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CrO42- resistance in Pseudomonas fluorescens LB300(pLHB1) was related to reduced uptake of CrO42-
relative to the plasmidless strain LB303. SlCrO4>- was transported mainly via the S042 active transport
system; thus, cells grown with 0.15 mM cysteine, a repressor of the S042- transport system, were much more
resistant to CrO42- than those grown with 0.15 mM djenkolic acid, which derepressed the 35So42- uptake
system. Kinetics of 51CrO42- uptake by P. fluorescens with and without the plasmid showed that the Vmax for
SlCrO42- uptake with the resistant strain was 2.2 times less than the Vmax for the sensitive strain, whereas the
Km remained constant.

Bacterial resistance to CrO42- has been found in several
Pseudomonas strains (1, 3, 5, 14). Horitsu et al. (3) studied
a CrO42--tolerant Pseudomonas ambiguia strain obtained
from activated sludge and isolated CrO42--sensitive deriva-
tives to study the mechanism of CrO42- tolerance. Bopp et
al. (1) isolated a CrO42-_resistant Pseudomonas fluorescens
strain from CrO42-_contaminated river sediment. CrO42-
resistance in P.fluorescens was plasmid specified and loss of
the plasmid (pLHB1) resulted in a simultaneous loss of
CrO42- resistance. Another plasmid conferring resistance to
CrO42- was found in an antibiotic-resistant Pseudomonas
aeruginosa isolate from the sputum of a hospital patient (14).
The biochemical and physiological mechanisms for resist-

ance to CrO42- are unclear. Horitsu et al. (3) showed that a
CrO42-_sensitive derivative of the CrO42-_resistant P.
ambigua strain accumulated six times more CrO41 than did
the resistant parental strain. Their studies involved atomic
absorption measurements of chromium accumulated over
periods of hours. The kinetic properties of CrO42- transport
were not studied. Enzymatic reduction of hexavalent Cr(VI)
to trivalent Cr(III) has been shown in Pseudomonas strains
(3, 4). Since Cr(III) is less toxic than Cr(VI) (8), the
reduction of CrO42- may lead to the detoxification of
CrO4.2- However, it is unclear whether the reduction of
CrO42- is the mechanism of plasmid-governed resistance to
CrO4>.
The purpose of this paper is to determine the basic

properties of the CrO42- transport system(s) in P.
fluorescens and to show whether reduced uptake of CrO42-
is responsible for CrO42- resistance in plasmid-carrying
bacteria.

P. fluiorescens LB300(pLHB1) (CrO42- resistant) and the
plasmidless CrO42-_sensitive variant, LB303, were gifts
from L. H. Bopp (1) (General Electric Research and Devel-
opment Center, Schenectady, N.Y.). Cells were grown in a
minimal medium (modified from one described by Durham
and Phibbs [2]) containing 15 mM Na2HPO4, 12.5 mM
KH2PO4, 7.6 mM NH4Cl, 0.8 mM MgCl2, 20 ,uM FeCl3, and
20 mM glucose (autoclaved separately). This medium was
supplemented with 0.15 mM S04 , cysteine, or djenkolic
acid as a sole sulfur source. Cultures were grown with
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aeration at 30°C. Turbidity measurements were done with a
Klett-Summerson colorimeter (equipped with a no. 54 Wrat-
ten filter [Eastman Kodak Co., Rochester, N.Y.]).

Mid-log-phase cells for transport assays were harvested
by centrifugation at 6,000 x g for 10 min at 4°C and washed
once with S042--free minimal medium. The transport assays
were with 1.0 mg (dry weight) of cells in 1 ml of minimal
medium that contained various concentrations of Na25tCrO4
or Na235SO4. Samples (0.1 ml) were filtered (filter pore size,
0.45 p.m; Nucleopore Corp., Pleasonton, Calif.; mixed cel-
lulose esters) and rinsed twice with 5-ml volumes of nonra-
dioactive uptake solution. Kinetic parameters were deter-
mined from the linear uptake phase, generally from 15 s to 5
min at 30°C. Measurements of 5 CrO42- efflux from
preloaded cells were carried out at 30°C by the procedures of
Silver and Keach (12). [35S]sulfate was obtained from New
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FIG. 1. Resistance to chromate in P. fluiorescens strains. (A)

Strain LB303 (sensitive); (B) strain LB300(pLHB1) (resistant).
Growth was determined by turbidity after 22 h at 30'C in minimal
medium with 0.15 mM djenkolic acid (0); 0.15 mM (0) or 0.75 mM
(IL) SO4>2-; or 0.15 mM cysteine (A).

3853



3854 NOTES

400 1 0
E
C ~~~~~~~~~E

LU C

0 LU £

Ct'O2-(a-

200-~~~~~~~~~a(520 o 50-
U.)cn~~~~~~~~ A

0 2 0 2 4
TIME (min)

FIG. 2. Uptake of (A) 35521adB CrO42 by chromate-resistant and -sensitive P. fluorescens at 300C. Sensitive cells were assayed
at 1 p.M S042 or Cr042 (0) or 5 p.M S042 or CrO42 (A); resistant cells were assayed at 1 p.M S042- or CrO42 (0) or 5 p.M S042 or
CrO42 (A).

England Nuclear Corp., Boston, Mass., and [51Cr]chromate
was obtained from ICN Pharmaceuticals Inc., Irvine, Calif.
All samples were counted in a liquid scintillation spectrom-
eter.
The effect of CrO42- on the growth of sensitive and

resistant P. fluorescens strains was tested (Fig. 1). The
plasmidless strain P. fluorescens LB303 did not grow in the
presence of 0.1 mM CrO421 in minimal medium with 0.75
mM SO42-, while strain LB300(pLHB1) could grow in
medium with above 0.8 mM CrO42t. The addition of high
SQ42- significantly increased the growth of both P.
fluorescens strains in the presence of CrO42- and the ratio of
resistance between plasmid-containing and plasmid-free
cells (data not shown).
The level of CrO4>2 resistance in P. fluorescens depended

on the sulfur source in minimal medium (Fig. 1). Djenkolic
acid-grown cells were most sensitive to CrO42- toxicity in
the presence of the plasmid pLHB1. Cells growing with
cysteine were much more resistant to CrO42- than cells
growing on djenkolic acid or S042. Similar results were

obtained for the degree of CrO4t- resistance with various
sulfur sources in P. aeruginosa with and without chromate
resistance plasmids (data not shown).
There was a clear difference in 51CrO42- uptake between

P. fluorescens LB300(pLHBl) and LB303 (Fig. 2). While
both the sensitive and the CrO42--resistant strains took up
about the same amount of 35QS42- (Fig. 2A), the sensitive
cells took up about 2.2 times more `1CrO42- than did the
resistant cells (Fig. 2B).

Kinetics of 35SQ42- and 51CrO42- accumulation by P.
fluorescens in minimal medium followed the Michaelis-
Menten kinetics (Fig. 3). From a series of such experiments,
it appeared that CrO42- and S042- were competitive inhib-
itors of each other's transport. Kinetic parameters for
35So42- uptake were similar for sensitive and resistant
strains (Table 1). The Vmax for 51CrO42- uptake with the
resistant P. fluorescens LB300(pLHB1) was 2.2 times less
than the Vmax for the sensitive strain LB303. The Km for
51CrO42- transport by the P. fluorescens strains was similar
to the Ki for CrO42- as an inhibitor of 35sQ42- uptake.
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FIG. 3. Kinetics of 350S42- and 51CrO42- transport in P. fluorescens. (A) 35S042- or (B) 51CrO42- uptake with sensitive (,A) or resistant
(0,A) cells at 30°C without added chromate or sulfate (0,O) or with 20 ,uM CrO42- (A,A [panel A]) or 100 ,uM S042- (A,A [panel B]). Cells
were grown into log phase with 0.15 mM SO4t.
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TABLE 1. Kinetic parameters for sulfate and chromate transport by Pseudomonas fluorescens
Mean value + SD (no. of expts) at 30°C for strain':

Type of transport and parameter
LB303 LB300(pLHBl)

Sulfate transport
Vmax (p.mol of S042- min-' g- ) 0.84 ± 0.11 (3) 0.91 ± 0.06 (4)
Km (,uM S042-) 6.4 ± 0.5 (3) 6.5 ± 1.2 (4)
Ki (,uM CrO42-) 12.7 ± 1.4 (3) 14.1 ± 5.3 (4)

Chromate transport
Vmax (pmol of CrO42- min-1 g-') 0.17 ± 0.02 (4) 0.076 ± 0.014 (4)
Km (,uM CrO42-) 19 ± 10 (4) 18 ± 7 (4)
Ki (A.M S042-) 302 ± 183 (4) 137 ± 73 (3)

" Cells were grown in minimal medium with 0.15 mM So42-. LB303, Sensitive strain; LB300(pLHB1), resistant strain.

However, the Km for 35S042 transport was clearly less than
from the Ki for S042- as an inhibitor of 51CrO42- uptake.
Furthermore, the Ki for S042- inhibiting chromate transport
was 2.2 times greater in the resistant than in the sensitive
cells.
CrO42- resistance in P. fluorescens was related to reduced

uptake of 51CrO42-. Bopp and Ehrlich (manuscript in prep-
aration) also concluded that reduced uptake was responsible
for the chromate resistance of P. fluorescens LB300
(pLHB1). Kinetics of 51CrO42- uptake by P. fluorescens
strains showed that the Vmax for 51CrO42- uptake with the
resistant strain was 2.2 times less than the Vmax for the
sensitive strain. 51CrO42- was mainly (but apparently not
exclusively) accumulated by the S042- active transport
system in P. fluorescens. The ability of S042- to protect
growing cells from the inhibitory effects of CrO42- (Fig. 1)
suggests a direct competition between S042- and CrO42- for
the same transport carrier. 3S042 and 51CrO42 uptake
followed Michaelis-Menten kinetics (Fig. 3), and
Lineweaver-Burk plots showed that S042- and CrO42- were
competitive inhibitors of 51CrO42- and 35S042- uptake, re-
spectively. However, the Ki for S042- as an inhibitor of
51CrO42- uptake was much larger than the Km for 35S042-
uptake (in both sensitive and resistant P. fluorescens strains;
Table 1). These results suggest that 51CrO42- was trans-
ported partially via a second transport system without in-
volvement of the S042- carrier.
Microorganisms take up normal nutrient cations and an-

ions via specific, energy-dependent transport systems (10).
Toxic ions are generally thought to enter cells by the same
transport system as used for structurally related nutrient
ions (11, 13, 15).Since CrO42- is toxic for Pseudomonas
strains, one does not expect these bacterial strains to have
developed a transport system specific for CrO42-. It is still
unclear which additional transport systems might be respon-
sible for 51CrO42- transport without involvement of S042-
carriers.
We do not know the molecular basis of the reduced uptake

of 51CrO42- in the resistant strain. Accumulation of toxic
ions may be impaired either by modification of specific
carriers (11) or by possession of efflux systems (6, 12, 16).
To determine whether a CrO42- efflux system is operative

in the resistant cells, the release of 51CrO42- from preloaded
cells was tested. Although 5CrO42- was released to some
extent from preloaded cells, there was no relationship be-
tween the rate or extent of 51CrO42- release and the presence
of a CrO42- resistance plasmid (data not shown). Resistant
cells took up significant amounts of 51CrO42- within the short
period of time (Fig. 2). In this respect, 51CrO4> transport by
CrO42-_resistant P. fluorescens seems to differ from the lack

of net '09Cd2+ and 74AsO4>- accumulation by resistant
strains (13, 15).

Chromate-resistant chromosomal mutants were isolated in
Salmonella typhimurium (7). These mutants were defective
in S042- transport, and most mapped to a single chromo-
somal locus. This locus was different (7) from that determin-
ing the sulfate-binding protein, the periplasmic protein in-
volved in S042- transport (9). The Pseudomonas S042- and
CrO42- transport system was derepressed by growth on
djenkolic acid and repressed by growth on cysteine, simi-
larly to S. typhimurium (7). However, we do not know
whether a periplasmic binding protein is involved in the
Pseudomonas system or how the plasmid resistance deter-
minant interacts with the chromosomally determined So42-
and CrO42- transport system.
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