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Many polycyclic aromatic hydrocarbons (PAHs) in the
environment resulting from crude oil spills and the incomplete combustion
of organic matter are highly toxic, mutagenic, or carcinogenic to
microorganisms and humans. Bioremediation of PAHs using microorganisms
that encode biodegradative genes is a promising approach for environmental
PAH cleanup. However, the viability of exogenous microorganisms is often
limited due to competition with the native microbial community. Instead of
relying on the survival of one or a few species of bacteria, genetic
bioaugmentation harnesses conjugative plasmids that spread functional genes
to native microbes. In this study, two plasmid backbones that differ in copy
number regulation, replication, and mobilization genes were engineered to
contain a PAH dioxygenase gene (bphC) and conjugated to soil bacteria
including Bacillus subtilis, Pseudomonas putida, and Acinetobacter sp., as well as
a synthetic community assembled from these bacteria. Fitness effects of the
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plasmids in transconjugants significantly impacted the rates of conjugative transfer and biotransformation rates of a model PAH (2,3-
dihydroxybiphenyl). A synergistic effect was observed in which synthetic communities bioaugmented with bphC had significantly
higher PAH degradation rates than bacteria grown in monocultures. Finally, conjugation rates were significantly associated with the
relative abundances of bacteria in synthetic communities, underscoring how fitness impacts of plasmids can shape the microbial
community structure and function.
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in a process called in situ bioremediation.'”~"* While successful
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examples of PAH bioremediation exist,”’™>* studies often

The environmental dispersal of PAHs from the burning of
fossil fuels has greatly expanded their structural variation,
making them the broadest range of nonhalogenated pollutants
in our biosphere.”” These hydrophobic pollutants concentrate
in the lipids of exposed wildlife and bioaccumulate in the food
chain,” causing premature death™® and cancer.”® Between
1907 and 2014, approximately 7 million tons of oil leaked into
coastal environments from over 140 spills,7 causing immense
damage to marine ecosystems.”” In addition to being
mutagenic, persistent, and bioaccumulative, PAHs can
negatively impact soil bacteria,'”'" resulting in reduced cell
membrane integrity12 and oxygen exchange,B altered micro-
bial diversity,'* and decreased cycling of vital nutrients like
nitrogen.'> Soil microbes can evolve biodegradative enzymes
over time when exposed to PAHs in the environment;
however, this process occurs very slowly.'®

To clean up PAH spills, microorganisms with catabolic
genes capable of PAH biotransformation have been introduced
into contaminated soil environments to expedite PAH removal

report an initial increase in bacterial seed populations
immediately after addition to contaminated soil, followed by
a decrease in abundance over time.”"*> This was likely due to
competition between exogenous microorganisms and the
indigenous microbial community. Exogenous bacteria are
especially vulnerable to being outcompeted by environmental
microbes because they may not be well adapted to site-specific
nutrient availability. Additionally, the survival of inoculated

bacteria is unpredictable in soil environments due to dynamic
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physical, biological, and chemical factors that shape the
microbial ecology.

Genetic bioaugmentation is an approach that focuses on the
delivery of functional genes via mobile genetic elements such
as plasmids rather than bacteria for contaminant removal.
Plasmids harboring biodegradative genes are widely shared
among bacteria in many environments, including soil, 2¢7%#
groundwater,”” and wastewater.”® Additionally, plasmids play a
critical role in bacterial ecology and evolution, as they are
capable of spreading biodegradative functions across phyloge-
netic barriers and serve as vehicles for novel metabolic gene
expressions in situ.”**'7>* The premise of genetic bioaugmen-
tation is that plasmid DNA can be harnessed to spread
biodegradative genes to recipient bacteria, known as trans-
conjugants, in bacterial communities. Distributing biodegrada-
tive genes across numerous bacterial species may improve
bioremediation rates and longevity, as a greater diversity of
engineered organisms will not be as easily outcompeted by
native bacteria. Although previous studies have used catabolic
plasmids for bioaugmentation,”***** little is known about how
plasmid selection impacts conjugation and biotransformation
rates in soil microorganisms and microbial communities.

Plasmid backbones pUC19 and RSF1010 are great
candidates for differentiating plasmid-specific characteristics
that may influence the efficiency of genetic bioaugmentation
because they differ in key factors known to affect the plasmid
conjugation rate and the transcription of recombinant DNA.
These factors include host range, copy number regulation,
mode of replication, and mobilization genes. RSF1010 plasmid
codes for its own replication and mobilization initiation genes
and regulates its own copy number to reduce negative fitness
impacts often associated with maintaining plasmid DNA.***’
Due to the independent mode of plasmid maintenance and
minimal fitness impacts afforded by RSF1010, it is thought to
have a broad host range.”® In contrast, pUC19 is a high-copy-
number plasmid®® that must rely on host-encoded proteins for
stable DNA replication and maintenance. Maintaining high-
copy-number plasmids often redirects host-encoded DNA
replication and transcription proteins away from growth-
promoting pathways, and therefore, pUC19 is thought to
impose a significant growth burden on host cells.**~** Despite
its narrow host range, the pUC19 cloning plasmid allows
researchers to rapidly produce high titers of recombinant
bioremediation proteins due to its copy number. To observe
how fitness determinants of pUC19 and RSF1010 impact
downstream conjugation and bioremediation rates, both
plasmids were used in this study to deliver a bioremediation
gene to multiple species of bacteria.

In aerobic environments, the catabolism of PAHs is often
initiated by hydroxylation, which is catalyzed by oxygenase
enzymes.43_45 Catabolic bph genes, such as bphC, have been
isolated from soil bacteria*>*” and shown to catalyze the meta-
ring cleavage of many hydroxylated PAHs, including
dibenzofuran, naphthalene, and catechol.*® Biodegradative
gene bphC codes for 2,3-dihydroxybiphenyl 1,2-dioxygenase
(2,3-DBDO), the third enzyme in the PCB catabolic
pathway.*’ The ring-cleavage activity afforded by 2,3-DBDO
is thought to be the rate-limiting step in initiating the
degradation of halogenated aromatic hydrocarbons because it
is responsible for opening cyclic compounds that are further
degraded in downstream metabolic pathways.”® Additionally,
2,3-DBDO has a wide substrate specificity and can readily
cleave halogenated aromatics at the distal position, avoiding
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the formation of a strong enzyme inhibitor.”" Thus, the bphC
gene can be harnessed to improve the efficiency of PAH
biodegradation by overcoming bottlenecks in the degradation
process and limiting the effects of enzyme inhibition. Two
prior studies used 2,3-DBDO encoded on nonmobilizable
plasmids for bioremediation,”>** but none to our knowledge
have mobilized bphC to soil bacteria using conjugative
plasmids. To advance the genetic bioaugmentation of PAHs
using conjugative plasmids, a better understanding of transfer
rates of conjugative plasmids to soil microorganisms, their
fitness impacts on recipient microorganisms, and how they
impact overall rates of PAH biodegradation is needed.

Genetic bioaugmentation of biodegradative genes depends
on numerous factors, including conjugation rates of plasmids,
host range of plasmids, fitness impacts of plasmids in
transconjugant bacteria, and the transcription and translation
of biodegradative genes and enzymes in transconjugant
bacteria. In this study, we engineered two different plasmids,
pUC19 and RSF1010, which contain the bphC gene. We then
measured the conjugation rates of our engineered plasmids and
fitness impacts of the plasmids on three model soil bacteria, as
well as a mixture of these bacteria. Furthermore, we
investigated if there was an association between conjugation
rates and relative abundances of soil bacteria in engineered
synthetic communities. Finally, we recorded the biotransfor-
mation rates of a model PAH (2,3-dihydroxybiphenyl) by soil
transconjugants engineered with bphC plasmids and compared
these rates to nonengineered controls.

We added the bphC gene to two different plasmid backbones, pUC19
and RSF1010, to create plasmids pUC19-bphC (GenBank accession
no. PQ159146) and pRSF1010-bphC (GenBank accession no.
PQ159147). Plasmid backbones and DNA inserts for pUC19-bphC
and pRSF1010-bphC construction were amplified using QS High-
Fidelity 2X Master Mix (NEB). Descriptions of the plasmids used in
this study can be found in Table S1, and cycling conditions and
primer sequences used to amplify DNA inserts for plasmid
construction can be found in Table S2. After the amplification of
DNA parts, bphC plasmids were assembled using the NEBridge Bsal-
HFv2 Golden Gate Assembly Kit (NEB). A figure demonstrating
plasmid maps for our assembled pUC19-bphC and pRSF1010-bphC
constructs can be found in Figure SI.

After golden gate assembly, bphC plasmids were transformed into
competent NEB Turbo (NEB) following the manufacturer’s electro-
poration protocol. Next, NEB Turbo bacteria were plated on LB agar
supplemented with 25 ug/mL streptomycin to select for cells that
successfully replicated pUC19-bphC or pRSF1010-bphC assemblies.
A single CFU was inoculated the following day in an LB medium
supplemented with streptomycin and grown overnight at 37 °C while
being shaken at 225 rpm. Plasmid DNA was then extracted and
purified using the QIAprep Spin Miniprep Kit (Qiagen) and sent to
Plasmidsaurus for whole plasmid sequencing using Oxford Nanopore
Technology with custom analysis and annotation. Sequence-
confirmed pUC19-bphC and pRSF1010-bphC plasmids were electro-
porated into competent MFDpir Escherichia coli, an auxotrophic strain
that requires diaminopimelic acid (DAP) in media for growth.>*
Using a DAP-dependent donor allows for an easy counterselection
against MFDpir after conjugation. Cells were recovered using SOC
recovery media +0.3 mM DAP. Finally, MFDpir bacteria were plated
on an LB agar supplemented with 25 pg/mL streptomycin and 0.3
mM DAP to select for plasmid donors that successfully replicated
pUC19-bphC or pRSF1010-bphC.
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To account for donor, recipient, and transconjugant growth effects in
conjugation frequency calculations, maximum growth rates (h™') of
these bacteria were included in an adapted Simonsen method.>® Here,
we assessed the fitness of each group (donor, recipients, and
transconjugants) by comparing their maximum growth rates.”®’
Bacterial strains used in this study can be found in Table S3. A single
CFU of B. subtilis, P. putida, and Acinetobacter sp. were inoculated in
LB media without antibiotics or DAP, and single CFUs of MFDpir
donors were inoculated in LB media supplemented with 25 pg/mL
streptomycin and 0.3 mM DAP. Bacteria were then grown overnight
at 35 °C, shaking at 225 rpm. The following day, cultures were diluted
1:100, allowed to reach early exponential growth phase (Figure S2),
and washed with 1X phosphate buffer saline (PBS) to remove spent
media. Then, cultures were diluted 1:100 in DAP medium without
antibiotics to support the growth of DAP-dependent MFDpir donors
and antibiotic-sensitive recipients during conjugation. Immediately,
diluted cultures were plated in serial dilution on their respective agar
types to count initial populations in CFU/mL. Negative control plates
in which MFDpir donors were plated on LB agar without DAP and
recipients on streptomycin were also prepared.

To assemble conjugation mixtures, bacteria were mixed in a 1:1
volumetric mixture of 50 uL of donor to SO uL of recipient in
triplicate. To assemble conjugation mixtures with synthetic
communities, an equivalent volume of each previously diluted
recipient was mixed and then added in a 1:1 volumetric ratio of 50
UL of donor to 50 uL of synthetic community bacteria in triplicate. In
addition to assembling conjugation mixtures with diluted cells, S0 uL
of donor, recipient, or synthetic community was added to 50 uL of
DAP media in triplicate. These diluted monocultures served as
negative conjugation controls and were included alongside con-
jugation experiments to measure donor and recipient growth rate(s)
for conjugation rate calculations. Triplicates were incubated at 35 °C
for 6 h under static conditions to promote bacterial conjugation, and
600 nm absorbance measurements were taken every 10 min using a
Tecan Spark Multimode Microplate Reader to account for
monoculture growth in conjugation frequency calculations. Absorb-
ance values recorded at 600 nm were normalized to blank DAP media
(Figure S2).

After conjugation experiments were complete, triplicates were
washed with 1X PBS to remove DAP media and plated in serial
dilution on the following: (1) LB + streptomycin agar without DAP to
count transconjugants, (2) LB + streptomycin with 0.3 mM DAP to
count donors + transconjugants, and (3) LB without antibiotics or
DAP to count recipients + transconjugants. End-point population
counts in CFU/mL of donors were calculated by subtracting plate (1)
from plate (2), recipients were calculated by subtracting plate (1)
from plate (3), and transconjugants were simply counted from DAP
without antibiotic plates (1). Negative control conditions (mono-
cultures) did not grow on the LB + streptomycin agar without DAP,
meaning no transconjugants were observed.

Absorbance data collected during the 6 h conjugation period was
processed using the growth rates package®® in R to determine
maximum growth rates (h™') from the exponential growth phase.
Conjugation frequencies that incorporated the maximum growth rates
determined in R were calculated using an adapted Simonsen
method.>® Figures depicting conjugation and maximum growth rate
(h™") data were constructed by using BioRender. Finally, a Tukey test
(p < 0.05) was performed after a two-way ANOVA analysis (p < 0.05)
in R to determine the statistical significance of (1) conjugation rates
between plasmids and across recipients and (2) maximum growth
rates between engineered (containing a plasmid) and nonengineered
bacteria (no plasmid). Prior to performing a two-way ANOVA
statistical test, conjugation and growth rate data were (1) fit to a linear
model (p < 0.05) to check if residuals were normally distributed and
(2) analyzed using the F test (p > 0.0S) to assess variance.
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To investigate how fitness impacts of plasmids in transconjugants
affect synthetic community assembly, DNA was extracted and 16S
rRNA gene amplicon sequencing was performed on synthetic
communities immediately before and after conjugation experiments.
Here, the relative abundances of bacteria in synthetic communities
reflect bacterial fitness because they indicate the ability of the bacteria
to grow and reproduce within consortia and in direct competition
with surrounding microbes.””*”" Furthermore, the relative abun-
dances of bacteria in engineered synthetic communities were
compared to nonengineered communities to demonstrate how
community structures shift to favor the growth of the most fit
transconjugants.

For determining the relative abundance profiles of synthetic
communities before conjugation, approximately 100 yL of synthetic
communities assembled from recipients grown to the early
exponential phase (prior to conjugation mixture assembly) were
plated on LB agar and allowed to incubate overnight at 35 °C. After
end-point population counts were recorded following the 6 h
conjugation period, the remaining volume (~100 yL) of PBS-washed
conjugation mixtures with synthetic communities was plated on the
transconjugant-selective LB agar (streptomycin without DAP to
exclude MFDpir donors) and allowed to incubate overnight at 35 °C.
Negative control monocultures (~100 yL) were also plated on their
appropriate agar type after the 6 h conjugation experiment to extract
reference 16S DNA. The next day, all bacteria were scraped from
plates into 100 pL 1X PBS and lysed to extract total DNA using the
Maxwell RSC PureFood GMO and Authentication Kit (Promega).
DNA extracts were then subjected to PCR amplification of the
variable V3—V4 region of the 16S rRNA gene with Illumina adapters.
Primer sequences and PCR cycling conditions used to amplify 16S
rRNA genes can be found in Table S2. Purified amplicons from
monocultures were sent for Sanger sequencing (Azenta Life
Sciences), while synthetic community amplicons were sent for next-
generation sequencing using the MiSeq 2X 250 bp Illumina
configuration. Sequencing statistics for synthetic community samples
can be found in Table S4.

To process raw sec%uencing data, paired end sequences were
imported into QIIME2°"** for demultiplexing and denoising using
the demux® and dada2®* plugins to yield a count table of amplicon
sequence variants (ASVs). ASVs were removed from the total reads if
they reported sequences of less than 0.1% of the average variant reads
per sample. Then, the remaining ASVs were filtered by removing
sequences that shared less than 98% identity with the reference 16S
rRNA genes of the sequenced DNA from bacteria used in this study.
Taxonomic classifications of the remaining ASVs were assigned using
custom BLAST searches from the National Center for Biotechnology
Information (NCBI) web site. These custom searches were performed
using the Nucleotide collection database with highly similar sequences
(megablast). Filtered ASVs and their BLAST IDs can be found in
Table SS. Finally, a one-way ANOVA test (p < 0.05) was performed
in R to determine statistical significance between the relative
abundance profiles of nonengineered synthetic communities,
synthetic communities engineered with pUC19-bphC, and synthetic
communities engineered with pRSF1010-bphC. Prior to performing a
one-way ANOVA statistical test, relative abundance data were (1) fit
to a linear model (p < 0.05) to check if residuals were normally
distributed and (2) analyzed using the F test (p > 0.05) to assess
variance. To observe whether there was a direct relationship between
the conjugation rate and synthetic community assembly, a Spearman
rank correlation test was performed between conjugation rates and
relative abundance values in R.

To compare dioxygenase activities of engineered bacteria with their
nonengineered counterparts, an absorbance-based protocol was
adapted from Furukawa and Miyazaki.®® To determine the
dioxygenase activities of nonengineered recipients, approximately
100 L of B. subtilis, P. putida, and Acinetobacter sp. grown to the early
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Figure 1. (A) Conjugation rates determined from different recipient and plasmid combinations and a (B) heatmap showing p values based on a
two-way ANOVA statistical analysis followed by a Tukey test from pairwise comparisons of conjugation rates. p values below 0.05 are denoted as
significant with an asterisk (*). Triplicate measurements are shown as dots, horizontal lines indicate the mean, and box plots indicate the standard
deviation. Recipients include Bac, B. subtilis; Pse, P. putida; Aci, Acinetobacter sp.; and SC, synthetic community. Bacteria engineered with plasmids
pUC19-bphC and pRSF1010-bphC are denoted as “P” and “R”, respectively.

exponential phase were plated on LB agar and allowed to incubate
overnight at 35 °C. Nonengineered synthetic communities were
assembled the following day from equivalent volumetric fractions of
these bacteria resuspended in 1X PBS. To determine the dioxygenase
activities of engineered transconjugants, approximately 100 uL of
PBS-washed conjugation mixtures was plated on a transconjugant-
selective LB agar (streptomycin without DAP to exclude MFDpir
donors) and allowed to incubate overnight at 35 °C. Nonengineered
recipients and transconjugants were scraped from plates into 100 uL
1X PBS and diluted 1:100 in (1) M9 minimal salts media, (2) M9
minimal salt media supplemented with 100 yM of 2,3-dihydrox-
ybiphenyl (Millipore Sigma), or (3) M9 minimal salts media
supplemented with 100 yM of 2,3-dihydroxybiphenyl and 100 uM
of 3-chlorocatechol (Millipore Sigma), a strong inhibitor of the bphC
enzyme,’ in triplicate. As 2,3-dihydroxybiphenyl is converted to its
meta-ring cleaved product, 2-hydroxy-6-oxo-6-phenylhexa-2,4, via
dioxygenase activity, a colorimetric change occurs that can be
observed at a 434 nm absorbance.”” Absorbance readings were taken
at 434 nm every 10 min for 24 h under static conditions at 35 °C
using a Tecan Spark Multimode Microplate Reader. Absorbance
measurements were also recorded at 600 nm to see whether bacteria
could utilize 2,3-dihydroxybiphenyl or its cleaved byproduct to
promote bacterial growth. Normalized 434 nm absorbance data can
be found in Figure S3, and normalized 600 nm absorbance data can
be found in Figure S4. There was no observed change in either
absorbance assay for bacteria suspended in M9 minimal media or M9
minimal media with both 100 M 2,3-dihydroxybiphenyl and 3-
chlorocatechol, confirming that any change in absorbance for bacteria
in M9 minimal media with 100 yM 2,3-dihydroxybiphenyl was due to
the dioxygenase activity. Absorbance readings were first normalized to
their appropriate blank media control, followed by analysis using the
growthrates package®® in R to determine maximum biotransformation
and growth rates (h™') from the exponential growth phase. Figures
depicting maximum biotransformation and growth rate (h™') data
were constructed by using BioRender. Finally, a Tukey test (p < 0.05)
was performed after a two-way ANOVA analysis (p < 0.05) in R to
determine the statistical significance of the maximum biotransforma-
tion and growth rates between engineered and nonengineered
bacteria. Prior to performing a two-way ANOVA statistical test,
biotransformation and growth data were (1) fit to a linear model (p <
0.05) to check if residuals were normally distributed and (2) analyzed
using the F test (p > 0.05) to assess variance.

To assess if recipient type and the bioaugmentation of bphC
interacted with each other to significantly increase biotransformation
rates, a two-way ANOVA with interaction test was used.**~"° Finding
a significant interaction between these two variables would suggest a
strong dependence of the effectiveness of one variable on another.
Prior to performing the two-way ANOVA with interaction analysis,
the biotransformation rate data were fit to a linear model and
subjected to an F test (p > 0.05) as described in the two-way ANOVA
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without interaction analysis. After these statistical tests verified that
data were distributed normally and variance between groups was
greater than variance within groups, we performed a two-way
ANOVA with an interaction test (p < 0.05) on biotransformation
rates between (1) nonengineered and engineered bacteria and (2)
bacteria grown in monocultures versus synthetic communities.

To determine whether there was a synergistic effect observed in
which PAH biotransformation rates were significantly higher in the
synthetic communities as compared to the additive rates of the
individual monocultures, we performed a linear contrast analysis.”"
Four species variables (B. subtilis, P. putida, Acinetobacter sp., and
synthetic communities) with three treatments (nonengineered,
engineered with pUCI19-bphC, and engineered with pRSF1010-
bphC) were analyzed using linear combinations of biotransformation
rates. These linear combinations were used to assess whether the
mean of biotransformation rates from nonengineered synthetic
communities was significantly different from the additive means of
biotransformation rates of nonengineered monocultures (p < 0.0S).
Contrast analyses were repeated for biotransformation rates collected
from synthetic communities and monocultures engineered with
pUC19-bphC and pRSF1010-bphC.

To understand plasmid-specific factors that drive conjugation
efficiency and impact transconjugant fitness, we compared the
delivery of a biodegradative gene using plasmid backbones
pUC19 and RSF1010. These plasmids differ in copy number,
replicative origin, and mobilization genes. We used an adapted
Simonsen method”” to calculate conjugative transfer efficiency
because it accounts for the effects of donor, recipient, and
transconjugant population grow’ch.55 Using this method, our
conjugation rate measurements captured fitness effects of the
bacteria involved, which are often ignored in conjugation
assays. MFDpir donors containing engineered pUC19 or
RSF1010 plasmids were mixed with three model soil bacteria,
as well as a synthetic community consisting of a mixture of all
three bacteria, to determine fitness effects of plasmids in
transconjugants and whether these effects translated into a
competitive community context.

We first compared the conjugation rates of pUC19 and
RSF1010 plasmid backbones that were engineered to contain
the bphC gene (Figure 1A). RSF1010 plasmid harbors its own
complete replicon and plasmid maintenance genes that
function independently from host-specific DNA proteins,”*’
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while the pUC19 plasmid must rely on host-encoded proteins
for stable replication and copy number control. We found that
pRSF1010-bphC conjugation rates were four magnitudes
higher to P. putida and significantly higher to synthetic
communities when compared to conjugation rates of pUCI19-
bphC (Figure 1B; p < 0.0S). Across the three soil recipients,
conjugative transfer rates of pRSF1010-bphC to P. putida were
three and four orders of magnitude higher than to B. subtilis
and Acinetobacter sp., respectively. Furthermore, the con-
jugation rates of pRSF1010-bphC observed from synthetic
community matings were significantly higher than for B. subtilis
and Acinetobacter sp. matings (Figure 1B; p < 0.0S), but similar
to those observed from P. putida (Figure 1B; p > 0.10).

We found that conjugative transfer rates of pUC19-bphC to
recipients were lower than those of pRSF1010-bphC, except
when B. subtilis was used as a recipient organism in conjugative
matings. For B. subtilis, the conjugation rates of pUC19-bphC
were two orders of magnitude higher than those of pRSF1010-
bphC. Although pUC19-bphC conjugative transfer rates were
not significantly different across recipients, this plasmid was
delivered to B. subtilis at rates that were three orders of
magnitude higher than of P. putida and SC rates. Interestingly,
we observed no conjugation of pUC19-bphC to Acinetobacter
sp. from MFDpir donor, even when conjugation experiments
were extended to 24 h.

Together, these results were in agreement with the SC
composition data determined using 16S rRNA gene sequenc-
ing (Figure 2). After conjugating our engineered RSF1010
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Figure 2. Relative abundance profiles of the SC members as
determined by 16S rRNA gene sequencing. The left panel shows
the synthetic communities (SCs) before conjugation, the middle
panel shows the SCs after conjugation with pUC19-bphC, and the
right panel shows the SCs after conjugation with pRSF1010-bphC.

vector to synthetic communities, P. putida were significantly
enriched to a relative abundance of 89% =+ 6.6, as compared to
nonengineered communities where their relative abundance
was 29% + 24 (p < 0.01). Furthermore, B. subtilis and
Acinetobacter sp. relative abundances were significantly reduced
from 29% + 1.2 to 10% + 6.0 and 43% =+ 1.2 to < 1.0%,
respectively, when compared to nonengineered synthetic
communities (p < 0.01). This is consistent with our
monoculture experiments for which we observed that P. putida
had the highest conjugation rates for pRSF1010-bphC (Figure
1A). Our conjugation results also corroborated 16S rRNA gene
relative abundance data from synthetic communities engi-
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neered with the pUC19 derivative, as B. subtilis fractions were
significantly enriched to 88% + 7.2 (p < 0.01), while P. putida
fractions were significantly reduced to 5.6% + 5.3 (p < 0.01)
when compared to nonengineered communities. Overall,
conjugation data collected from monoculture recipients were
consistent with the SC assembly results, as individual bacteria
that received plasmids at the highest rates of transfer
dominated synthetic communities engineered with the same
plasmids.

To investigate the fitness impacts of our engineered plasmids
on recipient soil bacteria, we measured the maximum growth
rates of nonengineered (no plasmid) and engineered (plasmid-
bearing) bacteria in nutrient-rich media. We compared
maximum growth rates across nonengineered organisms and
engineered organisms with different plasmid backbones
(Figure 3A) and observed significant differences across
recipient bacteria. The maximum growth rates of non-
engineered Acinetobacter sp. were significantly lower than
nonengineered B. subtilis and P. putida rates (Figure 3B; p <
0.01 and p < 0.05, respectively). The low growth rates
demonstrated from nonengineered Acinetobacter sp. may
explain the low observed rates of pRSF1010-bphC transfer in
conjugative matings (Figure 1A) when compared to other
recipients, as the adapted Simonsen method accounts for
recipient growth when calculating conjugative transfer rate.

The maximum growth rates of pUCI9 and RSF1010
engineered transconjugants were not significantly different
from each other, indicating that the fitness of our bphC
plasmids was relatively similar for each recipient in nutrient-
rich media. However, the maximum growth rates of B. subtilis
engineered with pUC19-bphC were 91% =+ 17 higher than
those observed from B. subtilis engineered with pRSF1010-
bphC. Moreover, the maximum growth rates of B. subtilis
engineered with pRSF1010-bphC were 35% =+ 58 lower than
those observed from its nonengineered counterparts, indicating
a negative fitness cost for maintaining the RSF1010 plasmid.
Maximum growth rates of P. putida with and without
engineered plasmids were not significantly different from one
another. This is also true in the case of the Acinetobacter sp.
and RSF1010 engineered counterparts as well as SCs and their
engineered counterparts.

In addition to comparing fitness effects between the same
recipient bacteria engineered with two different plasmids, we
also compared maximum growth rates across different
recipient bacteria to understand the fitness impacts of the
same plasmid in different hosts. P. putida engineered with
pRSF1010-bphC had maximum growth rates 77% =+ 51 and
52% =+ 79 higher than those observed from B. subtilis and
Acinetobacter sp. engineered with pRSF1010-bphC, respec-
tively. Likewise, SCs engineered with pRSF1010-bphC had
maximum growth rates approximately 83% =+ 43 and 57% + 71
higher than those observed from B. subtilis and Acinetobacter
sp. engineered with pRSF1010-bphC, respectively.

Ultimately, transconjugant fitness effects were reflected in
conjugation data, as maximum growth and conjugation rates
observed from pUC19-bphC engineered recipients were
highest with B. subtilis as the recipient. Furthermore, SCs
engineered with pUC19-bphC were significantly enriched with
B. subtilis. In the case of pRSF1010-bphC engineered
organisms, the maximum growth rates of P. putida and SC
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Figure 3. (A) Maximum growth rates (h™") determined from different recipient and plasmid combinations and a (B) heatmap showing p values
based on a two-way ANOVA statistical analysis followed by a Tukey test from pairwise comparisons of maximum growth rates. p values below 0.05
are denoted as significant with an asterisk (*). Triplicate measurements are shown as dots, horizontal lines indicate the mean, and box plots indicate
the standard deviation. Recipients include Bac, Pse, Aci, and SC. Nonengineered controls, as well as bacteria engineered with plasmids pUC19-
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Figure 4. (A) Maximum biotransformation rates (h™') and (C) maximum growth rates (h™") determined from different recipient and plasmid
combinations in M9 minimal media supplemented with a model PAH (2,3-dihydroxybiphenyl) and heatmaps showing p values based on a two-way
ANOVA statistical analysis followed by a Tukey test from pairwise comparisons of (B) biotransformation rates and (D) growth rates. p values
below 0.05 are denoted as significant with an asterisk (*). Triplicate measurements are shown as dots, horizontal lines indicate the mean, and box
plots indicate the standard deviation. Recipients include Bac, Pse, Aci, and SC. Nonengineered controls, as well as bacteria engineered with
plasmids pUC19-bphC and pRSF1010-bphC, are denoted as -, P, and R, respectively.

transconjugants were not significantly different (Figure 3B; p >
0.10), further corroborating 16S relative abundance and
conjugation data in which P. putida recipients demonstrated
the highest conjugation rate and abundance values.

To investigate fitness impacts of introducing a catabolic
dioxygenase enzyme to soil recipients via two different
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plasmids encoding bphC, we compared biotransformation
rates of a model PAH (2,3-dihydroxybiphenyl) between
engineered transconjugants and their nonengineered counter-
parts (Figure 4A). In addition to directly measuring the
biotransformation rate of 2,3-dihydroxybiphenyl, we simulta-
neously measured bacterial growth to assess whether the
bacteria could use a model PAH or metabolic byproducts as a
carbon source for growth.
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We found that P. putida engineered with pRSF1010-bphC
had maximum biotransformation rates that were significantly
higher than nonengineered and pUCI19-bphC engineered
counterparts (Figure 4B; p < 0.01 and p < 0.0S, respectively).
Furthermore, P. putida engineered with pUC19-bphC trans-
formed a model PAH at maximum rates significantly higher
than those of nonengineered P. putida (Figure 4B; p < 0.01).
Together, these findings are in agreement with growth data
(Figure 4C) in which pUC19-bphC- and pRSF1010-bphC-
engineered P. putida cultures had maximum growth rates
significantly higher than nonengineered counterparts (Figure
4D; p < 0.01), indicating a positive fitness effect associated
with plasmid-encoded bphC in the presence of a model PAH.
For B. subtilis, we observed that B. subtilis engineered with
pRSF1010-bphC had significantly higher maximum biotrans-
formation and growth rates than their nonengineered and
pUC19-bphC engineered counterparts (Figures 4B,D; p < 0.05
and p < 0.01, respectively). For Acinetobacter sp., the
pRSF1010-bphC engineered bacteria had maximum biotrans-
formation rates that were significantly higher than non-
engineered Acinetobacter sp. (Figure 4B; p < 0.01), although
maximum growth rates were not significantly different from
one another (Figure 4D; p > 0.10).

In addition to comparing maximum biotransformation and
growth rates between nonengineered and plasmid-engineered
monocultures, we compared data across recipient bacteria. We
found that P. putida engineered with either plasmid had higher
maximum biotransformation and growth rates than all other
monocultures engineered with the same plasmid backbones in
minimal media supplemented with a model PAH. P. putida
engineered with pUC19-bphC had significantly higher
maximum biotransformation rates than those observed from
B. subtilis engineered with pUC19-bphC (Figure 4B; p < 0.01).
P. putida engineered with pRSF1010-bphC also had maximum
biotransformation rates significantly higher than those
demonstrated from both B. subtilis and Acinetobacter sp.
engineered with pRSF1010-bphC (Figure 4B; p < 0.01 and p <
0.0S, respectively). Together, these results were in agreement
with the relative growth rates of these bacteria in the presence
of a model PAH, as engineered P. putida had significantly
higher growth rates than B. subtilis engineered with either
plasmid derivative (Figure 4D; p < 0.01). Interestingly,
maximum biotransformation rates observed from B. subtilis
engineered with pRSF1010-bphC were significantly higher
than those observed from Acinetobacter sp. engineered with
pRSF1010-bphC (Figure 4B; p < 0.05), despite the fact that
their growth rates were significantly similar (Figure 4D p >
0.10). Overall, most engineered strains demonstrated signifi-
cantly higher biotransformation and growth rates when
compared to their nonengineered counterparts. Thus, positive
fitness effects were observed for plasmid-engineered soil
bacteria in monocultures.

To demonstrate the impact of growing model soil bacteria in a
community context on PAH biotransformation, we inves-
tigated the biotransformation and growth rates of soil bacteria
grown in SCs and compared the results to those of
monocultures. In contrast to trends observed from individual
strains, the maximum growth rates from nonengineered SCs
were not significantly different to those from pUC19-bphC and
pRSF1010-bphC engineered communities (Figure 4D; p >
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0.10). However, nonengineered SCs had significantly lower
maximum biotransformation rates than pUC19-bphC and
pRSF1010-bphC engineered counterparts (Figure 4B; p < 0.01
and p < 0.0S, respectively). Moreover, maximum biotransfor-
mation rates of a model PAH were not significantly different
between engineered SCs (Figure 4B; p > 0.10), indicating no
difference in fitness effects between our plasmid backbones.

Interestingly, we observed that nonengineered communities
demonstrated higher biotransformation and growth rates than
nonengineered individual strains. The maximum biotransfor-
mation rates of a model PAH from nonengineered SCs were
significantly higher than those observed from nonengineered B.
subtilis, P. putida, and Acinetobacter sp. (Figure 4B; p < 0.01).
These results were also consistent with growth rate data, as
nonengineered SCs had maximum growth rates approximately
one order of magnitude higher than P. putida and Acinetobacter
sp. rates, and approximately five orders of magnitude higher
than B. subtilis rates in media with PAH as the sole carbon
source.

Maximum biotransformation rates of a model PAH from
SCs engineered with pUC19-bphC were significantly higher
than those observed from B. subtilis and P. putida engineered
with pUC19-bphC (Figure 4B; p < 0.01). Furthermore, SCs
engineered with pUC19-bphC had maximum growth rates
approximately one and two orders of magnitude higher than
those of P. putida and B. subtilis engineered with pUC19-bphC,
respectively. Maximum biotransformation rates of a model
PAH from SCs engineered with pRSF1010-bphC were
significantly higher than those observed from B. subtilis and
Acinetobacter sp. (Figure 4B; p < 0.01 and p < 0.05,
respectively) and 76% + 74 higher than those observed from
P. putida engineered with the same plasmid. Overall, we found
that bphC-engineered bacteria demonstrated higher biotrans-
formation and growth rates when soil microbes were combined
in SCs as opposed to individual cultures.

We incorporated donor, recipient, and transconjugant growth
rates in conjugative transfer calculations to characterize and
compare the conjugation of two different engineered plasmids
with model soil bacteria. Additionally, we investigated how
fitness effects of the plasmids influenced the SC assembly
patterns. Our results show that the differences observed in
conjugation rates between pUC19 and RSF1010 plasmids were
not driven by differences in donor fitness, as growth rates of
MFDpir engineered with either vector were not significantly
different from nonengineered MFDpir growth rates. Addition-
ally, differences in conjugation rates between pUCI19 and
RSF1010 vectors could not be explained by a conjugative
mode of transfer, as both plasmids had the same oriT site
recognized by the MFDpir donor RK2/RP4 conjugative
machinery. We therefore focus on the effects of recipient
fitness and discuss differences in maximum growth rates, host-
specific proteins that interact with incoming plasmid DNA, and
alternative routes of plasmid mobilization that may have
contributed to observed differences in conjugative transfer
rates.

Overall, conjugation rates were significantly associated with
the relative abundances of the individual soil bacteria in SCs
(Spearman r = 0.886 p < 0.01), indicating that conjugation
rates and subsequent fitness impacts of plasmids influenced
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community assembly patterns. The bphC gene was delivered to
recipients at significantly higher rates when using the low-copy
RSF1010 backbone. The RSF1010 backbone, an Inc.-Q type
plasmid, harbors its own complete replicon (rep genes) for
initiating replication,73 as well as proteins from the MOB
clade for mobilizing plasmids.”* It is thought that this
autonomous mode of plasmid replication and mobilization
broadens the host range of RSF1010, as these activities do not
rely on host-specific genes.”® We observed different fitness
impacts of the pRSF1010-bphC plasmid on different
recipients. Specifically, maximum growth rates were lower for
B. subtilis engineered with pRSF1010-bphC, indicating a
negative fitness effect, which may explain the significant drop
in the relative abundance of this transconjugant in SCs
engineered with our pRSF1010-bphC plasmid. Furthermore,
maximum growth rates of P. putida engineered with
pRSF1010-bphC were significantly higher than those of
Acinetobacter sp. engineered with the same plasmid, which
explains the dominance of P. putida in SCs after conjugation
with our RSF1010 derivative. Likewise, SCs engineered with
pUCI19-bphC were enriched with B. subtilis, the individual
strain for which pUCI19 conjugation and transconjugant
growth rates were highest.

In contrast to RSF1010, pUC19 is a high-copy-number
plasmid that can be maintained at up to 500 copies per cell.*”
High-copy-number plasmids have the potential to rapidly
propagate in host cells; however, their conjugative transfer is
often limited by the time required to (1) convert plasmid DNA
into single-stranded DNA, (2) establish a mating pair
formation between donor and recipient cells, and (3) mobilize
DNA to new hosts.*” An alternative route for mobilizing high-
copy plasmid DNA may explain the higher observed
conjugation rates of pUC19-bphC to B. subtilis compared to
those of pRSF1010-bphC. A previous study showed that the
same strain of B. subtilis used in our study has membrane-
spanning nanotubes that can serve as conduits for exchanging
plasmids,”>”® particularly for small, high-copy plasmids.”””® In
theory, high-copy number plasmids are coupled with elevated
gene dosage effects using B. subtilis nanotubes for transfer, as
plasmids may be freely exchanged between cytoplasmic spaces
without the need to carefully synthesize and mobilize
ssDNA.”” Using these nanotubes, nonconjugative plasmids
can be transferred from host bacteria to B. subtilis recipients via
retrotransfer. To confirm this hypothesis, we performed
conjugation experiments using pUC19 plasmid without an
origin of transfer and observed plasmid transfer to B. subtilis
from MFDpir (Table S6).

Although both bphC plasmids used in this study had the
same origin of transfer, the pUC19 plasmid could not be
conjugated to P. putida or Acinetobacter sp. at rates comparable
with pRSF1010-bphC. Low transfer rates of high-copy pUC19
backbone, an Inc.P-type plasmid, to P. putida may be the result
of a unique system encoded by a series of genes from P. putida
(PTSN™) that are known to inhibit the conjugative transfer of
Inc.P plasmids from E. coli indirectly.”® Still, some copies of
pUC19-bphC were able to escape this DNA defense
mechanism and replicate within P. putida with little effect on
the growth of transconjugants. We were unable to conjugate
pUC19-bphC to Acinetobacter sp. This is consistent with other
studies that were unable to replicate pUC19 in Acinetobacter
sp. post transformation,®"*” although the exact reason is not
well understood. Overall, we were able to capture fitness effects
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directly in our conjugative transfer rate calculations, and these
effects were shown to predict SC assembly patterns.

Although previous genetic bioaugmentation studies have
investigated the horizontal gene transfer of catabolic genes to
soil community members,”> " researchers often fail to
characterize the functional activity of biodegradation genes in
soil bacteria post conjugation, leading to unpredictable
bioremediation results. In this study, we investigated the
dioxygenase function of individual strains and SCs to assess
whether engineered transconjugants could utilize plasmid-
acquired bphC to degrade a model PAH at higher rates
compared to their nonengineered counterparts. Overall, most
soil microbes engineered with the bphC dioxygenase gene
demonstrated significantly enhanced rates of biotransformation
of a model PAH as compared to their nonengineered
counterparts. Interestingly, nonengineered SCs were able to
grow and degrade a model PAH at rates significantly higher
than any of the individual nonengineered recipients. Together,
these results suggest a synergistic effect between the presence
of other community members and the bioaugmentation of
bphC. Here, we elaborate on the effects of plasmid—host
interactions, native dioxygenase activity, copy number, and
bioavailability on the bioremediation of a model PAH.

Like P. putida,”” Acinetobacter sp. recipients have been
shown to efficiently transcribe plasmids from the MOB, family
after acquiring plasmids in soil environments.*® These findings
corroborate our growth and biotransformation data, as P.
putida and Acinetobacter sp. engineered with pRSF1010-bphC
demonstrated significantly higher maximum growth and
biotransformation rates than their nonengineered counterparts
in minimal media, indicating positive fitness effects with
respect to plasmid maintenance and bphC activity. Further-
more, P. putida transconjugants engineered with pRSF1010-
bphC degraded a model PAH at maximum rates significantly
higher than those of Acinetobacter sp. transconjugants. Our
results suggest that this may not be a result of a difference in
fitness with respect to growth, as P. putida and Acinetobacter sp.
engineered with our RSF1010 derivative did not grow at
maximum rates significantly different from one another.
Instead, we suspect the difference in function between these
transconjugants may have been due to the unusual metabolic
diversity of P. putida isolated from soil matrices,” including
more than 30 indigenous mono and dioxygenase enzymes.”

Individual soil bacteria engineered with pUC19-bphC had
significantly lower growth and biotransformation rates than
their pRSF1010-bphC engineered counterparts, suggesting
negative fitness effects associated with maintaining the
pUC19 backbone. Maintaining high copy numbers of pUC19
directs host DNA proteins away from growth-promoting
metabolisms and may therefore impose a higher fitness cost on
host organisms than low-copy RSF1010. Indeed, many studies
have shown that directing resources away from host DNA
replication and transcription toward maintaining high copy
numbers of plasmid DNA prove deleterious with respect to
growth and fitness of host cells.”~** Despite the high pUC19-
bphC conjugation rate afforded by B. subtilis recipients,
pRSF1010-bphC transconjugants showed significantly higher
growth and biotransformation rates than nonengineered
counterparts, while pUC19-bphC transconjugants did not.
Still, B. subtilis engineered with pRSF1010-bphC showed
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significantly lower growth and biotransformation rates in
comparison to other recipients engineered with the same
plasmid. We believe the relatively low growth and
biotransformation rates observed for engineered B. subtilis
may be due to issues regarding the recognition and strength of
the J23101 promoter directly upstream of bphC. Although the
J23101 promoter works as a strong constitutive promoter in E.
coli’" and P. putida,” its strength is notably low in B. subtilis.”
Future work should include testing different promoters
upstream of functional genes to improve their activity in soil
microbes.

Overall, SCs showed biotransformation rates significantly
higher than those of monocultures, prompting further
investigation into factors not related to plasmid fitness that
may have contributed to the improved bioremediation of PAH
residues. Amphiphilic molecules called biosurfactants collec-
tively form micelles around hydrophobic residues, such as
PAHs”*™® and polychlorinated biphenyls””*® and promote
the cellular uptake of these contaminants by reducing the
surface tension across the aqueous and bacterial membrane
interface. Biosurfactants from Acinetobacter sp. have been
shown to advance PAH bioremediation when cultured with P.
putida, as indigenous enzymes from P. putida participate in a
biphenyl catabolic pathway.”” Additionally, proteins translated
from the chromosomal DNA of P. putida called phasins have
been proposed as effective biosurfactants due to their
amphiphilic characteristics as they coat hydrophobic %ranules
and effectively increase their bioavailability.'*”'°" The
biosurfactant activity of either Acinetobacter sp. or P. putida
could have increased the bioavailability of our model PAH for
surrounding community members to utilize as a carbon source,
as nonengineered communities showed maximum biotransfor-
mation rates significantly higher than species grown in
monocultures. This is also true in the case of biotransformation
rates across engineered cultures, with an additional increase in
maximum biotransformation rates observed from bphC-
engineered communities when compared to nonengineered
communities. Together, the bioaugmentation of the bphC gene
and the growth of soil bacteria in communities as opposed to
monocultures were found to be synergistic with respect to
increasing the bioremediation of a PAH.

In conclusion, we demonstrated that the fitness effects of
plasmids used to deliver functional genes to soil bacteria
impact growth rates, function, and community assembly
patterns. We also highlighted the importance of pairing a
functional assay with conjugation and growth data to assess the
performance of engineered bacteria for PAH bioremediation.
Additional analysis of the community composition after
functional assays should be performed to study how the
selective pressure imposed by a model PAH affects the fitness
and assembly of transconjugants in a community context. Due
to the remarkably high biodegradative capacity of non-
engineered synthetic communities, future research should
explore factors independent of plasmid fitness and consider
how to incorporate biosurfactants with plasmid bioaugmenta-
tion designs for advancing PAH biodegradation. Finally, the
fate and longevity of biodegradative plasmids, as well as the
relative abundance of transconjugants, should be investigated
over longer, more representative time periods in more complex
environmental microbial communities.
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