plasmid transfer rates to real systems. An order
of magnitude variation of BHRP transfer rate is common for replicate experiments. 43 BHRP
transfer rates may range several orders of magnitude across donor- recipient pairs in a single
study. Large variations in BHRP transfer result in exacerbated uncertainties at low cell
numbers.44 Mathematical models have been developed for mixed homogenous suspensions and
simple biofilms, but are not accurate for a wastewater treatment process. 45 Cell contact time, cell
contact frequencies, host-recipient phylogenetic similarity, BHRP transfer regulation, nutrient
conditions, the ratio of donor to recipient cells, and physical conditions, such as nutrient
concentration, are several variables which could contribute to the uncertainty of transfer
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frequency in real systems.36,43–46 When possible, BHRP transfer should be measured in situ or in
increasingly complex environments which can more closely simulate the natural environment.

Methods for measuring HGT events, a progression to culture independent methods
Existing approaches to measure the HGT of BHRP containing ARGs include both
culture-dependent and culture-independent methods. Plate counting is the gold standard of
culture-dependent methods and involves the isolation of ARB on antibiotic agar. Bacteria are
spread across antibiotic agar, incubated, and observed for the growth of visible colonies, or
colony forming units (CFUs). The ratio of resistant colonies to the number of non-resistant
colonies indicates the percentage of the bacterial population hosting ARGs. The foundation of
the scientific field employed plate counting for the estimation of HGT of BHRP containing
ARGs, yet plate counting exhibits several disadvantages.
Plate counting requires long incubation times and the manual counting of colony forming
units (CFU) resulting in low method throughput. Plate counting is limited to the quantification of
the viable, functionally resistant, and culturable fraction of a community; capturing only a small
percentage of ARB in mixed communities.13 Biparental mating assays, by which BHRP donor
cells are forced into contact with recipient cells on solid surfaces, are routinely combined with
plate counting. Forced and artificial contact result in inflated transfer rates which are not
representative of real systems. Plating methods are best suited for the identification of
functionally resistant phenotypes, co-culture mating experiments, and strain-specific transfer of
ARGs, however, alternative culture-independent methods can capture a larger and more
representative fraction of bacteria hosting ARGs and BHRPs in mixed communities.
In contrast to culture-dependent methods, culture-independent methods are suited to
detect a diverse set of bacteria, often targeting the DNA from a mixed microbial community.
8

High throughput sequencing technologies offer unparalleled opportunity for the characterization
of the genetic composition of transfer and antibiotic resistance genes, alternatively known as the
mobilome and resistome.11,47,48 Quantitative PCR (qPCR), metagenomics, engineered biosensors,
and single-cell fusion PCR are culture independent methods used to identify hosts and
abundances of ARGs outside of the laboratory.49 qPCR is a sensitive and targeted approach for
the quantification of gene abundance and is routinely purposed for the correlation of a parameter
change to the increase or decrease in gene abundance (i.e. a change in temperature results in a
decrease in ARGs). A drawback of qPCR is that it does not provide host resolution when applied
to an environmental sample. Metagenomics can be used to distinguish accurate and unbiased
analysis of all mobile elements in a sample. A key drawback of metagenomics is the failure to
discern plasmid and host associations, in addition to time and resource intensive analysis which
rely on comprehensive databases. Two culture independent methods: biosensors and fusion PCR
have unrealized capacities and limitations for the in situ detection of BHRPs and their hosts.

epicPCR can inform BHRP plasmid host relationships
Single cell fusion PCR, specifically emulsion paired isolation and concatenation PCR
(epicPCR), is a targeted approach used to identify qualitative assignments of an ARG or BHRP
hosts, and to date, no studies have linked BHRP hosts in wastewater treatment plants. EpicPCR
is a high-throughput, culture-independent method which begins with the encapsulation of single
cells, followed by a three primer PCR fusion reaction to link a target gene to the 16S rRNA gene
of the host (Figure 1). The separation of microorganisms into individual emulsion droplets is
followed by the fusion of a target gene to 16S rRNA gene.
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Figure 1. Emulsion Paired Isolation and Concatenation PCR (epicPCR): 1) Emulsion isolation
of bacterial cells. 2) Lyse trapped cells. 3) Perform PCR on lysed cells to form fusion gene
products. 4) Recover and sequence fusion amplicons. Figure adapted from Rice et al. 49
EpicPCR has been used to identify rare sulfate reducing bacteria in lake water and
sediments and to identify ARG hosts in wastewater treatment plants. 50–52 Qualitative host
assignments of BHRP can provide insight into plasmid fate, BHRP mobilizers, and ARG
reservoirs. Key advantages of epicPCR include gene specificity, inexpensive parallel sample
processing, and reduced data sizes relative to metagenomics. Host measurements via epicPCR
may be processed in parallel to quantitative ARG abundance obtained by qPCR, to elucidate
ARG and BHRP hosts and changes in ARG abundance. Finally, microbial biosensors function
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independently of the abovementioned methods and are suitable for the measurement of BHRP
transfer rates in situ.
EpicPCR exhibits several drawbacks. EpicPCR fails to provide quantitative gene
abundance information and is limited to the generation of qualitative host associations. The
formation of distributed droplet sizes results in large variations of subsequent DNA
amplifications. Next, the confirmation of single cells is a requirement for method accuracy. Cell
extractions and sample preparation can be time intensive and require extensive protocol
refinement. In the event of poor sample preparation or difficult to process samples, the
introduction of both false positive and negative host associations may occur. Finally, an analysis
of target gene abundance and sequence should be performed to ensure confidence of host
linkages.

Biosensors
A biosensor is an engineered organism that performs a microbial encoded function to
produce a reporter (i.e. chemical or metabolite) in response to a stimulus or event. The reporter is
designed to be measurable and quantifiable, such as green fluorescent protein (GFP). The
function is engineered under transcriptional control of a select promoter sequence and is encoded
on a segment of DNA, called a reporter gene. Subsequently, the reporter gene is transcribed into
RNA and translated into the reporter protein which performs the reporter function.
Transcriptional control is the most common approach to reporter regulation, as a suite of DNA
parts have been created over the past decade for a modular approach to biosensor
development.53,54
The simplest approach to transcriptional control of a reporter is through an inducerrepressor system.53,55,56 A simple inducer-repressor system functions via an ‘on’ or ‘off’
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transcription of a reporter gene. A constitutive promoter sequence is transcribed by RNA
polymerase in the absence of a repressor. By providing a biosensor with a specific and
orthogonal repressor, which does not interfere with the host machinery, the target binding
location of the repressor is placed adjacent to the sequence of the reporter gene. The bound
repressor blocks RNA polymerase from transcription of the reporter gene and creates the ‘off’
state. The presence of an inducer reduces the binding ability of the repressor, thwarting repressor
binding to the promoter sequence of the reporter gene. If no repressor is present, the reporter
gene is constitutively transcribed. A phenotypic trait such as an ARG is routinely coupled to the
reporter sequence for the selection of functional clones. The ARG is of low clinical importance
and is not to be confused with ARGs of clinical interest.
An effective biosensor requires a well-characterized promoter repressor system
introduced which is on a vector plasmid. The most notable repressor-inducer system is the lacI
repressor and Plac promoter system which is inducible via the sugar arabinose. This system has
been extensively characterized and optimized in E. coli.56 Other than E. coli, gram-negative
bacterial hosts such as P. putida and pathogens Pseudomonas aeruginosa, Proteus mirabilis, and
Serratia marcescens have demonstrated an ability to effectively use lacI, Plac, and a series of lac
promoter hybrid derivatives like Ptac.57–59 In addition to promoters, broad host range vectors have
been engineered to expand the suite of capable hosts.58,60,61 Isolation and modification of BHRP
obtained from environmental organisms is a prime example of a beneficial use case for BHRPs.
The diversification of programmable hosts has allowed for a rapid progression of synthetic
biology tools, yet the deployment in real systems remains a challenge.
Biosensors have been readily characterized in homogenous systems, however, face
significant challenges which prevent their deployment in real environments. Several limitations
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are associated with the transcriptional control of a reporter. Non-linear kinetic expressions
characterize even the simplest repressor-inducer system and the output is dependent on the
specific growth rate of the biosensor.62 The introduction of second organism has been found to
directly impact the output of the biosensor and is a function of specific growth rates. 62 Secondly,
the process of transcription is slow and outputs may take hours to reach to detectable levels.
Next, repressor binding is imperfect and leaky repression can undermine the signal generated by
the biosensor. Therefore, the simplest of circuits require the devotion of substantial resources to
tuning and characterization.
Biosensors are straightforwardly purposed for reporting on the HGT of a BHRP. As
stated previously, plasmid vectors are required for the introduction of a reporter gene into the
host cell. The regulation system must be decoupled from the mobile element to ensure that the
regulation system is not passed during transfer. The incorporation of a chromosomally encoded
repressor gene is one approach to decouple the regulation system from the plasmid.
Chromosomal integration of the repressor gene can result in a multi-fold reduction in the signal
produced by the donor cell.63 Chromosomal integration can be performed in a single step. 64
Additionally, the biosensor is required to host a copy of the transfer genes which provide the
cellular machinery for conjugative transfer. Often, an antibiotic marker gene is chromosomally
integrated in biosensor and recipient to differentiate the cells on a countable basis through plate
counting. When a receiver cell accepts the plasmid, it is referred to as a transconjugant. The main
differentiation is that the receiver cell is not a host of the plasmid. The transconjugant cell lacks a
chromosomally integrated copy of the repressor gene, therefore the reporter gene is transcribed.
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Fluorescence-based reporters
Fluorescent reporter assays have successfully been used to monitor the transfer of ARGs
present on BHRP in microbial communities.65–67 The measurement of HGT has been
accomplished using a similar system to the one described above and using a fluorescent protein
reporter. For example, the chromosomally integrated repressor lacI represses GFP expression in
the donor cell and only when the plasmid transfers to a receiver cell without lacI, does
constitutive expression of GFP cause the transconjugant cell to fluoresce green (Figure 2). The
receiver cell becomes a transconjugant when the plasmid is received, resulting in the synthesis of
GFP.

Figure 2. Fluorescence based mating assay for the identification of transconjugant cells from
donor cells. Red donor E. coli cells constitutively synthesize a red fluorescent protein (mCherry),
and constitutive production of lacI represses the production of GFP. Upon transfer to a receiver
cell, the Plac promoter constitutively drives expression of GFP, resulting in detectable green
fluorescence.
Transconjugants can then be sorted using fluorescence activated cell sorting (FACS) and
combined with 16S rRNA gene sequencing to characterize the phylogenies of the receiver cells
(Figure 3). Fluorescence activated cell sorting (FACS) combines flow cytometry and high-speed
redirection to sort individual cells based on differences in fluorescence emission. 68 FACS can be
applied for the quantification of HGT events and sorting allows for sequencing of the microbial
community for taxonomic identification.69
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Figure 3. Biosensor identification and sorting with FACS: 1) Introduce reporter plasmid with a
reporter gene (e.g. GFP). 2) Expression of reporter gene. 3) Use FACS to isolate positive cells
from the mixed community. 4) Sequence 16s rRNA gene amplicons to obtain host information.
Figure adapted from Rice et al.49
Challenges exist for the deployment and measurement of fluorescent based reporters in
real environments. Hard-to-image matrices (soils, sediments, and wastewater) scatter light
extensively, blocking light and interfering with the excitation and emission of the GFP
fluorophore. Molecular biosensors may not produce a reliable signal that exceeds the background
absorbance. Additional complications arise because GFP requires oxygen to produce a signal,
and fluorophore function is also sensitive to low pH.70 Heterogeneity of fluorescence output
challenges FACS sorting, as binary gates are used to sort GFP producing cells from the mixed
community. Additionally, the low number of transconjugants relative to the total number of cells
limits throughput, like searching for a needle in a haystack. Klumper et al. reported a sorting
time of 24 hours for the separation of 200 transconjugant cells at a rate of 1:1,000,000
transconjugants per total cell events71, indicating the low throughput of FACS and hindering
time-series conjugation experiments that could otherwise reveal time-resolved host range
relationships. Low throughput and sample disruption effectively limit fluorescence reporting to
snapshots in time.
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Gas reporting using Methyl Halide Transferase (MHT)
To address the limitations of fluorescent reporters, a gas reporter has been developed to
report on via the production of an enzyme that synthesizes a rare methyl halide gas. 72 The
reporter enzyme methyl halide transferase (MHT) synthesizes gas using halide ions and methyl
groups from S-adenosyl methionine. These two components are provided to the liquid sample in
the form of salts and casamino acids, respectively. The gas can be sampled from the headspace
of the sample and is simple to detect using gas chromatography mass spectrometry (GCMS). The
gas reporter allows for real-time, non-disruptive reporting of binary events, such as HGT. Prior
to this work, the gas reporter was characterized in E. coli using the species-specific F plasmid72,
which has been known to conjugate at high frequencies in liquids. 73 The number of E. coli
transconjugants were measured by plate counting, and were strongly correlated with the gas
production rate. Our work adapts the gas reporter to a BHRP to correlate transfer frequency and
gas production across species.

Objectives and Experimental Justifications
Abiotic and biotic interactions greatly challenge the predictability, reproducibility, and
integrity of biosensor generated outputs tied to HGT and applied in situ. For this purpose,
biosensor output requires characterization across a progression of ideal laboratory conditions to
real systems. This approach enables a change of a single or a few parameters, to evaluate the
sensitivity of various conditions on biosensor performance. A variation of single condition could
lead to time and resource intensive analysis with no clear translation to the dynamics of a real
system.
As environmental scientists aim to predict the HGT of ARGs to inform policy and
interventions, in situ measurements are essential to resolve ARG hosts and HGT transfer rates.
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To understand the contribution of HGT in microbial communities, we must first develop and
characterize molecular and biomolecular tools which can detect rare, in situ HGT transfer events
in real environments. In situ measurements, have the potential to improve HGT transfer rate
measurements which are typically recorded outside of a microbe’s natural environment and
under artificial conditions which promote HGT. A lack of in situ HGT measurements are
because of both physical complexities and methodological challenges.
To address the lack of in situ measurements of HGT, our overarching goal was to adapt
the methyl halide gas biosensor to a novel BHRP vector system and to purpose the biosensor for
the detection of rare intraspecies and interspecies HGT events in real wastewaters. Several
requirements for the justification of our biosensor were to demonstrate that 1) the gas signal is
detectable, measurable, and distinguishable from background noise, 2) the biosensor functions in
hosts other than E. coli, and 3) the output function of the biosensor exhibits predictable behavior
in hosts in both well-defined media and real wastewaters.
The biosensor signal was quantified in E. coli with respect to a non-gas producing
repressed donor, and the relative rates of gas production between donor and transconjugant were
measured. Correlations of total gas and cell number were performed using plate counts to
normalize the production of gas over time for the purpose of reproducibility and predictability. A
signal to noise ratio was defined as the signal provided by the gas producing E. coli with respect
to the repressed donor. The signal to noise ratio of produced gas by transconjugant and repressed
donor, respectively, was expected to outline the upper signal bound with respect to background.
The implications of the measured signal to noise ratio were further examined to analyze the
range of signal to noise ratios which would be required for confident detection of a HGT over a
range of transfer rates. The novel BHRP gas reporter system was next conjugated to P. putida,
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and transconjugant gas output was measured and compared relative to E. coli. The comparison of
gas production was expected to inform the variability between closely related gram-negative
bacteria.
To explore variables which could influence gas production and gas quantity, we
examined the role of wastewater as a sink. A spiked incubation of gas molecules was added to a
water control, an autoclaved sample of activated sludge, and activated sludge, with the
hypothesis that an observed decrease in gas measurements were a function of the environment
composition. Interpretation of these results would provide insight into whether the decline in gas
measured was significant with respect to the fraction of the total gas and the lower limit of
detectable gas. Ultimately, a large decrease in gas output could require an alternative deployment
strategy or an alternative use case. The impact of wastewater on the biosensor output was next
examined. We spiked the gas producing strain into equivalent samples as described in the gas
spiking experiment, but samples consisted of the required precursors for gas production (i.e.
casamino acids and S-adenosyl methionine). An observation of significant differences in gas
production could promote further questioning of biosensor robustness, functionality, the
consideration of metabolic limitations, and biosensor lifespan. The findings presented in this
work suggest an alternative approach for the deployment of a BHRP in situ which is deccoupled
from biosensor output so that biosensor background and reporter signal limitations can be
avoided altogether (Figure 10).

The pBBR1 model system
The model BHRP pBBR1 was purposed for the distribution of our reporter, due to the its
broad host range and reduced incompatibility with commonly found BHRP in wastewaters.
pBBR1 is a BHRP first isolated from wild type Bordatella bronchiseptica S87. This BHRP may
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be mobilized by IncP transfer genes amongst gram-positive and gram-negative strains, yet does
not belong to the incompatibility groups of the broad‐host‐range IncP, IncQ or IncW groups. Top
et al. found IncQ followed by IncP plasmids to exhibit the broadest plasmid host ranges,
respectively, amongst a wastewater influent community. 74
Several considerations are summarized for the chosen reporter located on our BHRP
model system. The promoter should function across hosts to maximize the expression of mht and
the production of gas. Next, changes in plasmid copy number and subsequent metabolic impact
could reduce the amount of MHT and gas produced by the cell. Pili formation and other
previously mentioned physical parameters are expected to influence the rate BHRP transfer. 75
Specific growth rates, cell density, and plasmid transfer rate are all considerable variables that
were expected to influence biosensor output.

Materials and Methods
Framework of the reporter
E. coli S17-1 carries an RP4::mu derivative integrated into the chromosome to provide
the transfer functions necessary for mobilization.76 The strain was obtained through a
collaborators of the Bennett lab. Chromosomal integration of lacQI77 into two lambda sites78 of
S17-1 donor cells were performed using clonetegration. 64 The bioreporter BHRP pSH042 was
derived from plasmid pBBR1-mcs261 and contains a kanamycin resistance cassette (kmR) and an
MHT reporter gene under the constitutive control of lac promoter (P lac). Recipient E. coli
MG1655 contains a chloramphenicol resistance cassette (cmR)(Figure 4). Unique sets of
resistance markers between donor and transconjugant allow for transfer rate measurements
normalized to CFU measurements from traditional plating assays. Vector pBBR1-mcs2 was
purchased from Addgene.60 PCR amplicons used for vector assembly were synthesized using
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Phusion High-Fidelity DNA polymerase and a BIO-RAD T100 Thermocycler. 72 The plasmid
backbone and a commercially synthesized Batis maritima MHT amplicon were previously
combined into a Golden Gate79 assembly reaction to create our BHRP reporter controlled by Plac
and sourced by Shelly Cheng.

Figure 4. Donor E. coli S17-1 lacI synthesizes LacI to repress the constituitive Plac promoter
adjacent to the mht gene (mht off). Receiver E. coli containing an integrated copy of
chloramphenicol resistance gene (cmR) does not produce LacI. Receiver E. coli becomes
transconjugant when receiving the plasmid from the donor cell, and constitutively produces mht
and methyl halide gas.
Conjugation and transconjugant gas production incubation experiments
Prior to performing mating experiments, plasmid pSH042 was introduced into the
mobilizing donor strain and receiver strain E. coli S17-1 lacI and E. coli S17-1, respectively,
through electroporation transformation. Donor E. coli S17-1 lacI pSH042 and transconjugant E.
coli S17-1 pSH042 were grown overnight and seeded into fresh 20 mL Luria Broth (LB) cultures
at 1:100 dilutions. Cultures were administered with select antibiotics of kanamycin at a
concentration of 25 ng/uL, as needed for plasmid upkeep. Fresh cultures were washed 2x in M63
minimal media containing 100 mM NaBr prior to resuspension and sealed in gastight vials,
incubated with shaking at 200 rpm at 37°C for 24 hours. Gas measurements were performed at a
specified temperature and were immediately followed by plating of cells on antibiotic agar at
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identical concentrations to liquid overnight cultures. Plasmid pSH042 was transferred via
conjugation to receiver E. coli MG1655 cells with an integrated copy of chloramphenicol
resistance (cmR). The transfer of pSH042 to cmR receiver cells led to the acquisition of functional
kanamycin resistance and allowed for the enumeration of CFU of transconjugants on solid agar
plates to obtain estimates of transfer frequencies (Figure 5). Plates were incubated at 37°C for 18
hours and plate counts were performed manually.

Figure 5. Workflow of conjugation experiments. Donor and receiver cells participate in
conjugation and growth in M63 media in sealed in gastight vials, incubated with shaking at 200
rpm at 37°C for 24 hours. Measurements of headspace gas are performed, concluded by the
immediate plating of cells. Gas production rate can be calculated from the gas measurement area
per donor cell and unit time.
Isolation of P. putida pSH042
E. coli S17-1 lacI pSH042 and P. putida F1 (ATCC 700007) were grown overnight and
seeded into fresh 20 mL Luria Broth (LB) cultures at 1:100 dilutions. Fresh cultures were
washed 2x in M63 minimal media containing 100 mM NaBr prior to resuspension in M63.
Donor and receiver cells were grown overnight and sealed in gastight vials, incubated with
shaking at 200 rpm at 37°C for 24 hours. Transconjugant P. putida pSH042 were isolated on
Pseudomonas Isolation Agar (VWR cat no. 90004-394) containing kanamycin at a concentration
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of 25 ng/uL. Colonies were picked, inoculated in liquid LB cultures, and 50% glycerol was
added to cultures for long term storage. The creation of strains of E. coli S17-1 pSH042, E. coli
S17-1 lacI pSH042, and E. coli MG1655-chl pSH042 are described in the prior section of
conjugation experimental design.

Characterization of gas variability across strains
Strains of E. coli S17-1 pSH042, E. coli S17-1 lacI pSH042, and E. coli MG1655-chl
pSH042 were grown overnight in LB containing 25 ng/uL of kanamycin. Fresh cultures were
washed 2x in M63 minimal media containing 100 mM NaBr prior to resuspension in M63.
Optical density measurements were performed for the estimation of dilutions, and the wellcorrelated relationship for E. coli cell number (1*108 cells = OD600 of 0.5) was used to adjust
initial cell density to 107 transconjugant cells per sample. Gas headspace measurements were
recorded in triplicate at 12 hours, 18 hours, and 24 hours, followed by immediate plating on
kanamycin LB agar for plate counting.

Methyl bromide spiked into increasingly complex environments
Methyl bromide (MeBr, Sigma Aldrich cat no. 295485) was spiked as a liquid into water,
activated sludge (AS), and autoclaved activated sludge. Vials were immediately capped in a
fume hood and incubated at 30°C for one hour and 24 hour GCMS headspace measurements.
Liquid concentrations were identified from gas count ranges that corresponded to concentrations
of gas produced by transconjugant cells in well-defined media incubation experiments.

Transconjugant E. coli MG1655 pSH042 gas production in increasingly complex environments
Transconjugant E. coli MG1655 pSH042 were grown overnight in LB containing 25
ng/uL of kanamycin. Fresh cultures were washed 2x in M63 minimal media containing 100 mM
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NaBr prior to resuspension in M63. Optical density measurements were used to adjust the initial
cell density to 5*107 transconjugants per sample. Cells were resuspended in M63 minimal media,
AS supplemented to 1X M63 media, and autoclaved AS supplemented to 1X M63 media. Gas
headspace measurements were performed in triplicate with the GCMS after 24 hours, following
the incubation of cells at 37°C and shaking at 200 rpm. Cells were plated immediately after
GCMS measurements for the normalization of gas production to CFU.

epicPCR
epicPCR was adapted from Hultman et al. and Spencer et al. 50,52 20 uL of cells in PBS
were obtained per 1 mL of conjugation sample. STT emulsion oil and ABIL emulsion oil were
prepared as described. 100 uL of Acrylamide/bisacrylamide (30% m/v), 110 uL of nuclease free
water, and 25 uL of ammonium persulfate (10% m/v) were added to sorted cells. Samples were
vortexed briefly at 3000 rpm and transferred to a 2 mL round bottom tube. STT emulsion oil was
vigorously mixed by hand and vortexed before addition of 600 uL to the mixture. The 2 mL tube
was vortexed for 30 seconds at 3000 rpm and subsequently, 30 uL of tetramethylethylenediamine
(TEMED) was added and the sample was again vortexted for 30 seconds at 3000 rpm. The
polymerization reaction of acrylamide beads was quenched after 1 hour and 15 minutes by
adding 800 uL of water saturated diethyl ether. The sample was inverted then ether was drawn
off the sample and replaced with 1 mL of nuclease free water. The sample was mixed by
inverting and centrifuged at 13,000 x g for 30 seconds. The oily water was removed from the
sample and replaced with nuclease free water. The process of nuclease free water addition,
mixing and centrifugation was repeated until the presence of oil was no longer visibly evident.
Acrylamide beads were resuspended in 1 mL TK buffer and filtered through a 35 uM cell
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strainer before the beads were used directly or stored overnight at 4°C. Beads were checked for
integrity and single cell encapsulation via DAPI staining before use.
Fusion PCR was prepared via the addition of 900 uL thoroughly mixed ABIL emulsion
oil was added to four autoclaved 2 mm glass beads in a 2 mL round bottom tube. 100 uL of
fusion master mix consisted of 20 uL of 5x GC buffer, 2 uL MgCl 2, 2.5 uL dNTPs, 10 uL of R2
primer (10 uM), 10 uL of F1 primer (10 uM), 1 uL of R1-F2’ primer (1 uM), 0.5 uL of bovine
serum albumin (50 mg/mL), 0.2 uL of Tween 20, and 8 uL of Phusion Hot Start Flex
polymerase. All primers are provided below (Table 1). Acrylamide beads (45.8 uL) were
thoroughly mixed with master mix (54.2 uL) and added dropwise to the 2 mL round bottom tube
containing the glass beads and ABIL emulsion oil. The mixture was emulsified by vortexing at
3000 rpm for 1 min. Reactions (50 uL) were aliquoted into 16 PCR reaction tubes and placed on
an Applied Biosciences Veriti Thermocycler for:

All PCR reactions were immediately pooled together into a 2 mL round bottom tube for
the second oil extraction. Saturated diethyl ether (1 mL) was added to the fusion PCR product,
vortexed briefly at 3000 rpm, and centrifuged at 13,000 x g. Ether was removed and nuclease
free water (50 uL) was added to the sample to collect PCR products. A following ethyl acetate
extraction was performed via by adding 1 mL water saturated ethyl acetate to the tube, vortexed
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briefly at 3000 rpm, and centrifuged at 13,000 x g. Ethyl acetate was removed and two more
diethyl ether extractions were performed with water saturated diethyl ether as described in the
first extraction step. Remaining diethyl ether was evaporated in a laminar flow hood and a
remaining ~100 uL of water phase PCR products were recovered. PCR cleanup was performed
on the recovered sample with the GeneJET PCR Purification Kit (Cat. K0701) and eluted into 15
uL of nuclease free water for use in downstream blocking PCR.
Four total volumes of 25 uL blocking PCR reactions consisted of 10.25 uL of nuclease
free water, 5 uL 5x GC buffer, 0.5 uL of dNTPs, 2.5 uL of U519F_block7 (32 uM), 2.5 uL of
U519R_block7 (32 uM), 3 uL fusion PCR purified DNA, and 0.25 uL of (2U/uL) Phusion Hot
Start Flex polymerase. Reactions were run with the following thermocycler program:

PCR cleanup was performed on the recovered sample with the GeneJET PCR Purification Kit
(Cat. K0701) and eluted into 15 uL of nuclease free water for use in downstream nested PCR.
Four total volumes of 25 uL nested PCR reactions consisted of 6.25 uL of nuclease free
water, 5 uL 5x GC buffer, 0.5 uL of dNTPs, 2.5 uL of R3B (3 uM), 2.5 uL of F3B (3 uM), 2.5
uL of U519F_block7 (3.2 uM), 2.5 uL of U519R_block7 (3.2 uM), 3 uL blocking PCR purified
DNA, and 0.25 uL of (2U/uL) Phusion Hot Start Flex polymerase. Reactions were run with the
following thermocycler program:
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PCR products were visualized using agarose gel electrophoresis and gel purified via QIAquick
Gel Extraction Kit (Cat. 28706), with replacement of QC buffer for QX1 buffer (Cat. 20912).

Table 1. Primers targeting mht-gfp on our BHRP reporter
Primer Name
Target Forward Primer (F1)
Target Reverse Primer (R1)
Reverse Linker (R1-F2’)
Reverse 16s Primer pH’(R2)52
U519F_block7
U519R_block7
Barcoded F1Primer (F3B)
Nested 16s Primer 1492L (R3)50
Barcoded Nested 1492L (R3B)

Primer Sequence (5’ – 3’)
ACAGGTAGTTTTCCAGTAGTGC
GAGCGAAAGCGAATATGAA
GWATTACCGCGGCKGCTG GAG
CGAAAGCGAATATGAA
AAGGAGGTGATCCAGCCGCA
TTTTTTTCAGCMGCCGCGGTAATWC/3SpC3/
TTTTTTTGWATTACCGCGGCKGCTG/3SpC3/
TTTCTGTTGGTGCTGATATTGCACA
GGTAGTTTTCCAGTAGTGC
GGTTACCTTGTTACGACTT
ACTTGCCTGTCGCTCTATCTTC
GGTTACCTTGTTACGACTT

Results and Discussion
Repression and signal generation of donor and transconjugant
We evaluated the repression ability of our BHRP gas reporter in well-defined growth
M63 medium. Gas production was compared between repressed donor E. coli S17-1 LacI (D)
and non-repressed transconjugant E. coli S17-1 (Tc) over 48 hours (Figure 4). As expected, we
observed a substantial difference in the production by transconjugants compared to repressed
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donors. A 100:1 signal to noise (Tc gas counts/ D gas counts) was measured. We confirmed that
the observed differences between repressed donors and transconjugants in detected gas could not
be explained by cell counts, as nearly equal numbers of donor and transconjugant cells were
received when plated on selective growth media.
N.D

N.D
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Figure 4. Representation of repressed donor cell and gas producing transconjugant cell (left).
Transconjugant E. coli S17-1 pSH042 produce MHT and synthesize methyl bromide over 48
hours in M63 medium, providing a signal to noise ratio of 100:1 signal with respect to the
repressed donor cell, E. coli S17-1 lacI pSH042 (right).
As expected, we observed the incomplete repression in donor cells. This observation was
consistent with other reporter systems using the LacI repressor.63 A maximum signa to noise
ratio of about 500:1 was observed for MG1655-chl transconjugants (data not shown). The
increased signal to noise could be explained by differences in specific growth rate of MG1655chl transconjugants, evidenced by colony plate counts across time points. The basis for this
difference is likely because S17-1 hosted a chromosomally integrated copy of a 60 kb plasmid
RP4 resulting in a reduced specific growth rate.
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Gas variability between several species of E. coli transconjugants and P. putida
In our study, we compared gas production of transconjugant E. coli strains and P.
putida hosting our reporter BHRP over 12, 18, and 24 hours (Figure 5, left). Our findings
demonstrated a similar order of magnitude of dynamic range between repressed S17-1 donor and
transconjugant hosts of around 100-fold. As previously stated, a dynamic range of 500:1 was
observed between S17-1 donors and MG1655 transconjugants. Interestingly, P. putida produced
less gas at all time points compared to S17-1 and MG1655 transconjugant E. coli, yet when
normalized to cell number, P. putida exhibited a gas production rate similar to E. coli (Figure 5,
right). These findings implied that our reporter system was functional across species boundaries
and may be applicable for a well-defined co-culture system. Additionally, the variation of gas
counts between transconjugant hosts for any given time, and for a single transconjugant host
compared across all time points, suggest that specific growth rates significantly impacted the
cumulative total of reporter gas. Lastly, our data show that no gas count increases were observed
between 18 hours and 24 hours for P. putida. This finding was unexpected and may be explained
by cell density limitations or unfavorable growth conditions.
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Figure 5. Donor and transconjugant MeBr gas counts from GCMS headspace measurements
(left), for cells incubated in M63 minimal media at 37°C over 24 hours. Normalized gas
production rates for donor and transconjugants (right), comprise of count data normalized by
CFU.
Next, the biosensor signal to noise ratio should be larger than the frequency of rare events
of HGT. The conclusion addresses this subject in more detail.

Evaluation of MeBr sinks in increasingly complex environments
The addition of MeBr to samples of water, activated sludge (AS), and autoclaved AS for
incubation times of 1 hour and 24 hours at 30°C showed a reduction of MeBr signal in activated
sludge relative to water and autoclaved AS at 24 hours (Figure 6). The reduction of MeBr
detected in activated sludge was not observed at 1 hour. The presence of solid particles may have
resulted in increased absorption and a reduction in the quantity of detectable gas between water
and autoclaved AS samples. Another explanation may be attributed to differences in pH. Large
variations between replicates were observed for the 1 hour 1500 ng/mL samples and may be due
to a saturation limit of the instrument.
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Figure 6. GCMS measurements of MeBr spiked in water, autoclaved activated sludge (AS), and
AS for incubations of 1 hour (left) and 24 hour (right) at 30°C.
Implications of these findings suggest that gas concentrations of greater than 500 ng/mL
are required for a detectable 24 hour AS measurement. The instrument lower limit of detection
was about 50 gas counts. Short term incubations are suggested for AS samples to reduce the loss
attributed gas signal over time. Significant loss of gas detected at 1500 ng/mL in AS suggest the
presence of significant degradation sinks for MeBr. Possible consumption via anaerobic
metabolisms may contribute to the loss of detectable gas in AS. 80 It should be noted that the
consumption of gas only impacts experimental design if the total detectable output drops below
the instrument limit of detection. For a given time point and sample, a scalar value could be used
to correlate the cumulative generated gas signal.

Transconjugant gas production across increasingly complex matrices: Implications for time and
detection limit constraints
Transconjugant MG1655-chl pSH042 generated a similar MeBr gas count across all
environments at 6 hours, however, at the 22-hour time point, the largest number of counts of
MeBr were detected in M63, followed by autoclaved AS, and AS, respectively. A large spread in
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gas counts were observed for the 22 hour time point (Figure 7, left). A similar trend to the
spiked gas experiments was observed at the latter time point. Results suggest that measurements
performed at earlier time points minimize the loss of gas signal.
Shorter incubation times are preferred. Possible contributions from gas absorption,
transconjugant viability/survivability, and the presence of competing bacteria all support this
expected outcome. However, when examining the normalized data, the reverse trend was
observed when considering CFU counts (Figure 7, right). A probable explanation for large
normalized gas production rates for AS samples could be that poor cell extraction efficiency
resulted in negatively skewed colony plate counts.

Figure 7. GCMS gas count measurements of MeBr from produced by MG1655-chl pSH042
transconjugants (left). Normalized gas production rates for MG1655-chl pSH042 transconjugants
(right), comprise of count data normalized by CFU.
Conjugation experiments with varying ratios of initial donor and receiver cells
Liquid conjugation incubations were performed across a range recipient cells for a fixed
concentration of donor cells. Gas counts for all conjugation pairs were observed within one order
of magnitude of the donor cell control (Figure 8). Increased gas counts were observed for
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inoculations with less initial receiver cells. This result suggested that donor growth significantly
contributed to the total number of counts received. Samples with a larger initial receiver
population resulted in less cumulative gas produced. Competition with donor cells the upper
bound of cell density may explain this phenomenon. Ultimately, this experiment demonstrated
that an increase in signal to noise is required to discern donor background from noise. No
significant differences in gas production were observed between samples. The main implication
of these findings was that no significant differences in gas counts for mixtures of donor and
receiver cells were observed. The detection of rare HGT events require either an increase in
signal to noise ratio or the reduction in the number of donor cells with respect to transconjugants.

Figure 8. MeBr gas counts measured at 37°C by GCMS following the 24-hour incubation of
donor cells at an initial incubation of 105 cells and a varied initial cell number of receiver cells. D
represents donor cell, S17-1 represents S17-1 receiver cell, MG represents MG1655 receiver
cell.

Conclusion
The research presented in this thesis adapted a gas reporter from a species-specific
application to a broad host system purposed for the detection of HGT of a BHRP model system.
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We examined several physical conditions that impacted the output of the gas reporter when
purposed for the in situ detection of low frequency conjugation events. The signal to noise ratio
between transconjugants and donors was a central concern for the reporter system. A signal to
noise ratio of 500:1 transconjugants to donors suggested that 500 donors produced an equivalent
amount of signal to a single donor cell, yet the rate of conjugative transfer was only 1:10,000,
therefore, a background gas production of donors overwhelmed any signal from the
transconjugants. To report on rare conjugation events which can span orders of magnitude across
species and conditions, one should first perform order of magnitude analysis to ensure that the
signal to noise ratio can supersede the frequency of the event (Figure 9). Potential drawbacks of
the current reporter system could be addressed through the optimization of donor/receiver
incubation ratios, enhancing conjugation frequency, enrichment of the transconjugant cells, or
removal of donor cells.

Figure 9. Qualitative visualization of background donor leakiness plotted against conjugation
frequency. Areas of red represent high contributions of donor signal to the gas measurement, and
green areas represent detectable transconjugant signal relative to the donor signal.
A few approaches could improve the signal to noise ratio. Theoretically, if
transconjugants could be selected for over donor cells by way of counterselection 81 or favorable
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growth conditions, the transconjugant reporter signal could be increased comparatively to the
donor background. Counterselection would require additional donor cell modification. Next,
genetic modifications to the biosensor, such as protein degradation tags in the donor cell could be
employed to reduce the donor background.
One way to enrich for transconjugants and remove of donor cells could be through the
use of FACS. The introduction of a red protein reporter only present in the donor could enable
the selective removal of donor cells and enrichment of transconjugants. Another benefit of this
approach is that when paired with epicPCR for host range measurements, the production of the
reporter is no longer required by the transconjugant (Figure 10). This could allow for the
dissemination of more representative and increasingly diverse set of plasmids. The use of
epicPCR is required to assign the host relationships, as the removal of donors would alone fail to
differentiate the pool of combined receiver cells and transconjugant cells.
Our findings demonstrate that the amplification of gas signal was reliant on cell growth
limitations and specific growth rate. Additionally, natural conjugation from donor cell to receiver
cell was likely hindered by the liquid environment and high cell densities. Anticipated transfer
frequencies exhibited by the RP4 transfer system range from 10 -4 to 10-2 on solid filters71, and an
increase in transfer frequency could be achieved on two dimensional surfaces, such as an
air/liquid or liquid/solid interfaces. Donor and receiver cells naturally compete with
transconjugants for the same resources but are present at much higher ratios, limiting the vertical
division of transconjugant hosts in our experimental setup.
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Figure 10. A proposed transconjugant-independent transfer system for the identification of
BHRP hosts in complex microbial communities. Donor cells (D) expressing red fluorescent
protein provide a BHRP to receiver cells (R). Enrichment of receiver and transconjugant cells
(Tc) and the removal of donor cells allow for host attribution and amplification of the target
BHRP present in transconjugant cells.
Dissemination of a functional reporter to undomesticated bacteria is challenging due to
several modes of possible failures. Replication failure, plasmid loss, transcription variability,
metabolic impact, protein denaturation and cell viability are all possible failures that could
prevent the successful deployment of a cell-based biosensor purposed for the detection of HGT.
The use of receiver dependent assays have resulted in both false positive and negative host
associations.69 Cell-free sensors could improve upon the large uncertainties provided by cellbased biosensors purposed for in situ applications.82
Host range measurements of BHRP are necessary to identify hosts that encounter and
propagate ARGs. Identified hosts could be selectively removed for the purpose of slowing the
dissemination of ARGs to pathogenic bacteria. Phage therapy, for example, could be used to
eliminate reservoirs of ARGs, thereby reducing ARG proliferation and the potential for HGT. 83–
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86

In the clinic, phage therapy has demonstrated success as an alternative to antibiotics for the

treatment of antibiotic resistant infections. 87 Host range information of BHRP can inform highrisk priority hosts that contain plasmid mobilizing functions. If epicPCR can be supplemented
with quantitative methods such as qPCR and 16s rRNA gene sequencing, the abundance of
BHRPs, host assignments, and host abundances can be discerned. Future work should quantify
the contribution of horizontal gene transfer, the hosts of BHRPs and ARGs, and develop more
comprehensive databases to corroborate the significance of gene transfer in WWTPs.
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