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Abstract A bioluminescent bioreporter for the detection
of the microbial volatile organic compound p-cymene
was constructed as a model sensor for the detection of
metabolic by-products indicative of microbial growth.
The bioreporter, designated Pseudomonas putida UT93,
contains a Vibrio fischeri luxCDABE gene fused to a
p-cymene/p-cumate-inducible promoter derived from the
P. putida F1 cym operon. Exposure of strain UT93 to
0.02-850 ppm p-cymene produced self-generated biolu-
minescence in less than 1.5 h. Signals in response to
specific volatile organic compounds (VOCs) such as
m- and p-xylene and styrene, also occurred, but at two-
fold lower bioluminescent levels. The bioreporter was
interfaced with an integrated-circuit microluminometer
to create a miniaturized hybrid sensor for remote mon-
itoring of p-cymene signatures. This bioluminescent
bioreporter integrated-circuit device was capable of
detecting fungal presence within approximately 3.5 h of
initial exposure to a culture of p-cymene-producing
Penicillium roqueforti.
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Introduction

Microbial contaminants in enclosed spaces have received
considerable attention due to their association with
“sick building syndrome™ epidemics [2]. The dissemi-
nation of fungal and bacterial spores through ventilation
systems in residential and commercial buildings or other
enclosed workspaces (naval vessels, spacecraft) can
trigger the onset of allergy-related symptoms, including
headaches and eye, ear, throat, and skin irritations.
Airborne allergens are also implicated in serious illnesses
requiring medical intervention (pneumonitis, hives,
bronchopulmonary aspergillosis, contact dermatitis).
Musty and moldy odors produced by biocontaminants
add to the overall discomfort of building occupants. In
addition, microbes can have biocorrosive effects on
physical structures, affecting stainless steel, copper,
aluminum, concrete, and glass [13, 29]. Microbes also
have the capability to destroy wood, fabrics, leather,
electrical insulation, and many other commercial prod-
ucts as well. The effectiveness of bound biocides for
preventing microbial growth on surfaces is limited,
especially in long-term applications in which these bio-
cides have been found to deteriorate with time [28].
Currently, the most frequently cited objective for the
detection of microbial contamination is through micro-
bially generated volatile organic compounds (MVOCs)
[37]. MVOC:s are produced as metabolic by-products of
bacteria and fungi and are detectable before any visible
signs of microbial growth appear. MVOC:s can therefore
serve as very early indicators of potential biocontami-
nation problems [1]. Using MVOC analysis, it is also
possible to identify specific microorganisms comprising
a biomass [7], determine exposure to and assess potential
toxicity from individual MVOCs [12, 27], and predict the
metabolic production of certain mycotoxins [26].
MVOC detection methods typically rely on cum-
bersome and expensive combinations of gas chroma-
tography/mass spectrometry (GC/MS), HPLC, and



solid-phase microextraction techniques. To provide an
easier and faster method of MVOC analysis, a prototype
bioluminescent bioreporter was constructed in this study
for specific application towards the sensing and moni-
toring of a model fungal MVOC, p-cymene (4-isopro-
pyltoluene). p-cymene has been shown to affect air
quality [25, 34, 35], to be an eye and respiratory irritant
[9], and, upon long-term exposure in rats, is neurotoxic
[21]. Bioluminescent bioreporters generate visible light in
response to specific chemical or physical agents in their
environment due to transcriptional activation of a
genetically incorporated luxCDABE cassette [24], and
they have been used on-line to generate real-time
assessments of chemical exposure bioavailability [30].
Recent advances in miniaturized electro-optics have
produced integrated-circuit luminometers that can be
directly interfaced with bioluminescent bioreporters for
remote sentinel detection of target analytes [32, 33].
These devices, denoted as BBICs (bioluminescent bior-
eporter integrated circuits), have proven sensitive en-
ough to detect chemicals when using as few as 5,000
maximally induced bioreporter cells [6]. It was the pur-
pose of this study to develop a bioluminescent biore-
porter for the detection of p-cymene and test its
functionality for remote sensing of biocontaminants on
the BBIC platform.

Materials and methods

Strain construction

The cym operon from Pseudomonas putida F1 encodes the en-
zymes required for the conversion of p-cymene to p-cumate [15].
The operon consists of six genes in the order cymBCAaAbDE and
is controlled by the cymR repressor (GenBank accession no.
U24215). Downstream of the cym operon is the cmt operon,
which further catabolizes p-cumate to isobutyrate, pyruvate, and
acetyl-CoA [14]. The cym and cmt operons are inducible by
p-cymene via p-cumate-induced de-repression of the cymR
repressor. Therefore, in the presence of p-cymene and/or p-cu-
mate, transcription of the cym operon is initiated from cymB. The
region surrounding the 34-bp promoter sequence of cymB was
amplified from P. putida F1 genomic DNA by PCR. The forward
primer GCGGCCGCAGCCTCGCAGGGACGGTACCTCCG
contained an introduced Notl restriction site (italics) targeting the
region just upstream of the 3’ end of cymB while the reverse
primer, ACTAGTGCGACTTTGTCTTTCAGTCTCATGGC,
contained an introduced Spel site (italics) targeting the region just
downstream of the 5" end of ¢ymB. The PCR protocol consisted
of an initial 5-min denaturation at 94 °C, 28 cycles of a 30-s
denaturation at 94 °C, 30-s annealing at 68 °C, a 30-s extension at
72 °C, and a final cycle for 10 min at 72 °C. PCR was done in an
MJ Research PTC-225 Peltier Thermal Cycler (Watertown, Mass.,
USA). The resulting amplicon was cloned into a pCR2.1-TOPO
vector (Invitrogen, Carlsbad, Calif., USA) to form plasmid
pCYMI. Digesting with Notl and Spel yielded a 179-bp fragment
containing the 34-bp cymB promoter which was then ligated into
Notl- and Xbal-compatible sites in a mini-Tn5 vector designated
pUTK215, which contains a promoterless luxCDABE cassette
from Vibrio fischeri (Fig. 1) [4]. The ligation mix was electropo-
rated into Escherichia coli SV17 (Apir) and resulting transformants
selected on Luria-Bertani (LB) plates containing 50 pg kanamy-
cin/ml (Kn). Plasmid DNA was isolated and cleaved with BamHI
and Notl to confirm the presence of the cymB promoter region to
yield the plasmid pUT.,93. E. coli (pUT¢y,93) was mated with
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P. putida F1 in the presence of toluene vapor to maintain selective
pressure and plated on Pseudomonas isolation agar plus Kn.
Resulting colonies were replica plated onto minimal salts media
(2 g NaNO;, 0.75g KH,PO4 0.003 g FeCl;, 0.1 g MgSOy,
0.005 g CaCl,, and 0.25 g Na,HPOy per liter) containing 0.5 mM
p-cymene and Kn. Several colonies produced enough light to be
seen in a darkened room. One of these, designated UT93, was
chosen for further analysis.

Alginate encapsulation

Strain UT93 was grown overnight at 30 °C in yeast extract/pep-
tone-glucose (YEPG) medium (0.2 g yeast extract, 2.0 g polypep-
tone, 1.0 g glucose per liter) supplemented with 10% phosphate
buffer (0.05 M K,HPO4/NaH,PO,) and Kn. The next day, a 1:10
inoculum of the overnight culture was transferred to fresh YEPG/
phosphate media without Kn and grown to an optical density at
546 nm (ODsy46) of 0.8. The culture was washed three times with
sterile 0.85% NaCl by centrifugation at 8,000 rpm for 10 min and
resuspended in an equal volume of 0.85% NaCl. Cells were
immobilized by combining the washed culture with low-viscosity
3% alginic acid (w/v in H,O) in a 1:2 ratio [36]. Beads of
approximately 2 mm diameter were formed by dropwise addition
into sterile 0.1 M SrCl, through a 26-gauge syringe needle. After
30 min, the SrCl, was decanted and the beads removed and stored
at 4 °C for up to 2 weeks. The approximate number of cells/bead
was determined by dissolving the beads in 50 mM sodium hexa-
metaphosphate, plating on YEPG + Kn, and incubating overnight
at 30 °C.

Vapor-phase test system

Detection limits of the UT93 bioreporter were determined by
exposure to vapor phase p-cymene (99 + %, Acros Organics, N.J.,
USA) in a flow-through chamber consisting of a diluting airflow of
ultra-pure air and an airflow of pure p-cymene. p-Cymene vapor-
phase concentrations ranging from approximately 0.01 to
1000 ppm (v/v) were obtained by adjusting the flow rates via two
flowmeters. The mixed flow was transferred into a 900-cm® test
chamber through 6.0-mm diameter Teflon tubing. A monolayer of
34 alginate beads in a porous plastic screen was suspended 4.0 mm
beneath a liquid light cable. The light cable was connected to an
Oriel 7070 photomultiplier tube (PMT) (Oriel, Stratford, Conn.,
USA) attached to a multifunction optical power meter (OPM) that
displayed the bioluminescence output in nanoAmps (nAmp). An
RS-232 cable connected the OPM to a laptop computer installed
with a data-logging program that recorded nAmp/min for each
trial. To allow comparisons to be made among trials, data acquired
in nAmps were normalized to cell density and converted into
arbitrary units, referred to as relative bioluminescence units
(RBUs). Alginate beads were added to the test chamber only after
the p-cymene concentration had stabilized (within approximately
2 h). In order to limit desiccation of the beads, 100 ml deionized
water were added to the chamber. All tests were carried out at
25 °C.

Induction of P. putida UT93 by non-biological sources

Sources of sick-building volatiles include non-biological VOCs
associated with building materials, paint, furnishings, carpeting,
cleaning supplies, and appliances. Ethylbenzene, toluene, acetone,
m- and p-xylene, and styrene are some of the most common
VOCs encountered [18]. These compounds were therefore tested
to determine whether they could induce P. putida UT93 biolu-
minescence, leading to potential false-positive signaling. Due to
the volatility of these substances, a single-use, disposable test
system was necessary to prevent cross-contamination between
samples. Therefore, a simple static vial set-up was used rather
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Fig. 1 Genetic construction of
the Pseudomonas putida UT93
bioreporter. For descriptions of
the suicide vectors pUT and
pUTKZ215, see de Lorenzo et al.
[11] and Applegate et al. [3],
respectively. pUT¢y,93
contains the promoter region of
cymB from P. putida F1 ligated
to the Vibrio fischeri luxCDABE
cassette. E EcoRI, X Xbal, N
Notl, rrnB T,T, ribosomal
terminator site, Amp" ampicillin
resistance, Kn" kanamycin
resistance

5200 bp

RP4ori

S ]

pUTK215 -

fuxCDABE

PUT o3

fuxCDABE

1kb

than the more elaborate vapor-phase test system described above.
An 8-ml vial containing the inducer substrate at approximately
0.05 ppm was inserted into a 40-ml vial (Pierce, Rockford, IIl.,
USA). A layer of 34 alginate beads was placed in the bottom of
the 40-ml vial, which was then sealed with a Teflon-lined septum
and screw-cap lid and incubated at 25 °C. Bioluminescence was
monitored with a liquid light pipe as described above, except the
light pipe was situated directly against the bottom outside portion
of the 40-ml vial. At the completion of the experiment, beads were
dissolved and plated on YEPG+Kn to determine viable cell
numbers.

Remote BBIC detection of fungal growth

UT93 bioreporter cells were prepared as for the alginate encapsu-
lation experiments above, except encapsulation occurred in a 0.6%
agar matrix instead of alginate. A 20-ul drop of agar-encapsulated
cells was deposited on the integrated-circuit surface, which was
previously coated in a thin layer (~2 mm) of polydimethylsiloxane
to protect its circuitry [6].

Penicillium roqueforti strain IBT 3877 (Technical University
of Denmark) was used as the test organism for BBIC studies
since it yields a relatively diverse MVOC profile that includes
p-cymene [22]. P. roqueforti was grown on malt extract agar
(MEA, Difco, Detroit, Mich., USA) plates incubated for 7 days
at 25 °C in the dark. Spores were gently scraped from the plates
using a sterile water solution containing 0.2% agarose, and 1 ml
of the resulting diluent was plated on SYES plates (20 g yeast
extract, 150 g sucrose, 20 g agar, 5 ppm CuSOy,, 10 ppm ZnSO,
per liter) [23]. A single uncovered plate was immediately placed
1 cm below the suspended BBIC probe within a light-tight 2,000-
cm® test chamber that was then sealed. The chamber was
maintained at a constant 25 °C. Data were collected every 36 s
through a remote linkage to a laptop computer. Similar

experiments were carried out in a duplicate chamber using an LB
plate inoculated with E. coli K12 (ATCC no. 29425) instead of
the P. roqueforti plate to determine potential induction effects
from a bacterial culture.

Chemical analysis

Gas sampling was used to determine p-cymene and non-biological
VOC concentrations in the vapor phase. For the flow-through
experiments, 0.5- or 1.0-ml headspace samples (depending on the
experimental concentrations of p-cymene being used) were ob-
tained every hour using a 1.0-ml gas tight syringe. Samples were
analyzed with a Shimadzu 17A GC fitted with a Heliflex AT-1000
column (60 mx0.25 mm i.d., 0.20-um film thickness, Alltech,
Deerfield, Ill., USA) and equipped with a mass spectrometer
(QP5000). The vial experiments were sampled similarly, but only
three consecutive 1.0-ml headspace samples were used to quantify
the non-biological VOC compounds.

Initial attempts at detecting fungal volatiles in the BBIC
experiments failed due to the large headspace volume of the BBIC
test chamber. Since the bioreporter cells were placed directly above
the growing fungal culture, sampling of the entire chamber’s
headspace was considered unrealisticc. MVOC profiles of P.
roqueforti were therefore determined from cultures growing in
septum-sealed 300-ml flasks. Although this was unrepresentative of
the actual experimental set-up, it provided a necessary indication of
what volatiles were being produced. The bottom diameter of these
flasks closely approximated the diameter of the fungal growth
plates (~100 mm) to which the BBIC was exposed, and each flask
contained the same 20-ml volume of SYES agar as the plates and
were similarly subcultured with P. roqueforti. Headspace samples
were collected every 2 h in a 1-ml gas-tight syringe and analyzed as
described above.



Results
Flow-through detection of p-cymene

The flow-through system was used to establish a
response profile of strain UT93 to p-cymene under
controlled exposure. A significant bioluminescent signal
(analysis of variance, p =0.05) was produced in response
to p-cymene concentrations ranging from 0.02 to
850 ppm. Concentrations greater than this became toxic
to the bioreporter, as determined by a loss in cell via-
bility. Since the purpose of this bioreporter system is to
detect low-level exposure events, a more detailed re-
sponse analysis was obtained only at the lower detection
limits, where a linear profile (R*=0.91) was obtained
within a p-cymene concentration range from 0.03 to
35.67 ppm (Fig. 2A). Within this range, biolumines-
cence was initiated within 1-1.5 h of exposure with peak
bioluminescence occurring 0.5-1 h thereafter (Fig. 2B).

A, 350 q
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—————— 0.28 ppm
200 4 —_——— 0.03 ppm
Control {0 ppm)
150 4
2
100 4
50 1
0 r R  om _—— CRp—
0 1 2 3 4 5 6

Fig. 2 A Linearity of the bioluminescent response of P. putida
UT93 in the flow-through chamber at p-cymene concentrations
ranging from approximately 0.03-35 ppm. B Bioluminescent
profile of P. putida UT93 exposed to low-level p-cymene concen-
trations in the flow-through chamber (n=3). RBU Relative
bioluminescence units
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Non-biological induction of P. putida UT93

Alginate-encapsulated P. putida UT93 was statically
exposed to ethylbenzene, toluene, acetone, m- and p-
xylene, and styrene to assess the effects of potential non-
biological VOC sources on bioluminescence induction.
Inducer concentrations were maintained at approxi-
mately 0.05 ppm, which would be considered an upper
limit of exposure in residential complexes [5, 17, 19, 31].
m- and p-Xylene and styrene were significant inducers
(analysis of variance, p=0.05), typically initiating a
bioluminescent response within 1.5-2 h after exposure
(Table 1). No significant reduction in cell viability was
observed as compared to growth in unexposed cultures,
indicating that exposure to these chemicals at 0.05 ppm
was not toxic.

Remote BBIC detection of P. roqueforti growth

The BBIC provides a sensitive measure of biolumines-
cence by integrating the photo-induced current of an on-
board n-well/p-substrate photodiode and converting this
measurement in seconds into a digital pulse interval that
is inversely proportional to the amount of collected
light. Providing this digital output facilitates integration
of the BBIC sensor with a wide array of low-cost digital
electronics. For this work, an inexpensive (<$2) mi-
crocontroller with a 16-bit timer/counter input was used
to measure the BBIC digital pulse output and to serially
transmit the data to a remote computer using a com-
mercially available spread-spectrum radio telemetry
system (Adcon Telemetry, Boca Raton, Fla., USA)
(Fig. 3A). The lower line in Fig. 3B depicts results ob-
tained after exposing the BBIC/UT93 hybrid sensor to a
growing culture of P. roqueforti. The upper line denotes
the baseline output of a BBIC treated exactly as the
experimental one but with a Petri plate devoid of P.
roqueforti growth (negative control). Significant differ-
ences between baseline and experimental biolumines-
cence occurred after 3.5 h (7 test, p=0.05) and persisted
for approximately 35 h. (P. roqueforti growth, after
transfer from MEA to SYES agar, was visible to the
naked eye after approximately 7 h.) Resuspension of the
agar matrix containing the bioreporter cells and plating

Table 1 Induction of bioluminescence from Pseudomonas putida
UT93 in response to non-biological volatile organic compounds
(VOCs) exposure at 0.05 ppm (n=3). RBU Relative biolumines-
cence units, nsi no significant induction

Inducer Peak RBU Average minimum
induction time (h)
m-Xylene 2.24+0.09 1.8+0.07
p-Xylene 2.36%0.10 1.84+0.03
Styrene 1.54+0.07 2.0+0.03
Toluene 0.15+0.01 nsi
Ethylbenzene 0.43+0.01 nsi
Acetone 0.46+0.04 nsi
p-Cymene 5.154+0.09 1.24+0.03
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Fig. 3 A The BBIC sensor probe and remote frequency unit. B
Bioluminescence profile established with the remote BBIC detec-
tion system. Unexposed controls (upper line) produced pulse
intervals of approximately 35 s. Bioluminescence induction from
P. putida UT93 in response to P. roqueforti growth (lower line)
yielded a pulse interval response significantly differing from the
baseline within 3.5 h and maximizing at approximately 9 s (the
pulse interval is inversely proportional to measured biolumines-
cence) (n=2)

on YEPG + Kn initially and after 35 h indicated that cell
numbers had decreased from approximately 1x10° to
1x10° CFUs, falling below the calculated threshold
number of cells typically required for on-chip detection
(the lower limit approaches approximately 5x10° fully
induced cells [6]). Visual inspection of the agar matrix
after 35 h revealed it to be highly desiccated, which was
likely a main contributor towards this loss in bioreporter
viability.

GC/MS headspace analysis of the BBIC chamber it-
self failed to indicate any presence of p-cymene. How-
ever, sampling occurred from the top of the chamber
and likely did not realistically exemplify what was
transpiring at the photoluminometer—fungal culture
interface. To achieve a better profile of P. roqueforti
metabolite synthesis, duplicate cultures were grown in
reduced-headspace 300-ml stoppered flasks. The p-
cymene concentrations in these cultures averaged
0.022 ppm over the first 2-6 h and then decreased to an
average of 0.013 ppm from 848 h.

Similar experiments were done using a plate of E. coli
K12 as a source of volatiles. No significant biolumi-
nescence was produced by the UT93 bioreporter upon
exposure to E. coli growth.

Discussion

The bioluminescent bioreporter P. putida UT93 was
constructed by fusing the 34-bp c¢ymB promoter from P.
putida F1 upstream of a promoterless V. fischeri lux-
CDABE cassette to generate a sensor for the MVOC p-
cymene. Detection limits ranged from 0.02 to 850 ppm,
with a response time of less than 1.5 h. Representative
concentrations of p-cymene in ‘‘clean” residential
structures are estimated at 1 part-per-trillion [25], thus
bioluminescent signaling in response solely to p-cymene
would occur only during a biocontamination event,
whereupon p-cymene emissions would become uncom-
fortable (~1.5 ppm) to nauseous (~1,000 ppm and be-
yond) [8]. These concentrations fittingly parallel the
detection range of strain UT93, allowing for perceptible
detection prior to extensive fungal infiltrations.

The primary application of strain UT93 is as an
indirect monitor for fungal growth in enclosed spaces,
for example, within wall cavities or heating, ventilating,
and air conditioning (HVAC) systems. We therefore
tested the ability of UT93 to function as a remote sensor
in conjunction with an integrated-circuit luminometer.
The bioreporter cells were encapsulated in an agar ma-
trix and layered onto the polydimethylsiloxane-treated
surface of the integrated circuit. Upon exposure to a
single plate of P. roqueforti, a significant bioluminescent
signal was produced within 3.5 h. The incorporation of
a frequency-hopping spread-spectrum radio provided
low-error telemetry of the BBIC measurement over a
line-of-sight distance of up to 300 m. Headspace analysis
of P. roqueforti volatile metabolites indicated low-level
(0.012-0.025 ppm) synthesis of p-cymene 2-48 h post-
transfer onto SYES media. These concentrations were at
or below the experimentally derived minimum detection
limit (0.02 ppm) of strain UT93. However, this limit was
determined using a liquid light cable/photomultiplier
tube set-up for bioluminescence measurement. The
integrated circuit lowers these detection limits because of
the near-direct interface of the bioreporter with the
integrated-circuit luminometer, thereby bypassing the
less efficient transfer of photons through a liquid light
cable. Additionally, there are likely cumulative induc-
tion events occurring in response to MVOCs besides
p-cymene. P. roqueforti, like other fungi, produces a
diverse profile of volatile metabolites whose synthesis
and concentration are highly dependent on environ-
mental factors and media compositions [16]. Maintain-
ing high bioreporter specificity under such conditions
would be difficult and was not expected. However, the
lack of significant bioluminescence in response to E. coli
indicates that strain UT93 preserves specificity for
fungal growth via sensory perception of fungal MVOCs
(inclusive of p-cymene) under the conditions evaluated
in this study.

Strain UT93 also responds to VOCs emitted from
sources such as building materials and cleaning supplies
that contribute to substandard indoor air quality. Many



potentially harmful VOCs have been detected in resi-
dential homes and office buildings [18]. We chose several
of the most common (toluene, ethylbenzene, m- and p-
xylene, acetone, and styrene) for determining potential
interfering effects on UT93 bioreporter bioluminescence
induction. At 0.05 ppm, m- and p-xylene and styrene
each were capable of inducing strain UT93 within 1.5-
2 h, but corresponding bioluminescence remained more
than two-fold lower than that for p-cymene at similar
concentration. VOC concentrations in enclosed struc-
tures would typically be found on an individual basis
only in part-per-trillion concentrations, and would be
“diluted out” by MVOCs during a biocontamination
event [18]. Therefore, under normal circumstances,
peripheral VOCs would rarely interfere with UT93 sig-
naling. Nevertheless, if the probability for elevated VOC
concentrations exists, the UT93 bioreporter could be
used in conjunction with other bioreporters capable of
monitoring desired VOCs to establish a multi-sensing
platform for MVOC detection with VOC controls (i.e.,
P. putida TVAS for BTEX compounds [4], P. fluorescens
HK44 for naphthalene [20], E. coli DPD3063 for phenol
derivatives [10], etc.). Indeed, the integrated circuit is
fabricated with a quadrated luminometer designed to
hold and individually sense multiple bioreporters, mak-
ing it ideally suited for such monitoring regimens.
Although further work is necessary to implement mul-
tiplexed bioreporter arrays, preliminary data presented
here fully indicate that fundamental bioreporter/BBIC
hybrid sensors can function as simple and effective
monitors for MVOC signatures.
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