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Pseudomonas putida B2: a tod-lux bioluminescent reporter for
toluene and trichloroethylene co-metabolism
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G Saylert?
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A tod-lux transcriptional fusion bioluminescent reporter strain, Pseudomonas putida B2, was developed to permit
on-line analysis of trichloroethylene (TCE) transformation by toluene dioxygenase ( todC1C2BA) in Pseudomonas
putida F1. Strain B2 was exposed to toluene in growing and resting cell bioluminescence assays. The growing

cells showed a direct correlation between bioluminescence and toluene concentration, while resting cells showed
reproducible bioluminescence with repeated toluene exposures. In addition, P. putida B2 was encapsulated in algin-
ate beads and used in a packed bed flow-through differential volume reactor. The TCE feed into the differential
volume reactor was constant at 20mg L ! and toluene was pulsed in square-wave perturbations at 10 mg L 1. The
system showed a direct correlation between the expression of the tod operon (as monitored by light output) and
the co-metabolism of TCE. Approximately 20% of the TCE and 50% of the toluene was removed at a flow rate of

0.4 ml min ~%. This approach allowed the on-line monitoring of tod gene expression and its relation to TCE
biotransformation.
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Introduction on-line monitoring of naphthalene degradation has been
The environmental fate and bioremediation potential of\évggndgggéﬂt%n;ige[gélﬂé m?veaﬁzgmitegfsyzfmigi\éecgg
trichloroethylene (TCE) have received considerable attenbolic organisms [7.10]. However IittIeX/vorIE has been done
tion due to its extensive production, use [25] and occur- 9 e '

rence as a groundwater priority pollutant of toxic and carUSing reporter strains in the co-metabolism of pollutants.

; ; . . The objective of this work is to extend the application
cinogenic concern [4,18,22,26,32]. Bacterial metabolism of o S
TCEghas been ext([ansively revievled [2]. TCE degradatio};f lux reporter technology to monitoring and optimizing the

is co-metabolic in that TCE is not used as a carbon source?-metabolic oxidation of pollutants such as TCE. For this

; : . ._“purpose thetod system contained irP. putida F1 was
but is fortuitously degraded. Due to the potential productio chosen to develop #od-lux gene fusion to monitor the

of carcinogenic vinyl chloride during anaerobic degradation . .
[13], much of the recent focus on TCE biodegradation has Pression of toluene dioxygenase.
been on aerobic, oxygenase-mediated TCE co-metabolism

[16,17]. Substantial information has been developed omaterials and methods
monooxygenase-mediated co-metabolism of TCE [17’28%

. : . train construction
with particular emphasis on the methane monooxygenas e strains and plasmids used in this study are shown in

an-?o?u\e/ﬁre'eé)ég:az);ltjig?]eo(r?cﬂ:g?/)i(ggceaqgggﬁ'c pathways conTabIe 1.Escherichia coliwas grown in Luria-Bertani (LB)
- X . hroth and on LB agar plates at ¥7. Pseudomonas putida
taining both monooxygenases and dioxygenases whic 1 was grown on yeast extract-peptone-glucose (YEPG)

have the ability to oxidize TCE [2,23,27]. The toluene . -
: - - ~~ medium consisting of 0.2 g yeast extract, 2.0 g polypep-
dioxygenaset¢dC1C2BA contained inPseudomonas put tone, 1.0 go-glucose and 0.2 g ammonium nitrate (pH 7.0)

ida F1 is also capable of transforming TCE [33]. . S
.in 1 L of distilled water at 28C.
Central to the use and further development of aerobic One-liter cultures ok. coliJM109 and HB101 harboring

gg:{;g}aabr?gco;gﬁi?éo;eungﬁdg?é'ggg'fagh;i\?:'g%é%g;gg'to(;’ ntléue appropriate plasmids were harvested and plasmid DNA
such strategy has been the development of bioluminesce as |solatgd using a mod|f|_ed alkaline lysis proc_edure [.19]'
lux gene fusions for use in on-line reporter technology e.f.plat$m|delll\lA w;sbsutéjetctedl to ?Sct; densE[jy gtrhad|er|1t
) . purification, followed by butanol extraction and ethano
[1,10]. The use ofux-reporter systems in the study of the precipitation [21]. Plasmid DNA was resuspended in TE
buffer (10 mM Tris-base, 1 mM EDTA, pH 8.0) and stored
at 4#°C until used. Restriction endonucleases and T4 DNA
Correspondence: GS Sayler, Center for Environmental Biotechnologyngase were obtained from Gibco BRL (Gaithersburg MD
10515 Research Drive, Suite 100, Knoxville, TN 37932-2567, USA - ) ’ !
‘Present address: TVA, PO Box 1010, Reservation Drive, Muscle ShoaIsUSA,) and US_Ed accordmg to manUfaCturefrs pI’OtOCO|S.
AL 35660-1010, USA Cloning techniques were performed as outlined in Sam-
Received 24 April 1996; accepted 21 August 1996 brook et al [21]. The reporter plasmid pUTK30 was gener-
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Table 1 Strains and plasmids used in this study 5

Strain Plasmid Relevant characteristic(s) Reference

E. coli IM109 pDTG514 pGem3Z with a 2.75-KbcoRI-Sma fragment from pDTG350 containing thted promoter, [14,15]
AmpR

E. coli HB101 pUCD615 PromoterledaxCDABE cassette, mobAmpR, KmR [20]

P. putidaF1 none  Contains chromosomally-encoded operon for toluene degradation [27]

P. putidaB2 pUTK30 Tod-luxreporter containing théod promoter fragment inserted upstream of the promoterless this study
luxCDABE cassette, Ampf KmR

E. coli DF1020 pRK2013 Helper plasmid, AipKm®, Tra* [3]

ated by cloning theod promoter [12,29] from pDTG514 (Ofs of 0.45-0.48). A 2.5-ml aliquot was added to 2.5 ml

[14,15] in front of thelux gene cassette of pUCD615 [20]. mineral salts medium (MSM) containing 0—-50 mg' tolu-

This was accomplished by directionally cloning a 2.75-kb  ene or 10p1@d JP4 jet fuel-saturated MSM. The con-

EcdaRI-Xbd fragment from pDTG514 into akcdR|-Xba centration of toluene in water saturated with JP4 jet fuel is

digest of pUCD615 (Figure 1). Transformations were per-  approximately 8 th{p4]. Bioluminescence was meas-

formed using subcloning efficiency competent cells (Gibcoured every 30 min [7].

BRL, Gaithersburg, MD, USA) according to the manufac- Cells for resting cell assays were grown on MSM sup-

turer's protocol. Transformants were selected on LB plateplemented with 2.7 g t* succinate. A culture oP. putida

containing 50ug mi* kanamycin. Plasmid minipreps of B2 was harvested at ap,O&f approximately 0.8. The

transformants were performed as described by Holmes ancklls were centrifuged at 15000g for 10 min, and resus-

Quigley [9] and cleaved witiBanHI to confirm insertion pended in MSM to Q[ of 0.6. Four milliliters of culture

of the tod fragment. The resultanE. coli strain, JBF-7 were added to each of six 26-ml vials with Mininert valves

harbored the reporter plasmid pUTK30. (Dynatech, Chantilly, VA, USA) with stir bars. One vial
Triparental matings were carried out using a modifiedwas used for multiple toluene exposures, while the remain-

version of the filter technique. Pure cultures of donor (JBF-  der were used for single exposures. The vials were magneti-

7, pUTK30), helper (DF1020, pRK2013 [3]), and recipient cally stirred in a light-tight sampling cell. Toluene-saturated

(F1) were grown to an optical density at 546 nm QP MSM and MSM alone were added to yield an QPof

of approximately 1.0 in LB broth with appropriate anti- 0.47, and 10 mg t* toluene was injected six times over a

biotics. Cells were harvested by centrifugation at 98@) 130-h period for the multiple-exposure vial. At the same

for 10 min. The pellets were suspended and washed threime points, a single-exposure vial was injected with

times in 100 ml 50 mM KHPQ, (pH 7.0), and suspended 10 mgtltoluene. The light response was recorded every

in 50 ml 50 mM KH,PQ,. 3 min with a photomultiplier connected to a data acquisition
The three strains were mixed using a ratio of 2:1:1 computer [10].

(donor/helper/recipient). The cell suspension was filtered

through a Teflon membrane (47 mm, 0j2& pore size) Immobilized cell reactor system

and the filter was placed on a LB plate. After overnightP. putida B2 was encapsulated in alginate beads for the

incubation at 28C, the filter was removed and washed in immobilized cell reactor system. Cells were grown in 1L

1.5ml 50 mM KHPO, Serial dilutions were performed LB to an ODy,s0f 1.2 and were centrifuged at 558Q) for

and dilutions were plated onfdseudomonalsolation Agar 10 min, washed three times in 0.9% NaCl and suspended in

plates (Difco, Detroit, MI, USA). After 48 h incubation, 40 ml 0.9% NaCl. The cell suspension was added to 80 ml

toluene vapor was introduced and colonies which produced  of an alginic acid solution (2®&wlviscosity alginate,

light were selected for further characterization. One of five0.9% NacCl) [31]. The cell-alginate suspension was placed

kanamycin-resistant strains which emitted light in response in a 60-ml syringe, forced through a 25-gauge needle, and

to toluene vaporP. putidaB2, was chosen for use in the allowed to drop into a 0.5 M Cagkolution. The alginate

remaining experiments. was cross-linked by thé*Gans, thus encapsulating the
cells. The cells were subsequently placed in a fresh solution
Bioluminescence analysis of 0.1 M CaC} and allowed to sit for 30 min prior to use.
In the batch and reactor studies, bioluminescence was mea- A differential volume reactor (DVR) was used to simu-
sured using a photomultiplier, which converts the light tolate a section of an ideal plug flow reactor. Influent to the
an electric current. The photomultiplier in the resting cell reactor was dispersed through a porous metal frit to provide
assays and the reactor system was connected to a compugefflat velocity profile to the bed. The reactor measured
and bioluminescence as namps current was recorded. 5.0 cm5.0.cm long. A complete description of this
reactor can be found in Webét al [30]. In this investi-
Batch experiments gation, a system was designed incorporating the DVR as
Assays of growing cells were conducted as described by illustrated in Figure 2. The system was equipped with three

Heitzeret al [7]. An overnight culture from a frozen stock Millipore (Bedford, MA, USA) stainless steel substrate

of P. putidaB2 was prepared in a 250-m| Erlenmeyer flask ~ containers rated to 690 kPa. The feed from the substrate
containing 100 ml LB and 5@.g mi™ kanamycin. A sub- vessels to the reactor inlet was controlled by two Gilson
culture was prepared and cells were used in mid-log phase  (Middleton, WI, USA) 301 HPLC pumps. A flow rate of
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Figure 1 Construction of theod-lux reporter plasmid pUTK30. The 2.75-

tod promoter
fragment

direction of
transcription

promoterless lux
gene cassette

Sc

lEcoRI-Xba fragment from pDTG514 [14,15] was cloned in front of the

promoterlessux gene cassette in pUCD615 [20]. Abbreviations:BanHI; Bg, Bglll; E, EcoRl; H, Hindlll; K, Kpnl; Ps, Pst; Pv, Pvdl; Sc, Sad; S,

Sal; Sm, Smd; X, Xbdl.

0.4 ml mirt* was maintained. The substrate vessels were

pressurized with oxygen to provide the system with an elec

toluene. The inlet concentration of toluene was altered by
tsing square-wave perturbations with 20-h cycles (10 h

tron acceptor. All medium vessels contained trace minerapith toluene, 10 h without toluene) using an HPLC pump

medium [11] with the addition of 3 mg® pyruvic acid

controlled by a timer. During feed portions of the cycle,

and a 0.1 M solution of Tris-base (pH 7.0). Phosphate buf10 mg L-* toluene was introduced into the inlet of the reac-

fers were not used since phosphate ions complex with Ca
ions and disrupt the alginate crosslinking. In addition to

tor. The inlet TCE concentration was constant at 20 mg L

this medium, two of the vessels contained either TCE or
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Figure 2 Diagram of the on-line DVR system used to monitor the co-metabolism of TCE.

. Toluene (mg/L)
TCE and toluene analysis 0 10 20 30 40 50 60

Analysis of TCE in the reactor effluent was performed on- 5 . | . . '
line using a stripping column (12.5 cm length and 0.4 cm
inner diameter) packed with 3-mm glass beads to provide 100 |
adequate surface area for TCE separation. TCE waz
stripped with helium, the GC carrier gas. The stripping col-
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lett Packard (Wilmington, DE, USA) (HP) 5890 Series II)
with an electron capture detector by a heated sample lin.
maintained at 78C. Automatic injections (2ml) were
made by a computerized control process (HP Chem Statiox
software). The GC was equipped with a cross-linked methy 291
silicone capillary column (length 30 m, i.d. 0.2 mm, 0.33-
um film thickness) while the oven was operated iso-
thermally at 60C. Other operating parameters included an
injection temperature of 18C, detector temperature of
200°C and a split ratio of 10 : 1. This system was equippedFigure 3 Bioluminescent response to varying concentrations of toluene
with a bypass line around the reactor in order to calibratd®) and JP4 jet fuel, expressed as mg koluene (&) in growing cell
the stripping column. assays after a 1.5-h exposure.

Toluene samples were removed at 0.5-ml aliquots from
the effluent sampling port (Figure 2) and injected into  water-soluble jet fuel components (Figure 3) uAjet0
1.5 ml sample vials. Headspace analysis was performefliel-saturated MSM added (approximately 0.02 m§ L
using a Shimadzu (Columbia, MD, USA) GC-9A gas chro-  toluene), the light response was 16 namp, whilesat 100
matograph equipped with a 2.44-m, 3.2-mm diameter Poroadded (approximately 0.2 mgi toluene), the response
pak N packed column and a flame ionization detector. The increased to 31 namp. The bioluminescence response for
isothermal temperature of the oven was Z10and both the 0.1 mg L? toluene equivalent of jet fuel was about 10
the detector and injector temperatures were°220 times that for 0.1 mg1t® toluene, so other components
beside toluene appear to have affected bioluminescence.

In resting cell assays, the bioluminescent response to sin-
gle exposures of toluene was rapid and reproducible
Batch experiments (Figure 4). The initial injection to the multiple exposure
Assays of growing cells showed an increasing biolumines-  vial showed the same characteristic light response as each
cent response with increasing concentrations of toluene, ugingle exposure vial. However, there was a slower response
to 10 mg L* toluene, after 90 min exposure (Figure 3). The (the rate of increase in bioluminescehagydn initial
relationship was linear over this range. The bioluminescenexposure to toluene compared with the response of cells
response varied from 2.4 namp at 0.1 mg ltoluene to previously exposed to toluene. In addition, the response rate
approximately 90 namp for 10, 20 and 50 mg koluene. increased with each exposure to toluene (Table 2). How-
There was not a significant bioluminescent response for 0  ever, the maximum bioluminescent response for both the
and 0.01 mg ! toluene (data not shown). Similarly, the single and multiple exposures was the same at
light response increased with increasing concentration of  5[/37 namp.

60 +

minescen
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Jet Fuel (Toluene mg/L)

Results
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1000

reactor to the change in inlet toluene concentration and
removal of TCE. The data show a direct response of bio-
luminescence with respect to toluene concentration. During
0 the cycle, light emission increased by 16.2.2 namp ht.

2 8 The toluene effluent concentration approached zero after
3

800

600
the toluene feed was stopped, and the light response in the
reactor decreased at a rate of 3.8.8 namp ht. A direct
correlation between bioluminescence and TCE degradation
was observed. The maximum light response was
43.4+ 6.8 namp. The steady-state TCE effluent concen-
tration when toluene was being introduced into the system
was 16.5 0.2 mg Lt (20% removal), while the effluent
toluene concentration was 5:8.1 mg L* (50% removal).

Time (h) This represents a ratio of 1gmol toluene degraded
Figure 4 Bioluminescent response to multiple and single exposures ofumol™ TCE degraded. While results from the different
10 mg L toluene by resting cells d®. putidaB2 in batch studies. Sym- assay types showed similar response to toluene, the magni-
bols: [ multiple exposure/ single exposure. tude of bioluminescence cannot be compared due to several
differences between experimental conditions (ie sample

Table 2 Bioluminescent response rate (namp)Hior multiple and single agitation, cell physiology, |ight monitoring).
exposures of 10 mgt toluené
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Time point Multiple exposure vial Single exposure vials Discussion

1 95 ND Assays of growing cells demonstrated not only a quali_tati_ve

> 321 137 bioluminescent response to toluene, but a quantitative
3 642 67 response as well. There was a linear relationship between
4 768 60 bioluminescence and toluene concentration between 0 and
g g% 28 10 mg L't in assays of growing cells. In addition, the bio-

luminescent response was proportional to dilutions of a
aResponse rate is defined as rate of bioluminescence increase with tim?aOmplex enwronmgntally re'e"a'."t Co.mammant’ Jet fuel.

bA single vial, with multiple additions of toluene. However, the magnitude of the bioluminescent response to
°A new vial, previously unexposed to toluene, injected with toluene atjet fuel was higher than would be expected if the response

each time paint. was due solely to the toluene in the jet fuel. Work with

ND, not done. another bioluminescent strain has recently shown there is
a significant bioluminescent response to solvents [8]. It was

Immobilized cell reactor system demonstrated that cells were limited for the aldehyde sub-

The DVR system loaded with alginate-encapsul&®eg@ut-  strate of the luciferase reaction. It was hypothesized that
ida B2 was used to determine the light response and TClsolvents perturb the cellular membrane, causing intracellu-
co-metabolism oP. putidaB2 when exposed to toluene in |ar concentrations of fatty acids to increase. Since fatty
immobilized systems. Experimental results showed a rapidcids are reduced to the corresponding aldehydes by the
bioluminescent response upon the introduction of toluenelux enzymes, increased amounts would negate the aldehyde
Figure 5 shows light response of the reporter strain in theimitation, causing higher bioluminescence. This solvent
effect might explain the observed difference in magnitude
of bioluminescence between pure toluene and toluene in a
solvent matrix in assays of growing cells.
| 80 Typically, in the environment, cells would not be in mid-
log phase of growth. Therefore, we examined the biolumi-
nescent properties under resting cell conditions as well.
Even in cells with toluene as an intermittent sole carbon
source, the bioluminescent response was reproducible for
at least 5 days. A more rapid bioluminescent response was
observed for cells previously exposed to toluene, but the
maximum bioluminescence remained constant.
20 Immobilized P. putidaB2 allowed on-line monitoring of

\\\ degradative activity towards toluene and TCE in a DVR.
0 . The system showed a direct correlation between toluene

o 5 10 15 20 25 30 35 40 degradation and bioluminescence. Becausdutkandtod
Time (h) operons are under the same promoter control, biolumin-

Figure 5 Bioluminescence and co-metabolism of TCE RyputidaB2 escence indicated tha-t thed operon was expressed, apd
in response to square wave perturbations of 10 migtbluene in 20-h TCE Wé}s .co-metab_ollzed. Theref.ore’ Fhere was a direct
cycles. Symbolse bioluminescencea TCE in effluent,m toluene in ~ Mechanistic correlation between bioluminescence and TCE
effluent, ---- TCE in feed— toluene in feed. co-metabolism. In this study, TCE did not appear to induce

25 100
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Y
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the tod operon inP. putida B2 as was reported for another 11 Lackey LW, TJ Phelps, PR Bienkowski and DC White. 1993. Biodeg-

P.

putidastrain [5]. Figure 5 shows that in the absence of

toluene, TCE influent and effluent concentrations were,,
equivalent and there was no bioluminescence increase.

Exposure to TCE and/or its metabolites may be toxic

radation of chlorinated aliphatic hydrocarbon mixtures in a single-pass
packed-bed reactor. Appl Biochem Biotech 39/40: 701-713.

Lau PCK, H Bergeron, D Labbe, Y Wang, R Brousseau and DT Gib-
son. 1994. Sequence and expression ofttliksIH genes involved in

the last three steps of toluene degradatiorPsgudomonas putidal.

and may affect degradative enzyme activity. However, the Gene 146: 7-13.

intensity of bioluminescence was reproducible in successt

3

ive perturbations of toluene even in the presence of TCE,
(Figure 5). These data showed tod-luxreporter provided
an on-line measurement ¢dd gene expression, and also

provided an indication of potential toxic effects due to con-
tinuous TCE exposure. At 20 mgLTCE, there did not

15

Maltoni C and G Lefemine. 1974. Carcinogenicity bioassays of vinyl
chloride. I. Research plan and early results. Environ Res 7: 387-396.
Menn FM. 1991. Studies on 3-methylcatechol 2,3-dioxygenase and 2-
hydroxy-6-oxohepta-2,4-dienote hydrolase: key enzymes in the degra-
dation of toluene byPseudomonas putidél. PhD Dissertation, Uni-
versity of lowa, lowa City, IA.

Menn FM, GJ Zylstra and DT Gibson. 1991. Location and sequence
of the todF gene encoding 2-hydroxy-6-oxohepta-2,4-dienote hydro-

appear to be any toxic effects. These studies demonstrated |ase inPseudomonas putidel. Gene 104: 91-94.

that there is a distinct and reproducible response to toluengs Nelson MJK, SO Montgomery and PH Pritchard. 1988. Trichloroethy-
under a variety of physiological conditions (growing and
resting free cells and immobilized cells). This is the first

step in developing this bioreporter technology. o
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