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ABSTRACT: Soil microbial communities with reduced complex-
ity are emerging as model systems for studying consortia-scale
phenotypes. To establish synthetic biology tools for studying these
communities in hard-to-image environmental materials, we
evaluated whether a single member of a model soil consortium
(MSC) can be programmed to report on gene expression without
requiring matrix disruption. For these studies, we targeted a five-
membered MSC that includes Dyadobacter fermentans, Ensifer
adhaerens, Rhodococcus sp003130705, Streptomyces sp001905665,
and Variovorax beijingensis. By coupling the expression of a methyl
halide transferase to a constitutive promoter, we show that V.
beijingensis can be programmed to synthesize methyl halides that
accumulate in the soil headspace at levels that are ≥24-fold higher than all other MSC members across a range of environmentally
relevant hydration conditions. We find that methyl halide production can report on an MSC promoter that is activated by changes in
water potential, and we demonstrate that a synthetic gas signal can be read out directly using gas chromatography and indirectly
using a soil-derived Methylorubrum that is programmed to produce a visual output in response to methyl halides. These tools will be
useful for future studies that investigate how MSC responds to dynamic hydration conditions, such as drought and flood events
induced by climate change, which can alter soil water potential and induce the release of stored carbon.
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■ INTRODUCTION
Soils are complex living materials whose health and
productivity are critical to the biosphere because of their
roles in providing an environment for plants, filtering and
cleaning water, and regulating carbon storage.1−3 Soil harbors
tremendous biological diversity,4 communities of microbes
whose collective metabolic activities and phenotypes are
responsible for soil functions.5 While -omics approaches can
be applied to bulk soil samples to provide high-resolution
information about who is present and what are they doing at
any point in time,6,7 such as consortium-scale gene and protein
expression, we cannot yet predict how the metabolic activities
of individual soil consortium members dynamically change as
environmental resources vary.8 In part, this challenge exists
because -omics tools are disruptive to soils and only provide
snapshots of microbial behaviors, rather than dynamic
information.9 Currently, there is a need to understand how
dynamic changes in environmental resources affect consortia-
scale phenotypes, termed the metaphenome.10 To make this
problem tractable, model soil communities have recently been
developed to enable studies of population dynamics and cell−
cell interactions mediated by metabolites and signals.7,11

Synthetic biology is increasingly being explored as a strategy
to alter soil biology and improve soil health and productivity.
Because of the importance of root microbiota for agricultural
yields, trans-kingdom plant-to-microbe signaling has been
developed as a strategy to control gene expression in
rhizosphere bacteria.12 Rhizosphere bacteria have been
programmed to visually respond to a synthetic signal, and
this approach has been used to engineer control over nitrogen
fixation.13 Synthetic biology is also being applied in bulk soils
to enhance microbial bioremediation of contaminants, e.g.,
pesticides,14,15 and to understand soil processes outside of the
rhizosphere.16,17 To achieve the latter, soil biosensors have
been developed that report on gene expression nondisruptively
by producing indicator gases, such as methyl halides and
ethylene.18,19 To date, these volatile metabolites have been
used to report on the presence of synthetic microbes in soil,20
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the effects of hydration on horizontal gene transfer,18 and the
effect of the soil matrix on signal bioavailability.19,21 While gas
signals can be measured in the headspace of soils containing
synthetic cells at titers as low as ∼103 microbes per gram of
soil,20 it remains unclear if they can be applied in soils to
control the flow of information about individual microbial
behaviors.
A model soil consortium (MSC) was recently developed by

enriching a community of interacting soil microbes and
showing that they can be stored, revived, and shared.7 While
this MSC represents an opportunity to study how changes in
the physicochemical properties of a soil affect microbe−
microbe interactions and the metaphenome, we lack simple
synthetic biology tools to monitor the behaviors of individual
microbes in this MSC. To overcome this challenge, we show
that one member of this MSC can be programmed to generate
a methyl halide signal that greatly exceeds the background
methyl halide generated by other MSC members, and we
demonstrate the utility of this approach by characterizing an
MSC promoter in both a liquid and a soil environment. For the
soil measurements, we hydrated previously dried soils using
liquid cultures containing the MSC.20 We find that this
synthetic signal can be read out directly using gas
chromatography−mass spectrometry (GC-MS) or indirectly
using a Methylorubrum extorquens CM4 biosensor,22 a soil-
derived microbe that is distinct from the MSC, which expresses
a fluorescent protein in response to methyl halide sensing.
Furthermore, using soil habitats that range in size from 1 to 80
g of soil, we show that methyl halide cell−cell signaling can be
achieved in soils hydrated across a range of levels observed in
the environment. These tools are expected to enable new types
of metaphenome studies in hard-to-image living environmental
materials.

■ RESULTS AND DISCUSSION
Gas Reporting in a Soil Consortium. MSCs of varying

complexity have been identified that can be stored and revived
for soil studies.7,11 These consortia represent an opportunity to
advance soil biosensors by testing the compatibility of native
soil microbes with indicator gas reporters.18−20 To investigate
whether these reporters are compatible with MSC studies, we
first evaluated whether individual MSC members present a gas
signal that can be detected using GC-MS analysis. These
measurements focused on five microbes from a chitin-
degrading consortium of microbes,7 including Dyadobacter
fermentans (Df), Ensifer adhaerens (Ea), Rhodococcus
sp003130705 (Rh), Streptomyces sp001905665 (St), and
Variovorax beijingensis (Vb).
For each microbe, gas production was evaluated in R2A

growth medium containing 10 or 100 mM NaBr (Figure 1A),
which represents halide levels that exceed the concentrations
observed in many soil settings.23 Halides were varied as this is
an essential substrate for methyl halide transferase (MHT), an
indicator gas reporter.24 As a frame of reference, we evaluated
the gas produced by an Escherichia coli strain (Ec-mht) that has
been engineered to constitutively express Batis maritima
MHT.18 With these measurements, methyl bromide was
detected in the headspace of every culture following a 48 h
incubation (Figure S1). When this gas production was
normalized to the optical density (OD) of each culture to
account for differences in cell number (Figure 1B), we found
that the indicator gas signal from each MSC member was more
than 2 orders of magnitude lower than Ec-mht. With both

NaBr concentrations, Df presented the highest CH3Br signal,
which was 562-fold lower than the Ec-mht signal in the
presence of 10 mM NaBr and 370-fold lower than the Ec-mht
signal in the presence of 100 mM NaBr. A similar trend was
observed when the CH3Br signal was normalized to respiration
(Figure 1C), a strategy used to quantify indicator gas signals in
soils.25 These results show that MSC members synthesize
CH3Br when grown in the presence of high, nonphysiological
levels of NaBr, albeit at levels that are more than 2 orders of
magnitude lower than the concentration that is produced by a
synthetic microbe.
We hypothesized that a single MSC member could be

programmed to synthesize a unique CH3Br signal that exceeds
the background levels produced by the other MSC members
by introducing a plasmid that constitutively expresses an

Figure 1. MSC members produce low but detectable CH3Br. (A)
Scheme for measuring MSC CH3Br production in liquid culture. Cells
(1 mL, OD = 0.05) in vials (2 mL) containing R2A medium were
capped and incubated for 48 h at 30 °C, and the headspace gas was
measured. Gas production for individual MSC isolates normalized to
(B) OD and (C) respiration. These experiments were performed in
medium supplemented with 10 mM (light gray) or 100 mM (dark
gray) NaBr. All MSC members presented a signal that was
significantly lower (p < 0.01; two-tailed, unpaired, t-test) than an E.
coli strain that constitutively expresses an MHT (Ec-mht), including
D. fermentans (Df), E. adhaerens (Ea), R. sp003130705 (Rh), S.
sp001905665 (St), and V. beijingensis (Vb). Error bars represent ±1
standard deviation from three biological replicates, and all data are
normalized to the lowest signal, which was given a value of one.
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MHT, since these enzymes require a common metabolite, S-
adenosyl methionine, and a halide ion as substrates.24 We
chose to target Vb because it is easy to grow and transform
with plasmids using conjugation, and microbes from the genus
have been shown to have beneficial interactions with other
bacteria and plants and to have metabolic features to degrade
common pollutants found in soil and water.26 As a frame of
reference, we evaluated E. coli gas production using the same
vector since this microbe has been applied extensively as an
indicator gas reporter for biosensing.18 Vb transformed with
this vector (Vb-mht) presented a robust CH3Br signal across
three different growth conditions (Figure S2A), including rich
medium (R2A), minimal medium (M63), and a diluted

minimal medium (MIDV1) whose osmolarity more closely
reflects that in soils.25 Across the different growth conditions,
variability was observed in respiration (Figure S2B) and optical
density (Figure S2C). When the CH3Br signal was normalized
to respiration (Figure 2A), the Vb-mht signal in R2A medium
was similar to that generated by E. coli harboring the same
vector, Ec-mht, while it was significantly higher in R2A and
M63 media. With wildtype E. coli, the signal was below the
limit of detection as previously reported,18 while Vb presented
a detectable signal in a subset of the conditions. These results
show that a single microbe from the soil-derived MSC can be
programmed to present enhanced indicator gas production
across a range of growth conditions.

Figure 2. Programming gas reporting in an MSC microbe. (A) When transformed with a vector that constitutively expresses an MHT, E. coli (Ec-
mht) and Vb (Vb-mht) present significantly higher gas production than native cells in different growth media, including R2A (black), M63 (white),
and MIDV1 (gray) media containing 100 mM NaBr (*p < 0.01; two-tailed, unpaired, t-test). The relative signal was calculated as the ratio of
signals for CH3Br/OD600 and then normalized to the highest average value observed. (B) The ratio of the signal obtained from Vb-mht/Vb in soil
containing different cell titers (107 or 108 CFUs), hydrated to different environmentally relevant water holding capacities (WHC). Across all
conditions, MHT-expressing cells produce a significantly higher gas signal (CH3Br/CO2) than cells lacking an MHT (*p < 0.05; two-tailed,
unpaired, t-test). Values shown represent the mean from three biological replicates ±1 standard deviation.

Figure 3. Using indicator gas reporting to monitor the effects of osmotic potentials on a native Vb promoter. (A) Headspace CH3Br generated by
Vb cultures containing an empty vector (open circles) or a vector that uses the Vb promoter Pvb0021 to regulate MHT expression (filled circles). Vb
transformed with each plasmid was grown in MIDV1 containing NaBr (20 mM) and varying concentrations of sucrose, which alters the water
potential of the culture. Cells harboring the vector that uses Pvb0021 to regulate MHT expression presented a significant increase in signal with
sucrose addition compared with cells grown in the absence of sucrose (***p < 0.0005, two-tailed, unpaired t-test). Each point plotted represents
the mean of 4 or more biological replicates and error bars represent ±1 standard deviation. (B) Each cell type was added to soil hydrated to 100%
water holding capacity using MIDV1. When soil was hydrated using MIDV1 lacking sucrose (−352 kPa), the signal from the cells that use Pvb0021 to
regulate MHT expression (dark gray) could not be differentiated from those containing empty vector (light gray). However, the signal from the
former was significantly higher in soil containing sucrose (463 mM) hydrated to the same level, which results in a water potential of −1500 kPa
(***, p = 0.0005, two-tailed, unpaired, t-test). The bars represent the arithmetic mean of 4 biological replicates, with error bars shown that
represent ±1 standard deviation, while the value of each replicate is shown as a black circle within the bar. All data are scaled relative to this highest
indicator gas signal, which was given a value of one.
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To investigate if soil affects the Vb gas signal, we evaluated
the accumulation of CH3Br in the headspace of a soil
containing different titers of Vb-mht (107 or 108 CFU) held at
different hydration levels (32 or 64% field capacity). For these
experiments, we used a Texas Alfisol, which we previously
characterized.20 Soils were hydrated using MIDV1 containing
100 mM NaBr because this medium was designed to have an
osmotic pressure closer to the range found in natural soil
conditions.25 Hydration was performed using a growth
medium containing cells. As such, there was no acclimation
period for the hydrated soil prior to adding cells. As observed
in liquid medium, native Vb generated low levels of headspace
CH3Br when added to the Texas Alfisol (Figure S3). When the
headspace CH3Br signal was normalized to CO2, which was
done to account for variation in titer and metabolism, the
normalized signal increased significantly across all conditions
analyzed, increasing 24- to 39-fold (Figure 2B). These results
show that Vb can be programmed to report on gene expression
nondisruptively in a soil held at environmentally relevant
hydration levels.
Characterizing an MSC Promoter in Soil. To investigate

whether our gas reporter can be used to characterize an MSC
promoter in soil, we created a vector that expresses MHT
using a promoter from Vb coding sequence CDS.21, which is
predicted to be hyperosmotic responsive.27 We chose this
promoter because soil microbes experience osmotic challenges
as environmental conditions cycle between wet and dry.28

While osmotic responsive promoters are often characterized by
adding high solute concentrations to increase the osmotic
potential in liquid cultures,29,30 it is possible that the matric
potential of a soil could also activate these promoters.31,32 The
latter induction is challenging to measure in bulk soils using
biosensors, as soils are hard-to-image.33 Real-time, in situ
detection of microbial responses to osmotic changes is
becoming increasingly important for understanding microbial
responses to climate change, including drought and flood
events.34,35

We first evaluated the effect of osmotic potential on the
growth of Vb by growing cells in MIDV1 cultures containing
0−600 mM sucrose, a carbon source that Vb is unable to use
to make biomass.7 This range of sucrose concentrations
generates osmotic pressures that are calculated to range from
−319 to −1807 kPa; the latter is higher than the permanent
wilting point for many plants.36 This analysis revealed that cell
growth is decreased when sucrose concentrations are ≥400
mM and the osmotic potential is lower than −1300 kPa
(Figure S4). To investigate whether the CDS.21 promoter is
regulated by osmotic potential, we evaluated the effect of a
similar range of sucrose concentrations on gas production from
Vb that uses this promoter to express MHT, Vb-21-mht, and
cells containing an empty vector. As sucrose increased from 0
to 400 mM, CH3Br production increased with both cell types,
while higher levels of sucrose decreased CH3Br levels. When
the gas production was normalized to the OD, only Vb-21-mht
presented sucrose-induced gas production (Figure 3A). When
we calculated the ratio of the indicator gas signal from Vb-21-
mht to cells containing an empty vector, we observed ratios
that ranged from 2.4 (at −319 kPa) to 11.6 (at −1807 kPa).
These results show that the CDS.21 promoter is induced by
osmotic stress and calibrates the pressures that induce
transcription.
In soil, the total water potential is expected to differ from

liquid cultures, as cells experience both osmotic and matric

potentials.37 To investigate whether the CDS.21 promoter
responds to changes in osmotic potential in a matrix
environment, where the total potential is determined by the
osmolytes and the matrix, we evaluated gas production in a
synthetic soil (Q3a), whose matric potential was previously
described.25 When this artificial soil was hydrated to field
capacity with MIDV1 (−352 kPa), Vb-21-mht presented an
indicator gas signal that was similar to that of cells containing
an empty vector (Figures 3B and S5). When sucrose was
added to the soil to increase the total potential to −1500 kPa,
the Vb-21-mht signal was significantly higher than that of cells
containing an empty vector (***p = 0.0005; two-tailed,
unpaired, t-test). These results show that an MHT reporter can
be used to monitor how osmotic and matric potentials work
together to regulate promoter activities.
Calibrating a Methyl Halide Biosensor. M. extorquens

CM4 is a soil-derived methyl halide degrading bacterium that
can use this one carbon molecule as a source of carbon and
energy.38 Transcriptional studies have shown that this microbe
has numerous promoters that are activated by methyl halides,39

and one of these has been used to create a methyl halide
biosensor.22 To investigate if this latter strain can be used to
program interspecies methyl halide signaling, we performed an
experiment in which headspace gas from an Ec-mht culture was
injected into the headspace of a culture containing an M.
extorquens CM4 receiver strain (Figure 4A), which was
programmed to regulate the expression of yellow fluorescent
protein (YFP) using the cmuA promoter PcmuA. For these
experiments, Ec-mht cultures were grown to stationary phase in
sealed vials, and different volumes of headspace gas were
injected into sealed vials containing the M. extorquens CM4. As
a control, headspace gas from native E. coli cultures was
transferred to M. extorquens CM4 vials. With these experi-
ments, the whole cell fluorescence of M. extorquens CM4
increased as an increasing volume of headspace gas was
injected from Ec-mht cultures but not E. coli cultures (Figure
S6). When the fluorescence signal was normalized to the
optical density of the biosensor cultures (Figure 4B), a
significant increase in whole cell fluorescence was observed in
M. extorquens CM4 cultures containing ≥10 μL of gas from the
E. coli producer cultures. In contrast, the injection of headspace
gas from native E. coli cultures had no effect on M. extorquens
CM4 fluorescence. These findings show that gas-producing
microbes generate sufficient headspace gas to activate gene
expression in M. extorquens CM4.
We next investigated whether the headspace gas from the

MSC culture grown in the presence of 10 or 100 mM NaBr
contains sufficient methyl halides to activate gene expression in
M. extorquens CM4. For these experiments, the five different
MSC microbes were grown as a mixture in R2A liquid medium
for 2 days, prior to injecting headspace gas into sealed vials
containing the methyl halide biosensor. We also performed
parallel experiments in which Vb-mht was included in the MSC
rather than native Vb. The CO2 levels produced by the MSC
containing Vb or Vb-mht were similar across all experiments
(Figure S7A), while the CH3Br signal was significantly higher
in the headspace of MSC cultures containing Vb-mht. Also, the
normalized headspace CH3Br/CO2 signal was ≥26-fold higher
in the MSC cultures containing Vb-mht cultures compared to
those MSC cultures containing native Vb (Figure 5A). The
total headspace CH3Br varied with halide supplementation,
with MSC cultures containing 100 mM NaBr, presenting 3-
fold more indicator gas in the headspace compared to cultures
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containing 10 mM NaBr, as did the ability of this headspace
gas to activate YFP production within M. extorquens CM4
(Figures 5B and S7B). These results show that one member of
the MSC can be programmed to produce an indicator gas at a
level that activates gene expression in M. extorquens CM4.
CH3Br Cell−Cell Signaling in Soil. The findings that

MHT-expressing microbes can generate sufficient headspace
CH3Br in small GC-MS vials suggested that methyl halide
cell−cell signaling could be achieved from a CH3Br sender
microbe within a bulk soil and a CH3Br receiver microbe in the
headspace of the soil. To test this idea, we designed a simple,
easy-to-build soil habitat using commercially available conical
tubes and evaluated cell-cell signaling between synthetic sender
and receiver cells (Figure 6A). These habitats were designed to
allow for facile studies of cell−cell signaling in a closed system
containing soil columns up to 10 cm in length, where sender
cells can be injected at the bottom and receiver cells can be
placed in the headspace. To test whether interspecies cell−cell
signaling can be achieved in these soil habitats, we performed

experiments, where sender cells (E. coli or Ec-mht) in liquid
culture were placed at the bottom of the habitat (Figure 6B),
and receiver cells (M. extorquens CM4) were placed at the top
of the habitat. Following a two-day incubation in a closed
habitat, the optical density and fluorescence of the receiver
cells were measured (Figure S8). These measurements
revealed that the whole cell fluorescence was significantly
higher in habitats containing Ec-mht compared with those
containing native E. coli. In addition, when a receiver strain was
used that lacked a CH3Br-inducible promoter (−PcmuA), the
fluorescence signal arising from an Ec-mht sender was
abolished. These results show how a simple soil habitat can
be built and used to monitor gas-mediated cell−cell signaling.
To investigate whether CH3Br-mediated cell−cell signaling

could be achieved between Vb-mht (sender) in soil and M.
extorquens (receiver) in the headspace, we evaluated signaling
in a soil habitat. These experiments were performed using soil
hydrated to different water holding capacities (6.5, 15, and
33%) using MIDV1 containing 100 mM NaBr and an MSC
containing either Vb-mht or Vb. No antibiotics were added to
the soil. After 72 h, the optical density and fluorescence of the
receiver cells were measured (Figure S9). We then compared
the relative fluorescence from receiver cells in habitats
containing either Vb-mht or native Vb. Within habitats
containing Vb-mht, the whole cell fluorescence of the receiver
was significantly higher when the soil was hydrated to 15 and
33% water holding capacities (Figure 6C). These results show
that a gas signal synthesized by a soil microbe can be detected
using M. extorquens CM4 in the headspace of soil habitats.
Implications. Our studies show for the first time that gas

reporters are compatible with monitoring growth and condi-
tional gene expression in an MSC made up of interacting
microbes that can be stored, revived, and shared.11 Our
analysis of a putative hyperosmotic responsive promoter shows
how MSC regulatory elements can be characterized in vitro by
varying the concentrations of osmolytes, which alters osmotic
pressure, and in situ, where the matrix properties (e.g., soil
particle size and hydration) also contribute to the water
potential due to the capillary and adsorptive forces between the
liquid and the solid phase of soils.40 Osmotic responsive
promoters are typically characterized in liquid cultures,41 and it
remains unclear how osmolytes and soil work together to
regulate the activities of soil microbe promoters through
changes in the total soil water potential, which is regulated by
the sum of the osmotic matric, gravitational, and pressure
potentials.40 Since wet−dry cycles affect both osmotic and
matric potentials in soil, a better understanding of such
dynamic regulation will be important for understanding bursts
of respiration and nitrification that occur when dry soils are
rewetted, such as the Birch effect.28,42 In the future, gas
reporters can be combined with -omics measurements to better
understand the effects of different combinations of osmotic
and matrix potentials on gene expression in situ.
The finding that methyl halide cell−cell signaling can be

achieved between different soil microbes in a cm-scale soil
habitat extends the volatile signals that can be used to program
information flow in a community beyond acetaldehyde and
hydrogen sulfide.43,44 In future studies, it will be interesting to
explore whether such volatile cell−cell signaling can be used to
create synthetic networks of information flow that report on
the bioavailability of organic pollutants in soils and sedi-
ments,45 the state of bioremediation of organic and inorganic
pollutants,46,47 and soil health.48 To extend these studies, it will

Figure 4. M. extorquens can report on biological indicator gas
production. (A) Genetic circuits used to program (top) CH3Br
production in an E. coli sender strain and (bottom) CH3Br detection
using an M. extorquens CM4 receiver strain. Following a short
incubation of the sender strain (blue) in a closed system, different
volumes of headspace gas were transferred to closed systems
containing the receiver strain (yellow), which were subsequently
incubated prior to measuring their absorbance and fluorescence. (B)
Receiver strains exposed to headspace gas from Ec-mht cultures
(closed circles) presented significantly higher signal than strains
exposed to headspace gas from native E. coli (open circles) in cases
when the headspace CH3Br after transfer was >167 nM (p < 0.05;
two-tailed, unpaired, t-test). Relative fluorescence values are
normalized to the maximum signal. Data represent the mean of
seven biological replicates and error bars represent ±1 standard
deviation.
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be important to tune this signaling so that it functions in other
habitats developed for bulk soil studies, such as EcoFABs and
rhizotrons.49,50 To be useful for studies in situ, it will be
important to explore how this type of cell−cell signaling can be
used to overcome challenges at the soil-air interface where
volatile chemical signals are massively diluted by the
atmosphere, thereby limiting detection using analytical
methods.18 In addition, it will be critical to establish whether
the production of a methyl halide affects the cell−cell
interactions within an MSC and to minimize such effects
when possible. This signaling approach could be built upon to
create a volatile-to-nonvolatile signal converter at the soil−air
interface to extend the lifetime of any sensed information
generated by an indicator gas reporter.

■ METHODS
Materials. Enzymes for molecular biology (Phanta Max

Super-Fidelity DNA polymerase, T4 Ligase, BsaI, and DpnI)
were purchased from Vazyme Biotech and New England
Biolabs. Primers for cloning were purchased from Integrated
DNA Technologies. DNA amplicons were purified using a
Zymoclean Gel DNA Recovery Kit (Zymo Research), and
plasmids were purified from cells using the QIAprep Spin
Miniprep Kit (Qiagen). Sodium bromide was from MilliPore
Sigma, methyl bromide standards dissolved in methanol were
from Restek, and all other growth medium components and
chemicals were from MilliPore Sigma, Fisher, Restek, Research
Products International, and VWR. Gastight 2 mL glass vials
(AR0−37L0−13) and seals (AR0−5760−13) were from
Phenomenex.
Strains. All molecular biology was performed using E. coli

DH10B and NEB Turbo, while indicator gas studies were
performed using E. coli MG1655 or E. coli-mht, a strain that

constitutively expresses B. maritima MHT from the chromo-
some.18 The five MSC members were from a natural soil
consortium sampled from Warden silt loam in Prosser, WA.7,11

The conjugation of plasmids into V. beijingensis was achieved
using E. coli MFDpir.51 M. extorquens CM4 was used as a
receiver strain for synthetic cell−cell signaling since it contains
a promoter activated by methyl halides.22 To establish the
antibiotic sensitivity of each MSC member (Table S1), strains
were streaked on R2A-agar containing a range of Vb
carbenicillin, chloramphenicol, kanamycin, spectinomycin,
streptomycin, and tetracycline concentrations. Plates were
grown at 19 °C until colonies on plates lacking antibiotics
reached a diameter of 0.5 mm. At this time point, the lowest
antibiotic concentration that suppressed growth was estab-
lished.
Plasmids. Table S2 lists all of the plasmids used. Methyl

halide biosensing was achieved using M. extorquens CM4
transformed with a plasmid (pME8266) that uses the PcmuA
promoter to regulate YFP expression.22 A vector (pLM-sYFP2)
lacking this promoter was used as a control to evaluate the M.
extorquens CM4 autofluorescence. A broad host range plasmid
for constitutive gas production (pPK114) was created that uses
the cumate-inducible promoter (Pcym) to control the tran-
scription of MHT;52 it contains a pBBR1 origin and kanR

cassette. Translation initiation was achieved using ribosome
binding sites BBa_B0034 and BBa_B0030. The plasmid for
conditionally expressing MHT using the CDS.21 promoter
(pJWK020) was created by replacing the promoter in pPK114
with 150 bp of DNA that is upstream of Vb CDS.21 gene;27

this was achieved using Golden Gate Assembly.53 This
sequence was obtained from the Genome Taxonomy Database.
All vectors were sequence verified.

Figure 5.M. extorquens can detect CH3Br synthesized by a single MSC member. (A) An MSC containing Df, Ea, Rh, St, and either native Vb (light
gray) or Vb-mht (dark gray) was incubated for 48 h in R2A liquid medium supplemented with either 10 or 100 mM NaBr at 30 °C. Consortia
containing Vb-mht produced more CH3Br than consortia containing native Vb across all conditions tested (*p < 0.05; two-tailed, unpaired, t-test).
(B) Two different volumes of headspace gas (10 or 100 μL) were transferred from these cultures to M. extorquens CM4 cultures programmed to
produce YFP upon detecting CH3Br as shown in Figure 4a. M. extorquens CM4 fluorescence was measured 2 days after gas transfer. Receiver cells
incubated with gas from consortia containing Vb-mht grown in 100 mM NaBr presented significantly higher fluorescence than cells receiving the
same amount of headspace gas from sender consortia containing native Vb (*p < 0.01; two-tailed, unpaired, t-test). Bars represent the mean from 3
biological replicates, while error bars represent ±1 standard deviation.
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Growth Medium. Overnight cultures grown in R2A (Vb)
and LB (E. coli) were washed by centrifuging at 3000g (5 min)
and resuspended in either R2A, M63, or MIDV1; the latter is a
diluted minimal medium.25 In each condition, cells were
diluted to an OD of 0.05. Cells were then grown at 30 °C while
being shaken at 250 rpm for 48 h prior to headspace gas
analysis using GC-MS. R2A medium (per Liter) contained 0.5
g of yeast extract, 0.5 g of proteose peptone No. 3, 0.5 g of
casamino acids, 0.5 g of glucose, 0.5 g of soluble starch, 0.3 g of
sodium pyruvate, 0.3 g of K2HPO4, and 0.05 g of MgSO4·
7H2O.54 M63 medium (per liter) was made by mixing 50 mL
of 20% (w/v) glucose, 1 mL of 1 M MgSO4, 100 μL of 0.1%
(w/v) thiamine hydrochloride, 5 mL of 10% (w/v) casamino
acids, and 200 mL of 5× M63 salt stock. M63 salt contained 75
mM ammonium sulfate, 0.5 M potassium phosphate
monobasic, and 10 μM ferrous sulfate. This salt stock was

adjusted to pH 7 and autoclaved prior to use.19 MIDV1
medium (per liter) was made by mixing 50 mL of 20% (w/v)
glucose, 1 mL of 1 M MgSO4, 100 μL of 0.1% (w/v) thiamine
hydrochloride, 10 mL of 10% (w/v) casamino acids, and 12.5
mL of the M63 salt stock.25 NaBr was added at the indicated
levels.
Conjugation. To perform conjugation, E. coli MFDpir was

first grown overnight in LB medium supplemented with 0.3
mM diaminopimelic acid (DAP) and kanamycin (50 μg/mL).
In parallel, receiver strains were grown at 30 °C in R2A
medium to an OD of 0.5. Cultures were washed with sterile
phosphate-buffered saline (PBS), mixed at a 1:1 ratio based on
their OD (100 μL), placed on top of LB-agar medium
containing 0.3 mM DAP, and incubated at 30 °C. After 48 h,
the cell mixture was resuspended in PBS, washed 3 times to
remove DAP, and spread on LB-agar medium containing

Figure 6. Cell−cell signaling in a synthetic soil habitat. (A) Genetic circuits used to program CH3Br production in the sender strain and CH3Br
detection using M. extorquens CM4 receiver strain. As a negative control in the receiver, we used a vector that lacked a promoter for the reporter.
Commercial conical tubes to study cell−cell signaling using sender cells in (B) liquid culture and (C) soil. For experiments using liquid medium in
the habitat, the relative fluorescence of receiver cells in the headspace of habitats was monitored following incubation of Ec-mht or native E. coli
MG1655 in the base of the habitats. The receiver strain presented a higher signal than the negative strain when the sender expressed MHT (*p <
0.05; two-tailed, unpaired, t-test). For the soil experiments, the relative fluorescence of receiver cells in the headspace of habitats was measured
following incubation in habitats filled to capacity with soil and hydrated to different water holding capacities (WHC) using medium containing Vb
or Vb-mht. The receiver strain had a higher YFP signal with the Vb-mht as a sender compared to native Vb in soil hydrated to 15 and 33% WHC
(*p < 0.05; two-tailed, unpaired, t-test). All incubations were performed for 72 h in closed soil habitats. Each bar represents the mean of 3
biological replicates and error bars represent ±1 standard deviation.
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kanamycin (50 μg/mL) but lacking DAP. After incubating at
30 °C for 48 h, cells were streaked onto a new LB-agar plate
containing kanamycin. Single Vb colonies were chosen based
on their yellow morphology and the gain of antibiotic
resistance.
MSC Gas Production. To assess gas production from

individual MSC members, cells derived from single colonies
were grown in R2A liquid medium at 30 °C while being shaken
at 250 rpm. After 36 to 48 h, cultures were diluted to an OD600
of 0.05 in fresh R2A medium (1 mL) containing 10 or 100
mM NaBr within glass vials (2 mL), which were immediately
sealed. After incubation for 48 h at 30 °C while shaking at 250
rpm, the optical density and headspace gas were measured.
Headspace Gas Analysis. A gas chromatograph (GC)

mass spectrometer (MS) consisting of an Agilent 8890 GC
instrument and a 5977B MS instrument was used for
headspace gas analysis. An Agilent 7693A autosampler fitted
with a 100 μL gastight syringe was used to inject headspace gas
(50 μL) into a DB-VRX capillary column (20 m, 0.18 mm ID,
1 μm film; Agilent). Experiments were performed by using a
55:1 split ratio. The oven temperature was initially held at 45
°C for 84 s before ramping to 60 °C at 0.6 °C/s and then
holding at 60 °C for 9 s. MS analysis was performed using
selected ion monitoring mode for CH3Br (m/z = 93.9 and
95.9) and CO2 (m/z = 44 and 45). Peak area was quantified
using Agilent MassHunter Workstation Quantitative Analysis
software. To construct a CH3Br standard curve, a commercial
CH3Br standard (Restek, 30253) dissolved in methanol was
serially diluted into M63 medium (1 mL) in vials (2 mL),
which were immediately capped and sealed. After equilibrating
for 4 h, the CH3Br signals in the headspace of these samples
were quantified using GC-MS. A standard curve was generated
(Figure S10), which was used to convert GC-MS peak areas
into absolute concentrations of CH3Br in a liquid medium.
Soil Vial Incubations. All soil studies were performed

using a previously characterized Texas Alfisol,20 an Oxyaquic
Glossudalf. After sampling, the soil was immediately dried by
baking at 60 °C and then sieved (2 mm) prior to storage at
room temperature in sealed containers. To prepare E. coli and
V. beijingensis for soil measurements, they were grown to the
stationary phase in LB (37 °C) and R2A (30 °C), respectively,
while shaking at 250 rpm. In cases where cells were
transformed with vectors, the growth medium contained
kanamycin (50 μg/mL). Cells were then washed 3 times and
resuspended in MIDV1 medium (1 mL) containing 100 mM
NaBr. After cultures were diluted to an OD600 of 0.05 using
MIDV1, this solution was used to hydrate the previously dried
soil (1 g) to 32 or 64% of the field capacity using GC-MS vials
(2 mL). After crimping, vials were incubated statically at 30 °C
for 48 h prior to headspace gas analysis.
Osmotic Potential Calculations. The effect of sucrose on

the osmotic potential of MIDV1 was calculated by adding the
previously described osmotic potential of MIDV1 (−319
kPa)25 to the osmotic potential calculated for sucrose using the
Van’t Hoff equation, Ψ = Ci·R·T, where C is the molar
concentration, R is the gas constant, and T is 25 °C.
Osmotic Stress Measurements. To characterize the Vb

CDS.21 promoter (Pvb0021), individual Vb colonies trans-
formed with either pJWK020 or an empty vector (pPK048)
were grown overnight in LB medium containing kanamycin
(10 μg/mL). Stationary phase cultures were pelleted and
washed three times using MIDV1. Cells were diluted to an
OD600 of 0.05 in MIDV1 (1 mL) supplemented with 20 mM

NaBr and varying sucrose concentrations (0, 100, 200, 300,
400, 500, and 600 mM) within glass vials (2 mL). These
sucrose concentrations in MIDV1 yielded solutions with
calculated osmotic potentials of −319, −567, −815, −1063,
−1311, −1559, and −1807 kPa. Vials were immediately
crimped, and cells were then grown at 30 °C while being
shaken at 250 rpm. After 48 h, headspace gas and optical
density were measured. Experiments in soil used a similar
protocol, with the exception that washed cells were added to 1
g of an artificial soil (Q3a) that mimics the texture of clay.25

With experiments performed in artificial soil, the incubations
were static. For soils, the potential reported represents the sum
of the osmotic and matric potentials; the latter was previously
measured for this soil.25

CH3Br Biosensor Calibration. To generate cultures that
produce CH3Br, E. coli-mht were grown in LB (5 mL) for 16 h
at 37 °C while shaking at 250 rpm, cells were pelleted, pellets
were resuspended in M63 containing 100 mM NaBr,20 and the
washed cells were diluted to a final OD600 of 0.05 (1 mL) in 2
mL vials. Vials were crimped and incubated at 37 °C for 24 h
while being shaken at 250 rpm. The headspace gas was
measured using a GC-MS, and a gastight syringe (Hamilton,
1700 series) was used to transfer different volumes (1, 2, 5, 10,
50, and 100 μL) of headspace gas to a second crimped vial,
which contained M. extorquens CM4 (1 mL). To generate
CH3Br biosensor cultures, M. extorquens CM4 transformed
with pME8266 was grown on LB-agar containing kanamycin
(50 μg/mL) to obtain single colonies, which were used to
inoculate an LB-like growth medium (5 mL) that omitted
NaCl, designated no salt LB (nsLB), and contained 50 μg/mL
kanamycin. After cells were grown to mid log phase at 30 °C
while being shaken at 250 rpm in 14 mL Falcon tubes (Fisher
Scientific, 352059), they were diluted to an OD600 = 0.1 (1
mL) in 2 mL vials and capped. The headspace gas from donor
cultures that had already been grown for 24 h was immediately
injected into vials containing M. extorquens cultures. Following
gas injection, these latter vials were incubated at 30 °C for 48 h
while shaking at 250 rpm. Fluorescence and absorbance
(OD600) data were then analyzed.
Immediately prior to gas transfer, the amount of headspace

gas in the E. coli cultures was analyzed to estimate the amount
injected. The CH3Br counts from GC-MS were converted to
molar concentrations by using the CH3Br standard curve. To
calculate the CH3Br concentration in receiver vials, we first
calculated the total amount of CH3Br present in the sender
vials by converting the concentrations obtained from the x-axis
of the standard curve (Figure S10) to absolute amounts by
multiplying the concentration with the volume of aqueous
solution (in dm3). The total amount of CH3Br present in each
vial can be expressed as [CH3Br]total = Ca/1000 + Cg/1000,
where Ca and Cg are the concentrations of CH3Br in the
aqueous phase and the gas phase of the vials, respectively.
Based on Henry’s law, HCC = Ca/Cg and HCC = HCP × RT,
where HCP is the Henry’s solubility constant. The HCP value for
CH3Br has been previously reported.55 Hence, we calculate
HCC given the HCP values reported (1.7 × 10−3 mol/m3 Pa).
Using this value of HCP, one obtains an HCC value of 4.280. We
then used the HCC value to obtain Ca = 4.28 × Cg. To obtain
the absolute amount of CH3Br in the headspace of the sender
vials, we calculated the product of Cg and the total volume of
headspace gas (0.001 dm3). This value was used to calculate
the amount of CH3Br transferred to the receiver vials. The
amount of CH3Br transferred to the receiver vial was then used
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to calculate Ca and Cg, which allowed us to calculate the CH3Br
concentration encountered by the M. extorquens receiver cells
growing in solution.
MSC Gas-Transfer Experiments. Soils containing the

MSC used a mixture of each community member, each at an
OD600 = 0.05. To generate the MSC, single colonies of each
strain were grown in R2A medium (5 mL) for 40 h (St and
Vb) or 64 h (Df, Ea, and Rh) at 30 °C while shaking at 250
rpm. Cultures containing Vb transformed with vectors
additionally contained kanamycin (50 μg/mL). Cells were
washed in R2A medium containing 10 or 100 mM NaBr and
resuspended to an OD600 = 0.05 in fresh medium. To generate
the MSC, cultures from each microbe (200 μL) were mixed
together in a 2 mL vial, such that they contained a native MSC
(Df, Ea, Rh, St, and Vb) or a MSC, where the Vb is
transformed with the vector that constitutively produces MHT.
Prior to crimping vials, a fraction of each MSC sample was
frozen to enable the analysis of microbial diversity before
incubation. The remaining samples were crimped and
incubated at 30 °C for 48 h while shaking at 250 rpm. The
headspace gas from these culture mixtures was analyzed GC-
MS, and a gastight syringe was then used to transfer defined
volumes (10 and 100 μL) to the headspace of crimped vials
containing M. extorquens at an OD600 = 0.1 (1 mL). M.
extorquens CM4 signals were measured after a 48 h incubation.
Fluorescence Analysis. To quantify YFP in M. extorquens

CM4 following sensor incubations, cultures (200 μL) were
transferred to 96-well flat-bottomed black microplates
(Corning, 3603). A Tecan Spark or a Tecan M1000 plate
reader was then used to measure the absorbance at 600 nm
and whole cell fluorescence (λex = 485 nm; λem = 516 nm,
bandwidth = 5 nm). Measurements were also performed using
growth medium, and these values were subtracted from whole
cell data prior to calculating the fluorescence to absorbance
ratios. The ratiometric signals were then normalized against
the maximum value to obtain relative fluorescence values.
Conical Habitat Assembly. To construct conical habitats,

50 mL conical tubes (VWR, 89039−656) were modified by
drilling a hole (3/16 in. diameter) ∼5 mm above the bottom of
the tube. To make it airtight, a rubber septum was inserted
with an 8 mm outer diameter (Millipore Sigma, Z553913). To
sterilize habitats, they were soaked in 70% ethanol for 2 h and
left to air-dry in a biosafety cabinet. To perform signaling
studies in soil within these conical habitats, they were filled
with 80 g of the Texas Alfisol using a sterile spatula and
cryotube lids were placed on the soil surface; cryotube lids
(ThermoFisher Scientific, 5000−0020) were glued inside the
tubes exactly 10 mm from the upper rim using Clear Gorilla
Glue (Target, 77657594) for liquid culture studies. Habitats
were then capped, and the soil was hydrated to 6.5, 15, and
33% water holding capacity (WHC) by injecting cells
resuspended in MIDV1 into the rubber septum using an 18-
gauge syringe needle (Thomas Scientific, 305196). In the case
of E. coli, which were used for initial liquid culture experiments,
6.4 × 107 CFUs of Ec-mht or native E. coli in M63 (16 mL)
were injected into the habitats using an 18-gauge syringe
needle (Thomas Scientific, 305196). In the case of Vb, the
volume injected varied, but the total number of cells was held
constant at 5 × 108 CFUs. After cells were added to the
bottom of the habitats, the conical tubes were uncapped, and
receiver cells were added to the cryotube lids (500 μL) at an
OD600 of 0.1 in nsLB containing kanamycin (50 μg/mL).
Habitats were capped, sealed with parafilm, and incubated at

room temperature (20 °C) for 72 h. This incubation was
chosen, as it was required to observe visible growth of M.
extorquens when incubated at 20 °C.
Statistical Analysis. A minimum of three biological

replicates was performed in each experiment. p-values were
determined by performing independent two-tailed t-tests using
GraphPad Prism (version 9.3.0). Statistically significant
differences were defined by the t-tests returning a p-value of
less than 0.05.
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