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Retention of paraquat by Escherichia coli B was greatest after exposure at pH 9.0 and was progressively less
after exposure at pH 7.0 and 5.0, respectively. This retained paraquat was capable of persistent growth
inhibition. Uptake and retention of paraquat by E. coli B was dependent upon a carbon source, such as glucose.
Under comparable conditions E. coli K-12 did not retain paraquat. The lethality of paraquat was seen in TSY
medium but not in VB medium. The addition of Soytone, tryptone, or yeast extract, to the VB medium allowed
the lethality of paraquat to be seen. A variety of chelating agents, including EDTA, 8-hydroxyquinoline, and
o-phenanthroline, prevented the lethal effect of paraquat in TSY medium. Although EDTA protected against
the lethality of paraquat, it did not protect against its bacteriostatic effect.

The toxic effects of paraquat are dependent upon cycles of
intracellular reduction and autoxidation with concomitant
production of 02- and, secondarily, of H202. As expected
for such a mechanism, both dioxygen and a source of
electrons are required for expression of the deleterious
effects of this viologen (3, 6, 16). Moreover, aerobic expo-
sure to paraquat elicits increased biosynthesis of the man-

ganese-containing superoxide dismutase, which acts to di-
minish the toxic effects of paraquat (5, 6).

This clear understanding of the mechanism of action of
paraquat was obscured by the finding that paraquat was

bacteriostatic but not bacteriocidal (1). While attempting to
explore the basis of this apparent contradiction, we learned
that salts inhibit the uptake of paraquat (9) and, moreover,

that there are striking differences in the retention of paraquat
by different strains of Escherichia coli (10). Thus, E. coli B
retains paraquat during dilution and plating, whereas E. coli
K does not. Since the lethal effect of paraquat takes several
hours to be expressed at 37°C, relatively brief exposure leads
to apparent lethality in the case of the B strain but has no

effect on the K strain (10). The B strain was actually killed by
paraquat, not in the exposure medium but on the TSY agar
plates; whereas the K strain, having lost its paraquat during
dilution and plating, grew into colonies.
Awareness of these previously unsuspected complexities

in the interaction of E. coli with paraquat led us to examine
the effects of several variables on the uptake and toxicity of
paraquat. We now report on the large effects of pH, glucose,
and chelating agents.

MATERIALS AND METHODS

Media. TSY medium contained 30 g of tryptic soy broth,
2.5 g of glucose, and 5 g of yeast extract (all from Difco
Laboratories) per liter, adjusted to pH 7.0 with HCl. Petri
plates were prepared with TSY medium solidified with
1.5% Bacto-Agar (Difco). VB salts contained 0.8 mM
MgSO4, 9.5 mM citric acid, 44 mM K2HPO4, and 17 mM
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Na(NH4)HPO4 at pH 7.0. VB medium was VB salts plus
0.5% glucose and 1 ,ug of vitamin B12 per ml.

Strains and manipulations. E. coli B (ATCC 29682) and E.
coli K-12 (ATCC 23716) were cultured for 13 to 16 h at 37°C
in VB medium aerated at 200 rpm. These overnight cultures
were diluted to 1 x 107 to 3 x 107 CFU/ml in the specified
exposure medium; after incubation in Delong flasks at 200
rpm in air at 37°C, with a flask volume/medium volume ratio
of 10:1, under the specified conditions, the cell suspension
was diluted by a factor of 104 to 105 with VB salts at 25°C and
plated onto TSY-agar plates. Enumeration of colonies was

performed after 12 to 18 h at 37°C. Plates were incubated
either aerobically or in a Coy chamber in an atmosphere of
85% N2, 10% H2, and 5% Co2.

Effects of paraquat. The effects of prior exposure to
paraquat on subsequent behavior were explored as follows.

(i) Growth effects. Overnight cultures in VB medium were

centrifuged at 4°C, suspended in 0.2 volume of 25 mM
phosphate buffer at pH 7.0 and 25°C, and then diluted into
the specified exposure medium with or without 10 ,uM
paraquat at 37°C in air at 200 rpm. After 30 min of exposure
the cells were collected by centrifugation in the cold, washed
by suspension and centrifugation in the same medium lack-
ing paraquat and glucose, and then suspended in VB medium
containing 1 ,ug of thiamine per ml to an A6. of 0.08 to 0.12.
These cell suspensions were then incubated at 37°C in
Delong flasks shaken in air at 200 rpm, and the A6. was

monitored.
(ii) Measurement of uptake of paraquat. 14C-labeled para-

quat with a specific radioactivity of 10 mCi/mmol was

obtained from Sigma Chemical Co., and its radiochemical
purity was confirmed by thin-layer chromatography. Sam-
ples (0.5 ml) of mid-log-phase cultures of E. coli in TSY
medium were sedimented for 2 min in a Fisher microfuge.
The cell pellet was suspended in 0.5 ml of the specified
solutions containing 10 ,uM 14C-labeled paraquat (0.1 ,uCi/
ml), followed by aerobic incubation at 37°C. At intervals the
cells were collected by centrifugation for 2 min and washed
once by suspension in 25 mM neutral sodium phosphate
buffer, followed by centrifugation. These washed cells were

suspended in 0.4 ml of water and then mixed with 4.5 ml of
Aquasol, and the level of retained 14C was estimated by
scintillation counting.
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FIG. 1. Effects of pH on the retention of paraquat by E. coli B.

E. coli B was incubated with 10 ,uM "4C-labeled paraquat in 25 mM
potassium phosphate-0.5% glucose at pH 9.0 (curve 1), 7.0 (curve
2), or 5.0 (curve 3). At intervals samples were removed; after
washing, the level of retained paraquat was measured by scintilla-
tion counting as described in Materials and Methods.

RESULTS

Effects of pH on uptake and retention of paraquat. As the
pH was raised from 5 to 7 to 9, E. coli B took up and retained
progressively greater amounts of paraquat. Figure 1 presents
the results of exposing E. coli B to 10 ,uM "4C-labeled
paraquat plus 0.5% glucose in 25 mM phosphate buffers at
pH of 5, 7, or 9 for different times at 37°C. These data
represent paraquat retained by the cells after washing. Since
saturation behavior was evident, they reflect an effect of pH
upon the capacity for retention of paraquat within E. coli B,
rather than an effect upon an initial rate of paraquat uptake.

Since E. coli B has previously been shown to retain
paraquat for long periods of time (10), it appeared possible to
demonstrate the effect of pH on paraquat retention in terms
of growth inhibition after exposure and washing (Fig. 2).
Thus E. coli B was incubated for 30 min at 37°C in 0.5%
glucose-10 p.M paraquat-25 mM phosphate buffer at pH 5, 7,
or 9. The cells were then washed and suspended in VB
medium containing 1 ,ug of thiamine per ml, and aerobic
growth was monitored at 37°C. Growth was most severely
inhibited in cells that had been loaded with paraquat at pH
9.0 and was least affected by prior loading with the viologen
at pH 5.0 (Fig. 2). Prior incubation at pH 9.0 in the absence
of paraquat did not prevent subsequent growth (Fig. 2, curve
1). Prior loading with paraquat at pH 9.0 was more inhibitory
of subsequent growth than was prior loading at pH 7.0,
which, in turn, caused more inhibition than did loading at pH
5.0 (Fig. 2, curves 2 through 4). Figure 2, curve 5, demon-
strates the inhibitory effect of S ,uM paraquat upon cells not
previously exposed to this viologen.

E. coli K-12 was previously shown not to retain paraquat
(10). That being the case, prior exposure of the K-12 strain to
paraquat at pH 5, 7, or 9 should have little effect upon
subsequent growth in paraquat-free VB medium. This ex-
pectation was fulfilled (Fig. 3); 5 ,uM paraquat in the medium
caused greater inhibition of growth of E. coli B than of E.
coli K-12 (compare curves 5 in Fig. 2 and 3). This growth
inhibition exhibited a lag in the B strain (Fig. 2) but not in the
K-12 strain (Fig. 3). This difference probably reflects gradual
accumulation of paraquat within E. coli B because of its
ability to retain this compound.
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FIG. 2. Effects of retained paraquat on the growth of E. coli B.
E. coli B was incubated for 30 min in 25 mM potassium phosphate at
pH 5.0, 7.0, or 9.0, with or without 5 or 10 ,uM paraquat. The cells
were washed and suspended in VB medium containing 1 ,ug of
thiamine per ml, and growth was followed in terms of A6.. Curves:
1, pH 9.0, no paraquat; 2, pH 9.0, with paraquat; 3, pH 7.0, with
paraquat; 4, pH 5.0, with paraquat; 5, pH 9.0 with 5 ,uM paraquat
added to the growth medium.

Effects of glucose. E. coli B has been shown to be capable
of taking up paraquat against a concentration gradient, and
mutants defective in this uptake have been described (7).
Active uptake requires energy. We therefore anticipated that
uptake and retention of paraquat by E. coli B should depend
upon the presence of glucose. The data in Fig. 4 demonstrate
that this was the case.
Because of the ability of the E. coli B to retain paraquat,
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FIG. 3. Effects of retained paraquat on the growth of E. coli
K-12. Conditions were as described in the legend to Fig. 2, but E.
coli K-12 was used in place of E. coli B.
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FIG. 4. Effect of glucose on the retention of paraquat by E. coli
B. E. coli B was incubated with 10 p.M 14C-labeled paraquat in 25
mM potassium phosphate at pH 7.0 without (curve 1) or with (curve
2) 0.5% glucose. At intervals samples were removed; after washing,
the level of paraquat retained by the cells was determined by liquid
scintillation counting.

it appeared possible to demonstrate the effect of glucose on
paraquat uptake in terms of persistent growth inhibition after
washing and suspension in fresh VB medium. The technique
used was similar to that which had been applied to explore
the effect of pH on paraquat uptake (Fig. 2). The results
showed that for E. coli B, but not for E. coli K-12, prior
exposure to paraquat in the presence of glucose imposed a
more profound inhibition of growth than was the case in the
absence of glucose (data not shown).

Effects of the medium on the lethality of paraquat. We
previously reported that E. coli B did not suffer loss of
viability when exposed to 2.5 mM paraquat in VB medium
for up to 10 h, provided that the TSY-agar plates used for
enumeration were incubated anaerobically (10). In E. coli
K-12, which does not retain paraquat, no lethality was
observed whether the TSY-agar plates were incubated aer-
obically or anaerobically (Fig. 5). The addition of Cu(II) to
the VB medium did not make E. coli K-12 susceptible to the
lethality of paraquat (Fig. 5).
That E. coli B failed to succumb to paraquat in aerobic VB

medium or on anaerobic TSY-agar, but did so on aerobic
TSY-agar, suggested that some component of the TSY
medium was required for expression of the lethality of
paraquat. E. coli K-12 did not lose viability during 8 h of
incubation with 2.5 mM paraquat in VB medium (Fig. 6,
curve 1). The addition of 0.3% Soytone (Difco) (curve 2),
1.7% tryptone (curve 3), or 0.5% yeast extract (curve 4)
supported a progressively greater lethality. Some compo-
nent present in the yeast extract, and to a lesser degree also
present in the protein hydrolysates, was clearly able to allow
expression of the lethality of paraquat.
The work of Chevion and associates (11-13) suggested

that the essential component might be a transition metal
cation. E. coli B was therefore exposed to 2.5 mM paraquat
in TSY medium with or without chelating agents. At inter-
vals samples were taken, diluted, and spread onto TSY-agar
for enumeration of surviving cells. These plates were incu-
bated anaerobically to avoid lethality on the plates caused by
retained paraquat. Lethality became apparent after a lag of
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FIG. 5. Paraquat exerts no lethality on E. coli K-12 in VB
medium with or without Cu(II). A 1.2% inoculum of E. coli K-12
grown in VB medium was placed into fresh VB medium containing
5.0 mM paraquat and the following levels of CuSO4: 0, none; * and
0, 1 ,uM; A and A, 10 FM; * and 0, 100 ,uM. At the indicated
intervals samples were removed, diluted, and plated on TSY-agar.
Open symbols denote anaerobic incubation of the TSY plates,
whereas closed symbols denote aerobic incubation.

approximately 2 h (Fig. 7, curve 1), and EDTA (curve 2) or
o-phenanthroline (curve 3) protected against lethality. A
similar experiment was performed with E. coli K-12 with
very similar results. With E. coli K-12, it was not necessary
to incubate the TSY-agar plates anaerobically, because this
K-12 strain does not retain paraquat. Figure 8 presents the
results obtained with E. coli K-12. Once again there was a
2-h lag before lethality became apparent (curve 1), whereas
curves 2, 3, 4 and 5 illustrate the progressively greater
protection provided by desferrioxamine, 8-hydroxyquino-
line, EDTA, and o-phenanthroline, respectively.
We have previously shown that the bacteriostatic and the
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FIG. 6. Effects of complex medium components on the lethality
of paraquat to E. coli K-12. E. coli K-12 was exposed to 2.5 mM
paraquat in VB medium containing the following additions (curves):
1, none; 2, 0.3% Soytone; 3, 1.7% tryptone; 4, 0.5% yeast extract.
At intervals samples were removed, diluted, and plated on TSY
agar. Enumeration was done after plates were incubated for 16 h.
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FIG. 7. Effects of chelating agents on the lethality of paraquat to
E. coli B in TSY medium. E. coli B was exposed to 2.5 mM paraquat
in TSY medium containing the following additions (curves): 1, none;
2, 0.5 mM EDTA; 3, 0.5 mM o-phenanthroline. At intervals samples
were removed, diluted, and plated onto TSY-agar plates, which
were incubated overnight anaerobically before enumeration.

bactericidal effects of paraquat on E. coli are distinct phe-
nomena, reflecting attack on different targets (8). We there-
fore inquired whether the protective effects of chelating
agents applied to both of these effects of paraquat. E. coli B
was exposed to 2.5 mM paraquat in TSY medium. At
intervals samples were taken and, after dilution, were plated
onto TSY-agar plates with or without 500 ,uM EDTA. These
plates were incubated first aerobically for 16 h and then
anaerobically for an additional 30 h. Colonies were enumer-
ated, without opening the plates, after both the aerobic and
the subsequent anaerobic incubations. Exposure of E. coli B
to paraquat led to cell death on the aerobically incubated
plates lacking EDTA, since subsequent anaerobic incubation
of these plates did not increase enumeration (Fig. 9, curves
1 and 2). In contrast, the paraquat-exposed cells failed to
grow on the aerobic EDTA-containing plates, but they did
not lose viability, since subsequent anaerobic incubation
allowed growth into visible colonies (curves 3 and 4). It
follows that EDTA protected against the lethality of retained
paraquat but not against its bacteriostatic effect, both of
which are, of course, dioxygen dependent. EDTA at 0.5 mM
in TSY medium at 37°C did not strongly inhibit growth.
Indeed, it increased the generation time from 27 min to 36
min (data not shown).

Effect of paraquat: intracellular or extracellular. Repeated
cycles of reduction of paraquat, followed by its autoxidation,
will result in increased intracellular production of 02- and
secondarily of H202. Since the paraquat monocation radical
is more able to cross the cell envelope than is the oxidized
dicationic form (4) and since H20 should be able to diffuse
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FIG. 8. Effects of chelating agents on the lethality of paraquat to
E. coli K-12 in TSY medium. E. coli K-12 was exposed to 5.0 mM
paraquat in TSY medium containing the following additions
(curves): 1, none; 2, 0.5 mM desferrioxamine; 3, 0.5 mM 8-
hydroxyquinoline; 4, 0.5 mM EDTA; 5, 0.5 mM o-phenanthroline.
At intervals samples were removed for plating and counting. The
TSY-agar plates were incubated overnight aerobically before enu-

meration.

across the cell envelope, we wondered whether the lethal
effects of paraquat were due, at least partially, to extracel-
lular events.

In that case, the addition of superoxide dismutase or
catalase to the suspending medium might provide 'ome
protection. An inoculum of E. coli K-12 was transferred
from an overnight culture in VB medium into TSY medium
to which 0.25% glucose and 5.0 mM paraquat had been
added. At intervals during aerobic incubation at 37°C, sam-

ples were taken for dilution, plating, and counting. The
results reflected the lethality of paraquat after a lag of 1 to 2
h. Neither catalase at 10 ,ug/ml nor superoxide dismutase at
1 ,ug/ml in the exposure medium afforded any protection
(data not shown). It thus appears that the lethality of
paraquat is overwhelmingly due to intracellular events.

DISCUSSION

The uptake of paraquat into E. coli B was markedly
augmented by the availability of glucose, as expected for an
energy-dependent active transport process. We previously
noted that paraquat had no effect upon E. coli B in the
absence of a readily metabolizable carbon source (6). This
result was interpreted in terms of the need for a source of
electrons to support the redox cycling of paraquat, which is
the basis of its oxygen-dependent toxicity. Since these
earlier studies involved enumeration on TSY-agar plates and
used E. coli B, it is now clear that the effect of the carbon
source was really an effect on the active uptake of paraquat;
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FIG. 9. Effects of EDTA on the bacteriostatic and bactericidal
effects of paraquat on E. coli B. E. coli B was exposed to 2.5 mM
paraquat in TSY medium. At the indicated intervals samples were
taken for dilution and plating. The conditions applied before enu-
meration were as follows (curves): 1, TSY-agar after 16 h of aerobic
incubation; 2, as in curve 1, but after 30 h of additional incubation
under anaerobic conditions; 3, TSY-0.5 mM EDTA-agar after 16 h
of aerobic incubation; 4, as in curve 3, but after 30 h of additional
anaerobic incubation; 5, TSY-agar after 16 h of anaerobic incuba-
tion.

if this were not the case, E. coli B which had taken up
sufficient paraquat would then have suffered lethality on the
TSY-agar.

Elevation of pH in the range of 5.0 to 9.0 increased the
amount of paraquat retained by E. coli B. This effect of pH
was seen either in terms of retention of 14C-labeled paraquat
or in terms of inhibition of growth by retained paraquat. E.
coli possesses homeostatic mechanisms that diminish the
effect of changes of external pH on the internal pH (15).
Moreover, elevation of external pH increases the membrane
electrochemical gradient (2, 14, 17), which provides energy
for active uptake. The increasing uptake and retention of
paraquat by E. coli B with elevation of pH (Fig. 1) thus
probably reflects an effect of pH on the membrane electro-
chemical gradient.
Some component of the TSY medium is as important for

supporting the lethality of paraquat as are dioxygen and an
electron source. This essential component is present in yeast
extract, tryptone, and Soytone. Since chelating agents
sharply diminished the lethality of paraquat in TSY medium
but did not prevent its bacteriostatic effect, we suppose that

a metal cation is a factor in the former but not in the latter.
It appears that the agonist of paraquat lethality is a product
of the interaction of a transition metal cation with some
component of the TSY medium. The precise nature of this
interaction remains to be determined.
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