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Abstract Under iron-limiting conditions, Pseudomonas
stutzeri KC secretes a small but as yet unidentified factor
that transforms carbon tetrachloride (CT) to CO, and non-
volatile products when activated by reduction at cell
membranes. Pseudomonas fluorescens and other cell
types activate the factor. Triparental mating was used to
generate kanamycin-resistant lux::Tn5 recombinants of
strain KC. Recombinants were streaked onto the surface
of agar medium plugs in microtiter plates and were then
screened for carbon tetrachl oride degradation by exposing
the plates to gaseous *C-carbon tetrachloride. CT* re-
combinants generated nonvolatile “C-labeled products,
but four CT- recombinants did not generate significant
nonvolatile 14C-labeled products and had lost the ability to
degrade carbon tetrachloride. When colonies of P. fluo-
rescens were grown next to colonies of CT* recombinants
and were exposed to gaseous “C-carbon tetrachloride,
14C-labeled products accumulated around the P. fluo-
rescens colonies, indicating that the factor secreted by
CT* colonies had diffused through the agar and become
activated. When P. fluorescens was grown next to CT-
colonies, little carbon tetrachloride transformation was
observed, indicating a lack of active factor. Expression of
lux reporter genes in three of the CT- mutants was regu-
lated by added iron and was induced under the same iron-
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limiting conditions that induce carbon tetrachloride trans-
formation in the wild-type.
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Introduction

Carbon tetrachloride (CT) is a suspected carcinogen that
also causes acute liver toxicity in animals (Sittig 1985).
Its production has been banned under the terms of the
amended Montreal protocol because it is an ozone-depl et-
ing agent (United Nations Environmental Programme
1994). Most denitrifying organisms that degrade carbon
tetrachloride do so slowly with the accumulation of chlo-
roform, acompound that can be even more persistent than
carbon tetrachloride (Egli et al. 1988; Semprini et al.
1992).

Pseudomonas stutzeri strain KC is an aquifer isolate
that transforms carbon tetrachloride to carbon dioxide
(Criddle et al. 1990; Lewis and Crawford 1993; Tatara et
al. 1993), formate (Dybas et a. 1995), and other non-
volatile products without the formation of chloroform
(Criddle et al. 1990; Lewis and Crawford 1993; Tatara et
al. 1993). Rapid carbon tetrachloride transformation re-
quires a small (500 Da) factor secreted by exponential-
stage strain KC cells grown under Fe3*-limiting condi-
tions, together with actively growing cells capable of re-
generating the secreted factor. The transformation occurs
only under anoxic conditions, although the factor is pro-
duced under both oxic and denitrifying conditions (Dybas
et al. 1995). Organisms that usually do not degrade carbon
tetrachloride are able to do so when the factor is provided
(Tatara et al. 1995). Of special interest are the genes re-



quired for production, secretion, and activation of the fac-
tor. To identify these genes, methods are needed for rapid
and efficient screening of large numbers of mutants.

Most of the microorganisms that degrade voldtile,
halogenated hydrocarbons produce CO, and nonvolatile
products (Jain and Criddle 1995). The nonvolatile prod-
ucts accumulate or are utilized for growth (Nielsen 1990;
Chaudhry and Chapalamadugu 1991; Fetzner and Lingens
1994; Jain and Criddle 1995). When 4C-labeled hydro-
carbons are degraded, nonvolatile “C-labeled products
are often generated (Wackett and Gibson 1983; Lewis and
Crawford 1993; Sepulveda et al. 1997). To obtain mutants
with impaired ability to degrade carbon tetrachloride, we
screened a large number of P. stutzeri KC lux::Tn5 mu-
tants for failure to produce nonvolatile “C-labeled prod-
ucts from 4C-carbon tetrachloride. Mutants were then
characterized for lux expression by assaying luciferase
under different growth conditions.

Materials and methods
Strains and plasmids

P. stutzeri strain KC (DSM 7136, ATCC 55595), isolated from an
aquifer in Seal Beach (Calif., USA) (Criddle et a. 1990), was
maintained on nutrient agar. Pseudomonas fluorescens (ATCC
13525) was obtained from the Department of Microbiology,
Michigan State University. Rifampicin-resistant (RfR) P. stutzeri
KC strains were selected in our laboratory on nutrient agar plates
containing rifampicin (100 pg/ml) from a set of spontaneous RfR
strain KC mutants. An RfR strain KC isolate was used in the tri-
parental matings described below in order to counterselect for the
Escherichia coli donor and helper strains. One RfR strain, KC137,
was selected for subsequent studies because its carbon tetrachlo-
ride degradation capability matched that of the wild-type. All
Pseudomonas strains were grown at 20-25°C with constant shak-
ing (150 rpm). E. coli DH5a containing pRL1063a, a kanamycin-
resistant (KmR) transposon delivery plasmid for aluxAB::Tn5 con-
struct (Wolk et al. 1991), and E. coli containing the KmR helper
plasmid pRK2013 (Ditta et al. 1980) were grown in Luria Broth
medium (Sambrook et al. 1989) with 35 pg Km/ml at 37°C and
with shaking at 200 rpm.

Chemicals and media

Nonradioactive carbon tetrachloride (99% pure) was purchased
from Aldrich Chemical (Milwaukee, Wis., USA). C-carbon tetra-
chloride (> 99% pure; 250 puCi, specific activity of 4.3 mCi/mmol)
purchased from NEN Dupont Research Products (Boston,
Mass., USA) was dissolved in iso-octane to a concentration of
0.136 pmol/ul (1.4 pCi/ul) and was stored at —20°C.

Precipitate-free, iron-free Simulated Groundwater Medium
(SGM) was prepared as described by Dybas et al. (1995) with
some modifications. The modified medium used haf of the
sodium hydroxide and potassium phosphate specified in the origi-
nal procedure, and Fe-free TN2 trace element solution (Criddle et
al. 1990) instead of SGM trace element solution. The medium was
prepared in acid-washed glassware, adjusted to an initial pH of 8.2,
autoclaved at 121°C for 25 min, transferred to a laboratory bench
for quiescent settling of precipitate, and decanted after 24 h. The
precipitate-free decanted medium was reautoclaved for 25 min at
121°C and cooled before use. Precipitate-free SGM contained
23 mM acetate, 19 mM nitrate, and 0.1 M phosphate as determined
using a Dionex model 2000i-SP ion-chromatography system (Sun-
nyvale, Cdlif., USA). No iron was detected using a Perkin Elmer
(Norwalk, Conn., USA) model 3110 graphite furnace atomic ab-
sorption spectroscopy system.

425

Anoxic medium D adjusted to aninitial pH of 8.0 was prepared
in acid-washed glassware as previously described (Criddle et al.
1990). Noble agar, nutrient agar, nutrient broth, and tryptic soy
broth (TSB) were obtained from Difco (Detroit, Mich., USA).

Transposon mutagenesis

Triparental matings (Simon et a. 1983) were used to mobilize
plasmid pRL1063ainto RfR P. stutzeri KC137. E. coli DH5a con-
taining the donor plasmid pRL1063a and E. coli DH5a containing
the helper plasmid pRK 2013 were grown overnight in LB medium
supplemented with 35 pg Km/ml at 37 C and with shaking at
200 rpm. These cultures were transferred to fresh LB without an-
tibiotics using a 4% (by vol.) inoculum and were then grown at the
same temperature and shaking speed for 4 h (fina cell concentra-
tion, ~10° cfu/ml). Cultures of the recipient strain KC137 were
grown under aerobic conditions for 16 h in TSB or LB containing
35 pg Rf/ml, or under denitrifying conditionsfor 2 daysin medium
D containing 35 pg Rf/ml (final cell concentration, ~10° cfu/ml).
All cultures were washed twice and then resuspended to the origi-
nal volume using sterile 0.9% NaCl solution. Mixes were prepared
by combining 100 pl of E. coli DH5a (pRL1063), 100 pl of E. coli
DH5a (pRK2013), and 500 pl of strain KC137 in sterile micro-
centrifuge tubes. Individual strains and 100 pl/100 pl pairwise
mixes were included as controls to ensure that KmR/RfR double
mutants were not present in the mating plates. Fifty microliters of
each mixture was spotted on 13-mm filters (containing pores of
0.45 um in diameter; Millipore, Bedford, Mass., USA) on nutrient
agar plates. The plates were incubated at 37°C for 10 h and then at
room temperature for 10 h. The filters were transferred to micro-
centrifuge tubes containing 1 ml of a sterile 0.9% NaCl solution,
and the bacteria grown on the filter were resuspended in the buffer.
Resuspended cells were distributed in 200-pl aliquots onto nutrient
agar plates containing 50 pg Km/ml and 50 pg Rf/ml and were
then incubated at room temperature for 3 days.

Microtiter plate assay for 14C-carbon tetrachloride degradation

Sterile microtiter plates (96 wells) were filled with 200 pl of me-
dium D (pH 8) containing 15 g Noble agar 1= and 25 pg Km/ml.
Recombinants obtained by triparental mating were streaked on the
agar surfaces of the microtiter plate wells using sterile toothpicks.
Inoculated microtiter plates were transferred to a 3.8-| steel paint
can (Freund Can Company, Chicago, Ill., USA) containing clean
glass marbles to minimize the gas volume within the can (working
vol. = 1.9 1). Air in the can was replaced by a 95% nitrogen/5%
hydrogen mixture by passing the open can through the interlock of
an anaerobic glove box (Coy Laboratories, Detroit, Mich., USA).
A sealed 12 x 32-mm glass via containing 1.4 umol (14 pCi) of
14C-carbon tetrachloride was attached to the inner wall of the con-
tainer. The septum of the vial was punctured with aneedle, releas-
ing C-carbon tetrachloride into the can, and the can was immedi-
ately sealed and removed from the glove box for incubation. Plates
inside the steel can were exposed to vapor phase C-carbon tetra-
chloride for 5 days at 20°C and then were vented overnight in a
chemica hood. Agar plugs from the microtiter plates were trans-
ferred to 10 ml of Safety-solve scintillation cocktail (RPI,
Prospect, I1l., USA) and were assayed for nonvoletile radioactivity
for 3 min with a 1500 Tri-carb liquid scintillation counter (Packard
Instrument, Downers Grove, Ill., USA).

The recombinants that did not produce significant 4C-labeled
nonvolatile products in the microtiter plate assay were analyzed by
gas chromatography (GC) to confirm loss of carbon tetrachloride
degradation capabilities. Recombinants were grown overnight in
5 ml TSB containing 35 pg Km/ml. These cultures were used as a
1% inoculum (by vol.) for 10 ml of anoxic medium D (pH 8) vials
containing 35 pg Km/ml and 350 ng of sterile carbon tetrachloride.
Cultures were incubated upside down for a week under anoxic
conditions at 20°C and with shaking at 150 rpm. The carbon tetra-
chloride remaining in the vials was assayed by GC as described by
Tatara et al. (1993).
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Table1l Resultsof the *CT Strain dpm per well in % CT degraded after 1 week
microtiter plate assay and the microtiter plate assay in gas chromatography assay®
gas chromatography assay

Noninoculated controls 82+ 152 9+ 7

Wild-type Pseudomonas stutzeri KC 2,218 + 437° 100+ O

Recombinants capable of degrading CT in both assays

KC300 1,416 100+ O

aAverage + one standard devi- ~ Recombinants with impaired ability to degrade CT in both assays
ation for seven replicates KC657 465 28+ 26
b Average + one standard devi- KC1896 511 18+ 8
ation for nine replicates KC2753 201 28+ 8
¢Average * one standard devi- KC3164 459 21413

ation for triplicates

Petri plate assay for secreted factor production

By itself, the secreted factor produced by strain KC does not reli-
ably transform carbon tetrachloride; however, reliable transforma-
tion is observed when it is combined with viable whole cells (Dy-
bas et al. 1995). Tatara (1996) has demonstrated that carbon tetra-
chloride transformation also occurs when the secreted factor is
added to crude cell membrane preparations supplemented with
NADH. Decreased transformation rates were observed when the
factor was added to crude cell membranes lacking NADH, with lit-
tle or no transformation when the secreted factor was added to cy-
toplasmic fractions. Both cell membranes and NADH were re-
quired for maximum activation. Of interest is the fact that P. fluo-
rescens and many other cell types can mediate activation of the se-
creted factor (Tatara et al. 1995). In order to determine if the CT-
mutants were impaired for secreted factor production, secretion, or
activation, CT~ mutants and cells of P. fluorescens were grown on
Petri plates containing solid medium D (pH 8). Colonies of CT-
mutants and P. fluorescens were grown on Petri platesin an alter-
nating “checkerboard” layout with each colony separated by
1.5 cm from adjacent colonies of the other organism. Petri plates
were incubated following the same protocol used for the microtiter
plates. After the incubation period, 1-cm? agar squares including
and surrounding each colony were transferred to 10 ml scintillation
cocktail and were counted by the liquid scintillation counter.

Expression of lux genes in strain KC mutants

CT- and selected CT* recombinants were grown in 5 ml TSB con-
taining 35 pg Km/ml for 24 h a 25°C and with shaking at
150 rpm. These cultures were used as 0.5% inocula (v/v) for 25-ml
cultures of TSB or Fe-free, precipitate-free SGM containing 35 g
Km/ml supplemented with O, 5, 10, or 20 pM Fe3* as FeNH,(SO,),
12H,0. Cultures were grown for 29 h at 25°C and with shaking at
150 rpm, and then were used as 0.5% inocula (v/v) for 100-ml cul-
tures containing the same antibiotic and Fe3* concentrations. Growth
of these cultures was monitored over a 48-h period by periodicaly
removing 1-ml aliquots and measuring optical density at 600 nm.

The light emission assay used to detect luciferase activity was
performed on a Berthold Lumat LB 9501 luminometer (EG& G Wal-
lac, Gaithersburg, Md., USA) by combining 5-ul culture aliquots
with 50 pl of a solution containing 20 mg bovine serum albumin/ml
and 1 pl N-decyl aldehyde/ml. Samples were vortexed for 30 s and
assayed for light emission (relative light units) for 1 min.

Results

Generation of mutants with impaired ability
to degrade carbon tetrachloride

Three thousand five hundred recombinants were obtained
from 44 independent triparental mating events. Most re-

combinants accumul ated roughly the same level of 1C-la-
beled nonvolatile products in the agar plugs as wild-type
cells (1,500-3,000 dpm). Only 38 recombinants accumu-
lated fewer than 1,000 dpm: 4 were auxotrophs that could
not grow in the defined medium used for the GC assay;
30 grew poorly in solid medium D, but grew and de-
graded carbon tetrachloride in liquid medium; and 4 were
classified as putative CT- mutants based on their growth
in liquid and solid media and on their inability to degrade
significant CT in either assay. A PCR probe specific to
strain KC was used to confirm that the putative CT- mu-
tants were strain KC cells (Dybas et a. 1998). Table 1
summarizes results for noninoculated controls, the wild-
type, one of the recombinants that retained the ability to
degrade carbon tetrachloride (strain KC300), and the four
mutants that failed to transform carbon tetrachloride in ei-
ther assay (CT- mutants). Although the CT- mutants were
only tested once in the microtiter plate assay, the results of
the GC assay provided statistically significant proof that
these mutants were impaired in carbon tetrachloride degra-
dation.

Table 2 Petri plate assay of secreted factor production by wild-
type and recombinant KC colonies grown in the presence of
Pseudomonas fluorescens and 4C- carbon tetrachloride. P. fluo-
rescens was grown alone or in an alternating checkerboard config-
uration with wild-type KC, KC300, KC657, KC1896, KC2753, or
KC3164. All colonies were separated by 1.5 cm. Radioactivity is
reported as disintegrations per minute per sguare centimeter of
agar for eight replicates

Incubation condition dpm/cm?
(avg * sd)

No-cell control 42+ 5
P. fluorescens alone 198+ 35
P. fluorescens+wild-type strain KC 1,583 + 335
P. fluorescenst+autoclaved wild-type strain KC 215+ 32
P. fluorescens+K C300 (CT*) 1,905+ 179
P. fluorescens+K C657 (CT-) 95+ 13
P. fluorescens+K C1896 (CT-) 84+ 13
P. fluorescens+K C2753 (CT-) 114+ 9
P. fluorescens+KC3164 (CT-) 102+ 14
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Fig.1 Luciferase activity, expressed as relative light units divided
by ODggo, during growth of A strain KC 300, B strain KC 657,
C strain KC 1896, and D strain KC 2753 in Simulated Groundwa-
ter Medium containing 1 [1, 5 A, 10 A, and 20 O pM Fe3*. Due
to the low values of ODgg, prior to 12 h of growth and in 0 pM
Fe3*, thisratio was only computed for samples after 12 h of growth
and for Fe3* concentrations > 0 uM. Plotted values are the average
of two independently grown cultures. Data is not shown for
strain KC 3164, which exhibited very low lux expression and no
clear pattern with increasing iron concentration (similar to strain
KC 300)
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Evidence that the CT- mutants
were impaired in secreted factor production

Table 2 summarizes the results of experiments using an
agar-based assay to detect secreted factor production.
When P. fluorescens was grown in the presence of wild-
type strain KC or strain KC lux: : Tn5 recombinants capa-
ble of degrading carbon tetrachloride (such as strain
KC300), the radioactivity that accumulated in the agar
plugs around the P. fluorescens colonies was more than
sevenfold the amount that accumulated when P. fluo-
rescens was grown alone (Table 2). When P. fluorescens
was grown in the presence of any of the putative CT- mu-
tants, the nonvolatile radioactivity was only twice that of
noninoculated controls. This indicates that the four puta-
tive CT- mutants either do not produce significant levels
of CT-degrading factor or secrete a largely inactive form
of it.

Expression of lux genesin CT- mutants

There was no significant difference between the time
course for growth of lux::Tn5 recombinants that were
impaired in carbon tetrachloride degradation (e.g., strain
KC657) and the time course for growth of strain KC300
and many other recombinants that retained carbon tetra-
chloride degradation activity. The maximum optical den-
sity was 0.8 for SGM culturesand 1.6 for TSB cultures af-
ter 20 h (data not shown). However, for al of the recom-
binants except strain KC3164, addition of Fe* resulted in
dramatically reduced luciferase activity (Fig.1). This ef-
fect was not observed with CT* recombinants such as
strain KC300 (Fig.1A). Complex media supported low
levels of lux expression in the recombinants (Fig. 2), but
defined mineral medium supported high levels of expres-
sion in three of the four CT- mutants (Fig. 1B-D). For
cells grown in SGM containing only 1 uM Fe3*, maximal
lux expression was sevenfold the level achieved by cells
grown in TSB. In contrast, the CT* recombinant strain
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Fig.2 Luciferase activity, expressed as relative light units divided
by ODgqo, during growth of strain KC 300 ¢, strain KC 657 H,
strain KC 1896 @, strain KC 2753 O, and strain KC 3164 A in
tryptic soy broth. Plotted values are the average of two indepen-
dently grown cultures
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KC300 had strong lux expression in SGM regardless of
Fe3* concentration (Fig.1A), and expression in TSB was
only 1.7-fold the level achieved during growth in SGM.

Discussion

The C-carbon tetrachloride assay was areliable and effi-
cient means of rapidly screening large numbers of recom-
binants for carbon tetrachloride degradation. GC analysis
confirmed that four mutants were impaired in carbon
tetrachl oride degradation. GC confirmation was important
because some recombinants grew poorly on agar, giving
artificially low counts. It is aso important because a mu-
tant might degrade carbon tetrachloride without generat-
ing nonvolatile products, and such a mutant would be in-
correctly classified as CT-.

An interesting result was the finding that the factor se-
creted by strain KC could diffuse through agar and still
transform carbon tetrachloride when “activated” by viable
whole cells such as colonies of P. fluorescens (Table 2).
Elevated levels of nonvolatile C-labeled products were
obtained for P. fluorescens colonies adjacent to colonies
of wild-type strains KC or KC300. Low levels of non-
volatile *C-labeled products were obtained for P. fluo-
rescens colonies adjacent to colonies of CT- mutants
(strains KC657, KC1896, KC2753, and KC 3164). This
result indicates that the mutants were defective in produc-
tion and/or secretion of the secreted factor.

The lux: : Tn5 construct on pRL1063a generates a pro-
moterless lux transcriptional fusion. Therefore, lux is ex-
pressed only when the native promoter of the interrupted
gene is activated. For three of the four CT- mutants
(strains KCB57, KC1896, and KC2753), lux expression
studies confirmed that the genes required for carbon tetra-
chloride degradation are expressed under Fe3*-limiting
conditions in the late exponential phase of growth (Fig. 1).
Mutant KC3164 did not show any significant luciferase
expression because the transposon inserted in the wrong
orientation with respect to the native promoter, as indi-
cated by subsequent DNA sequence analysis (data not
shown). The Fe3*-dependent response of the CT- transfor-
mants was not an artifact introduced by the transposon.
CT* mutant KC300 did not show significant differences
in lux expression when grown at different iron concentra-
tions (Figs. 1A, 2), presumably because the transposon in-
serted itself in a gene that is not regulated by Fe3* avail-
ability. For the putative CT- mutants, light emission was
greater for cultures grown in defined mineral medium
SGM (Fig. 1) than for cultures grown in complex medium
TSB (Fig.2). In contrast, light emission for the CT* mu-
tant KC300 was greater in complex media (Figs. 1A, 2).
Further details related to the identity of the genes inter-
rupted in the CT- strains will be provided in a separate
publication.

The conditions that induce luciferase expression in the
CT- strains correspond to conditions that induce secreted
factor production in the wild-type strain (Tatara 1996).
Expression of the lux genes was inversely correlated to

the amount of Fe3* added for CT- mutants (Fig.1). This
pattern was consistent with previous reports indicating
that Fe3* addition stimulated cell growth but reduced car-
bon tetrachloride degradation (Criddle et al. 1990; Tatara
et al. 1995).

Thisisthefirst report of mutants with impaired ability
to degrade carbon tetrachloride. Initial characterization in-
dicates that these mutants either do not produce the car-
bon-tetrachloride-degrading factor or they produce a hon-
functional form of it. The observed interaction of the se-
creted factor with other cell types and its apparent ability
to obtain reducing equivalents thereby suggest a possible
role in cell/cell communication. On the other hand, its
known regulation by ferric iron and cobalt suggests a pos-
sible role in trace metal acquisition, perhaps not unlike
that recently reported for the cytochrome secreted by
Geobacter sulfurreducens (Seeliger et al. 1998). Further
studies are under way to characterize the genes inacti-
vated by the lux: : Tn5 transposon in the strain KC mu-
tants. Sequencing and identification of the interrupted
genes is expected to provide insight into the identity and
physiological role of the carbon-tetrachloride-transform-
ing secreted factor and its mechanism of transformation.
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