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ABSTRACT

Enzymes and metabolites associated with mitigation of paraquat tox-
icity were compared in two paraquat-tolerant mutants and a sensitive
wild-type strain of the fern Ceratopteris richardii Brongn. In 21-day-old
gametophytes, the specific activities of superoxide dismutase, catalase,
peroxidase, glutathione reductase, dehydroascorbate reductase, and as-
corbate peroxidase showed no differences that would explain mutant
tolerance. Constitutive levels of ascorbate and glutathione also did not
differ significantly in the three strains. An experiment testing the in-
ducibility of paraquat tolerance revealed no change in the dose response
of mutant or wild type gametophytes after exposure to sublethal concen-
trations of the herbicide. Uptake of paraquat by whole gametophytes was
also equivalent in mutants and wild type. These data suggest that the
physiological basis for tolerance in these mutants, unlike several other
tolerant biotypes reported, does not lie in the oxygen radical scavenging
system, in an inducible stress response, or in a block to whole-plant
uptake.

Paraquat-tolerant mutants of the fern Ceratopteris richardii
Brongn. have been selected by means of an in vitro, whole-plant
screening system (14, 15). Genetic analyses oftwo mutant strains,
HaPQ2 and HaPQ45, indicate that a 10- to 20-fold increase in
tolerance is conferred in both by different recessive mutations in
the same locus (14). We are conducting a series of biochemical,
structural, and physiological studies of these mutants to deter-
mine the mechanism of tolerance.

Investigations of paraquat tolerance and resistance in other
species suggest several possible explanations for the trait in
Ceratopteris. Because paraquat kills green tissue via increased
production of superoxide and its peroxide products (11, 27),
tolerance could be due to improved catabolism of active oxygen
through a series of reactions located in the chloroplast (7, 8, 10,
12, 16)2:

02- + 02- + 2H+ SOD- 02 + H202
ascorbate peroxidase

H202 + ascorbate DHA + H20
DHA reductase

DHA + GSH D ascorbate + GSSG

glutathione reductase
GSSG + NADPHg- GSH + NADP,

'Financial support for this research was provided by a grant from
Martin Marietta Corporation.

2Abbreviations: SOD, superoxide dismutase; DCPIP, 2,6-dichloro-
phenolindophenol; DHA, dehydroascorbate.

A mutation increasing the activity of one of these enzymes or
of the level of an intermediary electron carrier (glutathione or
ascorbate) essential to this detoxification scheme could explain
tolerance. Although they are extrachloroplastic, catalase and
peroxidase could be also involved in the removal of H202, and
enhanced activities of superoxide dismutase, catalase, and per-
oxidase have been reported for polygenic mutants of Lolium
perenne (13). Mutant enhancement of an inducible (rather than
constitutive) defense system is also possible; for example, in
Spirodela oligorrhiza, paraquat tolerance has been induced by
adaptation to low levels ofbenzyl viologen, a nontoxic structural
analog of paraquat (18).
While oxygen detoxification mutations may alter the orga-

nism's response to paraquat-mediated superoxide formation,
other mutations could prevent paraquat's reduction to the mon-
ovalent radical either by changing the ability of PSI to reduce
paraquat or by limiting the herbicide's access to its site of
reduction in the chloroplast. Some seedling-lethal mutations of
maize reported by Miles (21) show paraquat resistance associated
with alterations in PSI or in photosynthetic electron transport to
the primary acceptor of PSI.

Mutations that alter paraquat uptake or movement have been
implicated in several resistant biotypes. A resistant mutant of
Escherichia coli showed decreased paraquat uptake (17). In
plants, the weed biotypes that have developed paraquat resistance
in response to long-term spraying appear to limit paraquat move-
ment within the plant. The resistant strain ofHordeum glaucum
exhibits paraquat exclusion from the symplast (23). Autoradi-
ography has demonstrated reduced translocation of paraquat in
resistant lines of Erigeron philadelphicus (28) and the related
species Conyza bonariensis (9). However, definite identification
of the Conyza line as a translocational mutant is confused by
reports that the strain also shows higher activities of chloroplast
SOD, ascorbate peroxidase, and glutathione reductase (25).
Of these known modes of tolerance to paraquat, the one that

seems least likely in Ceratopteris is a translocational mechanism.
Mutant tolerance is apparent not only in the vascular sporophyte
but also in the nonvascular cordate gametophyte, most of which
is a one-cell-thick, green thallus (14). Comparisons of mutants
and wild type to explore several of the remaining possibilities
have been completed and are presented here.

MATERIALS AND METHODS

Gametophytes ofthe homozygous wild type (Hn-n), HaPQ45,
and HaPQ2 strains of Ceratopteris richardii Brongn. were cul-
tured axenically at 30°C under continuous fluorescent illumina-
tion of about 15 W m-2. By the use of techniques previously
described (15), large populations of homozygous gametophytes
can be grown under uniform conditions in a single growth
chamber, minimizing differences attributable to variations in
culture conditions.
Twenty-one d after sowing, gametophytes were removed from
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the culture plates, weighed, extracted, and assayed for one or
more enzymes or metabolites as described below. All assays were
conducted on at least two separate harvests that included game-
tophytes of all three strains.

Extraction Procedures. Extractions were carried out on ice
with chilled buffers and equipment, and extracts and fractions
were kept on ice. When Chl levels were to be read, samples were
also kept in the dark. Several extraction buffers were used in the
course of the experiments.

Catalase and peroxidase, which are not chloroplast-specific,
were assayed in gametophytes extracted in 50 mM Tris-HCl
buffer, 1 mm dithiothreitol (pH 7.5) (1 g tissue/6 ml buffer).
Crude extracts were strained through a layer of Miracloth (Cal-
bioc4em) and were centrifuged at 4°C in a Beckman J2 IC at
10,000 rpm for 15 minutes. The supernatant was assayed.
Chloroplast-rich fractions to assay for ascorbate peroxidase

and glutathione reductase were obtained by extracting plants in
a hypertonic (0.3 M sucrose or sorbitol) Hepes buffer (10) (1 g
tissue/3 ml buffer). The extracts were strained through Miracloth
and centrifuged in a Beckman J2 IC for 2 min at 3700 rpm. The
chloroplast-rich pellets were resuspended in extraction buffer
without osmoticum. Strainate, supernatant, and resuspended
pellet were assayed. To assay DHA reductase, chloroplast-rich
fractions were prepared using the protocol of Jablonski and
Anderson (16).
SOD activity was assayed in extracts prepared by the methods

described for ascorbate peroxidase and glutathione reductase and
also in density-gradient purified chloroplasts, which were pre-
pared by grinding gametophytes in 50 mM Tris-HCl, 5 mM
dithiothreitol, 0.4M sucrose (pH 7.5). This extract was strained
and centrifuged for 2 min at 1700 rpm. The pellet was layered
on a 55, 45, 15% sucrose density step gradient (a modification
of Ref. 6) and centrifuged at 10,000 rpm for 15 min to separate
a chloroplast fraction that collected in a band above the 45%
sucrose layer. This fraction was resuspended in Tris buffer with-
out osmoticum and assayed for SOD activity.
Enzyme Assays. Enzyme assays were run at 25°C. Catalase (5)

and DHA reductase (16) activities were assayed by monitoring
change in oxygen concentration, using a temperature-jacketed
Clark-type oxygen electrode. The four other enzymes were as-
sayed spectrophotometrically using a Beckman DU fitted with a
Gilford photometer. Peroxidase was assayed by the reduction of
orthodianisidine (24). SOD was assayed by the xanthine/xan-
thine oxidase Cyt c reduction method (20), glutathione reductase
by Halliwell and Foyer's method (12), and ascorbate peroxidase
by the method of Asada (1).

Protein Assay. In order to compare specific enzyme activities,
protein was assayed in all enzyme samples by the Bradford
method (3), using a Bio-Rad protein assay kit and a standard
curve of bovine serum albumin.

Chlorophyll Assay. Specific activities are expressed here on a
protein basis. Chl levels of the extracts, chloroplast-enriched
fractions, and samples ofwhole gametophytes were also routinely
measured using 80% acetone as a solvent and calculating Chl a
+ b from absorbance at 652 nm with the extinction coefficient
of Bruinsma (4).

Metabolite Assays. Ascorbate was assayed spectrophotomet-
rically by the reduction of DCPIP (22). Both total glutathione
and oxidized glutathione were assayed spectrophotometrically
by the glutathione reductase method (26). Each metabolite was
assayed in 3 to 5 separate harvests, and standard curves of
authentic ascorbate or glutathione (Sigma) were conducted with
each assay.

Chloroplast Intactness. In order to monitor the degree of
chloroplast intactness, samples of the chloroplast-enriched frac-
tions were examined under phase contrast optics (19).

Activity Stain for Superoxide Dismutase. To identify possible

isozyme differences, nondenaturing polyacrylamide gels were
developed for extracts and chloroplast-enriched fractions from
all three biotypes and stained for SOD activity (2).

Induction Experiment. From preliminary experiments com-
paring Chl loss of 21-d-old gametophytes of Hn-n and of
HaPQ45, 0.01 gM paraquat (commercial preparation supplied
by the Ortho Division of Chevron) was identified as a concentra-
tion just sublethal to wild type (I50 = 0.023 lsM) while 0.1 Mm
paraquat had a comparable effect on Chi loss in HaPQ45 (Iso =

0.6 Mm). The appropriate sublethal dose was then added to the
nutrient medium on which spores of each biotype were sown. At
21 d the gametophytes were harvested, and 0.1 g samples were
floated for 48 h on 25-ml aliquots of half-strength nutrient
medium (15) or on half-strength nutrient medium supplemented
with 1, 10, 20, and 50 Mm paraquat. Controls were grown on
medium containing no paraquat and floated on the same range
of concentrations. Three lots of paraquat-grown gametophytes
and two ofgametophytes grown on plain medium were assayed.
Five 0.1 g samples ofgametophytes were floated on each paraquat
concentration and assayed for Chl content (4).
Uptake Experiment. To study whole-plant uptake, two time-

course experiments were conducted. Three replicate samples (per
time point and strain) of 2l-d-old gametophytes were floated on
2.5 MM '4C-methyl paraquat (a gift of Chevron Corporation) for
times ranging from 30 min to 10 h. Plants were rinsed twice for
30 s, first in a 25 gM solution of nonlabeled paraquat and then
in distilled water. The samples were digested using the Unisol
system (Isolab, Inc.) and were counted in a Beckman LS-200B
scintillation counter.

RESULTS AND DISCUSSION

Table I shows the specific activities of six oxygen-detoxifying
enzymes in wild type and both mutants. Catalase and peroxidase
activities are shown for whole-plant extracts; SOD activities for
whole-plant extracts, strainate from the chloroplast-rich pellet,
and density-gradient purified chloroplasts; and glutathione re-
ductase, ascorbate peroxidase, and DHA reductase activities for
chloroplast-rich fractions and supernatants from their prepara-
tion.

In almost all of the data, the specific activities of the three
biotypes do not differ significantly at the 5% confidence level
when compared by analysis of variance. In four cases, the mean
for one biotype does differ significantly from the other two. The
purified chloroplast fraction of HaPQ45 shows a significantly
lower SOD activity than HaPQ2 or wild type. Since HaPQ45 is
the slightly more tolerant of the two mutants, it seems unlikely
that the somewhat lower SOD activity seen in this set of experi-
ments could relate to increased tolerance. A similar anomaly
exists in the glutathione reductase activities of the supernatant
fractions and in the ascorbate peroxidase activity of the chloro-
plast-rich fractions. In both cases, mutant HaPQ2 showed a
somewhat higher activity than HaPQ45, and HaPQ45 was not
significantly different from wild type. The mean DHA reductase
activity of HaPQ2 is significantly lower than the means of the
other two biotypes, which do not differ from one another.
The absence of enrichment of SOD, ascorbate peroxidase,

DHA reductase, or glutathione reductase activities in any of the
chloroplast fractions may be due to chloroplast breakage and
consequent loss of soluble enzymes. Although more than half of
the chloroplasts in the chloroplast fractions appeared intact by
the phase contrast brightness test, the loss of stromal enzymes
from the remainder or breakage and resealing during preparation
may account for the lower values.

Activity staining of superoxide dismutase revealed a single
band (photo not shown) at the same location for all fractions
and strains. The band did not appear in comparable gels treated
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Table I. Specific Activities ofSix Enzymes in 21-d-Old Gametophytes
ofParaquat-Tolerant Ceratopteris Mutants and of Wild Type

Preparation of extracts and fractions and enzyme assay techniques are
described in "Materials and Methods."

Specific Enzyme Activity
Fraction and Strain (mg protein-')'

Peroxidase Catalase

A/min mmol 02/min
Whole-plant extract

Wild type 1.4 ± 0.43 1.1 ± 0.06
HaPQ2 1.4±0.12 1.2±0.19
HaPQ45 1.5 ± 0.20 1.1 ± 0.41

Superoxide Dismutase

units SOD
Strainate

Wild type 16 ± 3.5
HaPQ2 18 ± 2.8
HaPQ45 15 ± 5.7

Supernatant from crude chloroplast pellet
Wild type 12 ± 2.8
HaPQ2 12 ± 2.1
HaPQ45 14 ± 1.4

Density-gradient purified chloroplasts
Wild type 4.7 ± 0.42
HaPQ2 4.3 ± 1.80
HaPQ45 2.8 ± 1.50b

Glutathione Ascorbate DHA
Reductase Peroxidase Reductase

i.tmol Jtmol Amcl 02
NADPH ascorbate taken up
oxidized oxidized min-'
min-' min-'

Supernatant
Wild type 0.22 ± 0.047 10.0 ± 2.30 1.3 ± 0.34
HaPQ2 0.30 ± 0.026b 9.7 ± 1.91 1.0 ± 0.12b
HaPQ45 0.19 ± 0.045 9.9 ± 2.29 1.3 ± 0.42

Chloroplast-rich pellet
Wildtype 0.11 ±0.019 1.6 ±0.55 0.46 ±0.107
HaPQ2 0.14 ± 0.030 2.2 ± 0.64b 0.47 ± 0.164
HaPQ45 0.12 ± 0.038 1.8 ± 0.24 0.54 ± 0.131
a For glutathione reductase, DHA reductase, and SOD in purified

chloroplasts, values are the means (± SD) from assays made on fractions
from two separate harvests. All other means are for three separate
harvests. Each extract was assayed three times, and the means were
compared at the 5% confidence level by analysis of variance. b Mean
differs significantly from the other two strains at the 5% confidence level.

with 1 mm KCN, suggesting that only the Cu-Zn form of super-
oxide dismutase is present in Ceratopteris gametophytes.
Table II compares the endogenous levels of ascorbate and

glutathione in the three strains. Again, no statistically significant
differences were seen in levels of either metabolite. Moreover,
no detectable differences were observed in the percentage of
oxidized glutathione, which was always quite low (3% or less) in
the gametophytes.

Figure 1 shows the results of an experiment testing the effects
of exposure to sublethal doses of paraquat on subsequent toler-
ance to paraquat in both wild type and HaPQ45. These results
suggest that prior exposure to low levels of paraquat did not
affect the level of paraquat tolerated by either wild type or the
HaPQ45 mutant.

Figure 2 shows the mean (+SD) counts per minute of six
replicate samples for each strain and each time point in the

Table II. Ascorbate and Glutathione Levels of21-d-Old Gametophytes
Strain Ascorbatea Total Glutathioneb

,g/gfresh wt Mlg/gfresh wt
Wild type 61 ± 15.8C 4.1 ± 0.25
HaPQ2 57 ± 9.3 3.7 ± 0.66
HaPQ45 61 ± 6.6 3.9 ± 1.04

a Assayed spectrophdtometrically by the reduction of DCPIP
(22). b Total glutathione and oxidized glutathione assayed spectro-
photometrically by the glutathione reductase method as modified by
Smith (26). c Each value is the mean (± SD) of assays ofthree different
extracts. Each extract was assayed three to five times. The means tor the
three strains reported in this table do not differ significantly at the 5%
level when compared by analysis of variance.
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FIG. 1. Effect of previous exposure to sublethal concentrations of
paraquat on the bleaching of wild-type or HaPQ45 gametophytes floated
on paraquat concentrations of 1 to 50 uM. Mean (±SD) of three replicate
samples are shown for each strain and concentration. The solid lineA
represent samples grown on nutrient medium without paraquat, and the
dashed lines represent samples grown on nutrient medium supplemented
with paraquat at a sublethal Concentration (0.01 uMm for wild type and
0.1 Mm for HaPQ45).
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FIG. 2. Paraquat uptake by whole gametophytes of wild type,
HaPQ45, and HaPQ02. Means (+SD) ofthree replicate samples are shown
for each strain and each time point. Gametophytes were floated in the
dark on 2.5 uM '4C-methyl paraquat for the times indicated. After rinsing
to remove surface residues of labeled paraquat, samples were solubilized
and counted.

experiments on whole gametophyte uptake of 14C-methyl para-
quat. The paraquat uptake profiles for the wild type and mutants
are similar. All three strains accumulate paraquat to the same
extent after 10 h of incubation, suggesting that differences in
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whole-plant uptake are not responsible for the observed tolerance
in the mutants.
The experiments reported here suggest that the higher toler-

ance to paraquat conferred by single mutations in Ceratopteris
strains HaPQ2 and HaPQ45 does not stem from higher consti-
tutive levels of enzymes and metabolites involved in superoxide
detoxification. Furthermore, experiments testing differences in
whole-plant uptake, and the effects of a sublethal concentration
ofparaquat on a biotype's susceptibility to a lethal concentration,
refute hypotheses involving enhancement of tolerance via these
mechanisms. Since enhanced mutant tolerance is shown by the
single layer ofphotosynthetic cells characteristic ofgametophytic
tissue, compartmentation of paraquat in certain tissue types or
restricted translocation are unlikely in Ceratopteris.
The possibility remains that the mutants sequester paraquat

away from the site of its reduction by PSI, either within the cell
or in the cell wall. To explore this hypothesis, we are currently
comparing the access of paraquat to PSI in mutant and wild type
and the tolerance of protoplasts made from Ceratopteris game-
tophytes of both susceptible and tolerant strains.
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