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Changes in Isozyme Profiles of Catalase, Peroxidase, and
Glutathione Reductase during Acclimation to Chilling in
Mesocotyls of Maize Seedlings’

Marc D. Anderson?, Tottempudi K. Prasad*, and Cecil R. Stewart
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The response of antioxidants to acclimation and chilling in vari-
ous tissues of dark-grown maize (Zea mays L.) seedlings was exam-
ined in relation to chilling tolerance and protection from chilling-
induced oxidative stress. Chilling caused an accumulation of H,0,
in both the coleoptile + leaf and the mesocotyl (but not roots), and
acclimation prevented this accumulation. None of the antioxidant
enzymes were significantly affected by acclimation or chilling in the
coleoptile + leaf or root. However, elevated levels of glutathione in
acclimated seedlings may contribute to an enhanced ability to
scavenge H,O, in the coleoptile + leaf. In the mesocotyl (visibly
most susceptible to chilling), catalase3 was elevated in acclimated
seedlings and may represent the first line of defense from mitochon-
dria-generated H,0,. Nine of the most prominent peroxidase
isozymes were induced by acclimation, two of which were located
in the cell wall, suggesting a role in lignification. Lignin content was
elevated in mesocotyls of acclimated seedlings, likely improving the
mechanical strength of the mesocotyl. One cytosolic glutathione
reductase isozyme was greatly decreased in acclimated seedlings,
whereas two others were elevated, possibly resulting in improved
effectiveness of the enzyme at low temperature. When taken to-
gether, these responses to acclimation illustrate the potential ways
in which chilling tolerance may be improved in preemergent maize
seedlings.

Stand establishment in maize (Zea mays L.) is greatly
affected by exposure of seedlings to low temperature dur-
ing germination and early seedling growth. Pioneer inbred
G50 is particularly sensitive. By utilizing dark-grown seed-
lings to simulate a preemergent condition, Anderson et al.
(1994) demonstrated that exposure of seedlings to a non-
injurious low temperature induced a degree of chilling
tolerance, allowing them to survive subsequent exposure
to more severe low temperatures. This acclimation phe-
nomenon provided an opportunity to examine the molec-
ular basis for the improvement in chilling tolerance. The
discovery that cat3 (mitochondrial catalase) transcripts
were up-regulated in response to acclimation led to inves-
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tigation of the role of CAT and other antioxidant enzymes
in alleviating chilling-induced oxidative stress.

There is increasing evidence that chilling causes elevated
levels of active oxygen species (e.g. Omran, 1980; Wise and
Naylor, 1987; Prasad et al., 1994a), which likely contribute
significantly to chilling damage. The active oxygen spe-
cies-H,0O, (hydrogen peroxide), O,  (superoxide), OH
(hydroxyl radical), and *O, (singlet oxygen)-are present in
all plants to various degrees as a result of normal aerobic
metabolism. Allowed to accumulate, these active oxygen
species can cause damage to cellular components, severely
disrupting metabolic function (Elstner, 1987). Under nor-
mal conditions, plants possess scavenging systems that
keep active oxygen species below damaging levels (Larson,
1988). SOD scavenges O, in the cytosol, chloroplasts, and
mitochondria. CAT is the primary H,O, scavenger in the
peroxisomes and the mitochondria, at least in maize (Scan-
dalios et al., 1980; Prasad et al., 1995). H,O, generated in
the chloroplasts is scavenged by an ascorbate-glutathione
cycle (Foyer and Halliwell, 1976). In this system, APX
utilizes H,O, to oxidize AsA to monodehydroascorbate
radical, which disproportionates to DHA nonenzymati-
cally. Monodehydroascorbate reductase regenerates ascor-
bate at the expense of NAD(P)H, and DHAR regenerates
ascorbate utilizing GSH to form GSSG. GSH is regenerated
at the expense of NADPH by the action of GR, the rate-
limiting step of the cycle (Jablonski and Anderson, 1981).
Although this cycle is known to be responsible primarily
for H,0, scavenging in chloroplasts, its importance in the
cytosol and in nonphotosynthetic tissues is also becoming
apparent (Alscher, 1989). When a plant is stressed, the
production of active oxygen can exceed the capacity of the
scavenging systems, resulting in oxidative damage. Thus,
the ability of a plant to improve its active-oxygen-scaveng-
ing capacity may be a key element in stress tolerance.

It has been suggested that in dark-grown seedlings or in
nonphotosynthetic tissue, mitochondria are the primary
source of active oxygen generation (Puntarulo et al., 1991;

Abbreviations: Ac, acclimated; AcCh, acclimated and chilled;
APX, ascorbate peroxidase; AsA, ascorbic acid; %C, percentage of
bisacrylamide cross-linker; CAT, catalase; Ch, chilled; Cont, con-
trol; DHA, dehydroascorbate; DHAR, dehydroascorbate reduc-
tase; €, extinction coefficient at wavelength x; GR, glutathione
reductase; POX, guaiacol peroxidase; SOD, superoxide dismutase;
%T, polyacrylamide gel concentration defined as percentage of
total monomer (i.e. acrylamide + cross-linking agent, g/100 mL).
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Prasad et al., 1994b). We have shown that chilling caused
the accumulation of H,O, in maize mesocotyls and that
induction of a catalase isozyme (CAT3) in the mitochondria
during acclimation prevented the elevation of H,O,
(Prasad et al., 1994a). Although we have previously fo-
cused on the role of CAT3 in protecting mitochondria from
chilling-induced oxidative damage, it is likely that antiox-
idant systems throughout the cell also contribute to the
protective effect. In maize, CAT is present as four isozymes
(Scandalios et al., 1984), only two of which (CAT1 and
CAT3) are present in dark-grown seedlings. Different iso-
forms also exist in maize for POX (Grison and Pilet, 1985),
SOD (Scandalios, 1990), and APX (Mittler and Zilinskas,
1993), and for GR in pea (Edwards et al., 1990). The various
antioxidant isozymes are differentially compartmentalized
and, depending on the tissue, likely respond differently to
acclimation and chilling. Thus, it became important to de-
termine the status of the various antioxidants during accli-
mation and chilling so as to assess their contribution to
chilling tolerance.

The goals of this study were (a) to examine acclimation-
induced changes among isozymes of CAT, POX, SOD,
APX, and GR to establish which antioxidant enzymes were
most important in the protection of preemergent maize
seedlings from oxidative stress, and (b) to demonstrate
differences in the response of these antioxidant enzymes to
acclimation among different tissues in relation to the sus-
ceptibility of the tissue to H,O, accumulation and to chill-
ing injury. Despite the fact that acclimation prevented the
accumulation of H,O, in both the coleoptile + leaf and the
mesocotyl, antioxidant enzymes responded to acclimation
only in the mesocotyl. Therefore, we measured the levels of
ascorbate and glutathione to determine whether the oxida-
tive status of these antioxidants was affected by acclima-
tion in the absence of an effect on APX and GR in the
coleoptile + leaf. By describing the acclimation-induced
changes in antioxidant isozymes and the steady-state pools
of ascorbate and glutathione in various tissues, we have
suggested relationships among induction of antioxidants,
H,O, accumulation, and susceptibility of the tissue to chill-
ing injury. In this way, we provided a more complete
picture of the means by which preemergent maize seed-
lings utilize antioxidants to tolerate chilling stress.

MATERIALS AND METHODS
Plant Material

Chilling-sensitive maize (Zea mays L.) inbred G50 (Pio-
neer Hi-Bred International Inc., Johnston, IA) was used for
all experiments. Seeds were planted in Redi-Earth Peat-Lite
Mix (Grace Sierra Horticultural Products Co., Milpitas, CA)
and grown in darkness at 27°C for 3 d. Seedlings exposed
to the AcCh treatment were then exposed to an acclimation
temperature of 14°C for 3 d in darkness, followed by a
chilling temperature of 4°C for 4 d in darkness. Seedlings of
the Ch treatment were transferred directly to the chilling
temperature without acclimation. Seedlings of the Ac treat-
ment were acclimated but not chilled. Cont seedlings re-
ceived neither the Ac nor the Ch treatments.

Plant Physiol. Vol. 109, 1995

Protein Extraction

Cell-free extracts of the various low-temperature treat-
ments were analyzed for CAT, POX, SOD, GR, and APX
both spectrophotometrically and on nondenaturing gels.
Plant material was harvested directly into liquid nitrogen
and 0.5 g of frozen tissue was ground in 0.75 mL of 0.1 m
sodium phosphate, pH 7.8, containing 1 mm EDTA, 1 mm
PMSF, and 20 mg of polyvinylpolypyrrolidone. For analy-

© sis of APX, the extraction buffer also contained 5 mm

ascorbate. Insoluble material was removed by centrifuga-
tion at 16,000¢ for 15 min at 4°C, and the supernatant was
immediately made to 40% (v/v) glycerol. Since mainte-
nance of consistent CAT electrophoretic mobility and
maintenance of GR activity was found to require the pres-
ence of DTT, an aliquot of each sample was made to 10 mm
DTT to be used for CAT and GR zymograms and GR
spectrophotometric assays (Guy and Carter, 1984; pro-
tected GR with 5 mm B-mercaptoethanol). Addition of DTT
was within 0.5 h from the time of maceration. The remain-
der of each extract was used for POX and SOD zymograms,
for CAT and POX spectrophotometric assays, and for de-
termination of total protein content (Lowry et al., 1951)
with BSA as the standard. For the spectrophotometric as-
say of SOD, extracts were passed through Sephadex G-25
columns (1-mL bed volume) at 4°C using 0.1 M sodium
phosphate, pH 7.8, as the elution buffer to remove low-
molecular-weight compounds that interfere with the assay.
Extracts were then made to 40% (v/v) glycerol. All samples
were stored at —20°C until enzyme analysis. Routinely,
CAT and APX gels were run immediately after extraction;
the stability of POX, SOD, and GR during storage was
sufficient so that immediate analysis was not necessary.
All spectrophotometric assays were run on the day after
extraction.

To determine which POX isozymes were localized in the
cell wall and therefore potentially involved in lignification,
protoplast and ionically bound cell-wall proteins from Ac
and AcCh mesocotyls were extracted according to the
method of Prasad and Cline (1987). The cell-wall fraction
was desalted and concentrated on a Centricon microcon-
centrator (Amicon, Danvers, MA) with a 10,000 molecular
weight exclusion limit, according to the manufacturer’s
instructions.

Cell fractionation was conducted for the purpose of lo-
calizing GR isozymes. Mesocotyls (10 g) from Ac seedlings
were harvested and ground in 20 mL of a solution of 0.4 M
Suc, 165 mM Tricine, 10 mm KCl, 10 mm MgCl,, 10 mm
EDTA, and 10 mm DTT, pH 7.5. Macerated material was
passed through four layers of cheesecloth and centrifuged
at 2,000g for 5 min. The plastid-containing pellet was re-
suspended in 0.4 M Suc, 10 muM Tricine, 1 mM EDTA, 10 mm
DTT, pH 7.2. The supernatant was centrifuged at 12,000g
for 10 min and the supernatant was retained as the cyto-
solic fraction. The mitochondria-containing pellet was re-
suspended in 0.4 M Suc and mitochondria were further
purified on a 0.6 M Suc cushion, centrifuging at 10,000g for
20 min. The mitochondrial pellet was then resuspended in
resuspending medium. Mitochondria and plastids were
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lysed by repeated freeze/thaw cycles and samples were
centrifuged at 10,000g to remove particulates.

Enzyme Analyses

Total CAT activity was determined spectrophotometri-
cally by following the decline in A,,, as H,0, (e = 36 M~
cm™ ) was catabolized, according to the method of Beers
and Sizer (1952). CAT isozymes were separated on nonde-
naturing polyacrylamide gels (7% T, 3% C, notation of
Righetti, 1983) at 80 V for 22 h at 4°C using the procedures
of Laemmli (1970). The 3X loading buffer contained no
B-mercaptoethanol (which was found to inhibit CAT3) but
was made to 60 mm DTT. Gels were then soaked in 3.27 mm
H,O, for 25 min, rinsed in water, and stained in a solution
of 1% (w/v) potassium ferricyanide, 1% (w/v) ferric chlo-
ride (equal volumes of 2% [w/v] solutions of each compo-
nent, added sequentially) in a method similar to that of
Woodbury et al. (1971).

Total POX activity was determined spectrophotometri-
cally by monitoring the formation of tetraguaiacol (e = 26.6
mMm ' cm ™) from guaiacol at A,y in the presence of H,O,
by the method of Chance and Maehly (1955). POX
isozymes were separated by IEF on a flat-bed electrophore-
sis apparatus (LKB [Bromma, Sweden] Multiphor 2117).
The 2-mm gel (5% T, 3% C) contained 10% (v/v) glycerol,
3% (v/v) Pharmalytes (Sigma) pH 3-10, 1% (v/v) Pharma-
lytes pH 5-8, and 1% (v/v) Pharmalytes pH 8-10.5 and was
supported by GelBond PAG film (Pharmacia). The anode
strip was saturated with 1 M phosphoric acid and the
cathode strip with 1 § sodium hydroxide. Gels were run at
20 W constant power for 5 h at 10°C, with sample applica-
tors removed after 45 min. After electrophoresis, the gel
was soaked in PBS (10 mm sodium phosphate, pH 6.0, 150
mm sodium chloride) for 45 min to equalize pH throughout
the gel. The gel was then stained with p-phenylenediamine
(0.1 M sodium citrate, pH 5.0, 9.25 mm p-phenylenedia-
mine, and 3.92 mm H,0O, for 10-15 min; Olson and Varner,
1993) or with guaiacol (0.1 M potassium phosphate, pH 6.4,
20 mM guaiacol, and 5.55 mm H,O, for approximately 30
min). Since considerable POX activity was observed at the
cathode strip, a gel was sectioned and run for various
lengths of time ranging from 1 to 2 h. Bands were under-
focused but isozymes with pl values greater than the pH
range of the gel were visible, allowing comparison of ac-
tivity levels among treatments.

Total SOD activity was measured spectrophotometri-
cally by measuring the inhibition of the O, -dependent
reduction of Cyt ¢ at Assy, according to the method of
McCord and Fridovich (1969). One unit of SOD was de-
fined as the quantity of enzyme required to inhibit the
reduction of Cyt ¢ by 50% in a 1-mL reaction volume.
Isozymes of SOD were separated on nondenaturing poly-
acrylamide gels (10% T, 3% C) at 80 V for 19.5 h at 4°C
according to the method of Laemmli (1970). 8-Mercapto-
ethanol was withheld from the loading buffer. After elec-
trophoresis, gels were stained with a method similar to that
of Beauchamp and Fridovich (1971). Gels were soaked in 50
mM sodium phosphate, pH 7.5, containing 2.45 mm 2,2'-
di-p-nitrophenyl-5,5'-diphenyl-3,3'-(3,3’-dimethoxy-4,4'-

diphenylene)ditetrazolium chloride in darkness for 20 min,
followed by soaking in 50 mm sodium phosphate, pH 7.5,
containing 26.5 mmM N,N,N',N'-tetramethylethylenedia-
mine and 26.5 uM riboflavin in darkness for 40 min. Gels
were then exposed to low light (9 umol m™2 s™") for
approximately 50 min and transferred to 1% (v/v) acetic
acid to stop the reaction.

Total GR activity was measured spectrophotometrically
by measuring the decline in Az, as NADPH (e = 6.22
mm ™! em™!) was oxidized, as described by Edwards et al.
(1990). The DTT present in the crude extracts, which was
required to maintain GR activity, was not found to inter-
fere with the assay. Instead, it eliminated the majority of
the GSSG-independent oxidation of NADPH, thereby im-
proving the accuracy of the assay. GR isozymes were sep-
arated on nondenaturing polyacrylamide gels (7% T, 3% C)
at 80 V for 17 h and 4°C using the procedures of Laemmli
(1970). Gels were stained in a solution of 0.25 m Tris, pH
7.8, containing 0.24 mM 3-(4,5-dimethylthiazol-2-y1)-2,5-di-
phenyltetrazolium bromide, 0.4 mm NADPH, 0.34 mmM 2,6-
dichlorophenolindophenol, and 3.6 mm GSSG in darkness
for 1 h (similar to the procedure of Anderson et al., 1990).
Duplicate gels were also stained in the absence of GSSG to
distinguish GR from other sources of 3-(4,5-dimethylthia-
zol-2-yD)-2,5-diphenyltetrazolium bromide reduction.

Total APX activity was measured spectrophotometrically
by monitoring the decline in A,y, as ascorbate (e = 2.8
mM~ ! em™!) was oxidized, using the method of Nakano
and Asada (1981). APX isozymes were separated on non-
denaturing polyacrylamide gels (10% T, 3% C) supported
by 10% (v/v) glycerol and stained according to Mittler and
Zilinskas (1993).

H,0,, Ascorbate, Glutathione, and Lignin Analyses

Fresh tissue from coleoptile + leaf, mesocotyl, and roots
from Cont, Ch, Ac, and AcCh treatments were analyzed for
H,0, levels by the method of Brennan and Frenkel (1977).
For measurement of ascorbate and glutathione, coleoptile
+ leaf, mesocotyl, and root from Cont, Ch, Ac, and AcCh
seedlings were harvested into liquid nitrogen and 1 g of
each sample was extracted according to Walker and
McKersie (1993). AsA and DHA were measured according
to Law et al. (1983) and GSH and GSSG were measured
according to Hissin and Hilf (1976). Lignin was quantified
by a modification of the method of Iiyama and Wallis
(1990). Fresh mesocotyls (approximately 0.15 g) were sec-
tioned into approximately 3-mm segments, weighed, and
placed in test tubes with 3 mL of 80% (v/v) ethanol.
Segments were extracted with three successive 1.5-h extrac-
tions in 3 mL of 80% (v/v) ethanol at 80°C, followed by a
1-h extraction in 3 mL of chloroform at 62°C. Segments
were then dried for at least 2 d at 50°C. Dried segments
were digested in 2.6 mL of a solution of 25% (v/v) acetyl
bromide in acetic acid containing 2.7% (v/v) perchloric
acid. After exactly 1 h, 100 uL of each sample was added to
580 nL of a solution of 17.24% (v/v) 2 N sodium hydroxide,
82.76% (v/v) acetic acid, and 20 uL of 7.5 m hydroxylamine
hydrochloride was added to ensure termination of the
reaction. The volume was made to 2 mL with acetic acid
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and A,g, was measured. Lignin was quantified with a
standard curve using milled Douglas fir (containing 31.6%
lignin; Musha and Goring, 1974) as the standard.

Statistical Analyses

H,0, content was analyzed as a completely randomized
design using an unweighted means analysis to account for
unequal replication. Lignin, AsA, DHA, total ascorbate,
GSH, GSSG, and total glutathione contents, as well as total
activities of CAT, POX, SOD, APX, and GR, were all ana-
lyzed as a randomized complete block design. Analyses
were conducted separately for each tissue type. Means
were separated with Tukey’s Studentized range test. All
reported SE values were calculated using the mean square
of the error term from each analysis.

RESULTS
H,0, Levels

Our previous results indicated that chilling caused an
elevation of H,O, in mesocotyls but acclimation brought
about changes that prevented H,O, accumulation (Prasad
et al., 1994a). Therefore, we measured H,O, levels in the
coleoptile + leaf and root to determine the oxidative status
of these organs (Table I). In the coleoptile + leaf, the same
pattern was observed as in the mesocotyl, where H,0,
levels were elevated nearly 4-fold in the Ch treatment but
were maintained at lower levels in the AcCh treatment. In
the root, H,O, levels were elevated to a lesser extent by all
low-temperature treatments, although these differences
were not statistically significant. Either chilling does not
cause as much active oxygen generation or an adequate
antioxidant system is already in place in the roots.

Region of CAT and POX Induction in the Mesocotyl

Total CAT and POX activities were examined in various
regions of the mesocotyl (Fig. 1) to more precisely locate
the primary site of induction. In Cont seedlings, CAT ac-
tivity was similar throughout the mesocotyl. However,

Table I. H,O, contents in various tissues of maize seedlings
exposed to acclimation and chilling

Seedlings were grown in potting medium at 27°C for 3 d in
darkness. AcCh seedlings were then exposed to an Ac treatment of
14°C for 3 d, followed by a Ch treatment of 4°C for 4 d in darkness.
Ac seedlings did not receive the Ch treatment; Ch seedlings did not
receive the Ac treatment; Cont seedlings did not receive either the Ch
or the Ac treatment. Treatments were replicated two to four times and
the st values were derived using a harmonic mean of 2.5263. H,0O,
contents are expressed as umol H,0,/g fresh weight. H,O, contents
in mesocotyls were previously reported by Prasad et al. (1994a).

Treatment Coleoptile + Leaf Mesocotyl Root
Cont 2.38 1.77 1.79
Ch 8.01 7.45 3.51
Ac 2.64 2.50 3.13
AcCh 4.70 3.64 3.43
SE 0.62 0.38 0.79
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Figure 1. CAT and POX activities in various regions of the maize
mesocotyl. Mesocotyls from Cont, Ch, Ac, and AcCh treatments were
sectioned into 3-mm segments and segments 1, 2, 3, 5, 8, and the
penultimate segment (P) were assayed for CAT and POX. Units for
both enzymes were umol H,O, min™' mg™' protein. Treatments
were replicated three times. CAT and POX activities were analyzed
as a randomized complete block design within each segment. For
CAT: segment 1, se = 0.68; segment 2, st = 1.36; segment 3, SE =
1.48; segment 5, st = 2.09; segment 8, st = 1.85; penultimate
segment, SE = 2.12. For POX: segment 1, st = 0.15; segment 2, st =
0.22; segment 3, st = 0.22; segment 5, st = 0.10; segment 8, SE =
0.25; penultimate segment, s = 0.26.

although acclimation induced CAT to some extent in the
apical three segments of the mesocotyl, the site of the
greatest induction was in the middle to the basipetal region
(segments 5 and 8). Compared to apical segments, POX
activity was higher in the basipetal portion of Cont meso-
cotyls, possibly as a function of tissue maturity. Like CAT,
the site of the greatest induction of POX by acclimation was
in the middle to basipetal portion of the mesocotyl. Coin-
cidentally, this was the region of the mesocotyl that visibly
was most sensitive to chilling damage. In accordance with
these results, the apical 1 cm of the mesocotyl (mesocotyl
top) and the region 1.5 to 2.5 cm from the coleoptilar node
(mesocotyl bottom) were sampled separately in all subse-
quent experiments.

CAT Isozymes

In shoots and roots of dark-grown maize seedlings, CAT
is present as two isozymes, CAT1 and CAT3. During the
separation of these isozymes on nondenaturing polyacryl-
amide gels, we observed that CAT1 but not CAT3 was very
susceptible to oxidation on the gel. Inclusion of 8-mercap-
toethanol in the loading buffer protected CAT1 from oxi-
dation but caused significant inactivation of CAT3 at con-
centrations of 10 mM (30 mM in the 3X loading buffer) and
above. Lower concentrations did not fully protect CATI.
DTT (60 mm in the 3X loading buffer) was found to protect
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CAT1 with no deleterious effect on CAT3 activity. In ad-
dition to requiring DTT in the loading buffer, it was found
that even though CAT1 activity was maintained in extracts
(as long as glycerol was present), it was still susceptible to
oxidation (presumably oxidation of sulfhydryl groups;
Morikofer-Zwez et al., 1969), manifested as an increase in
electrophoretic mobility. Addition of DTT (10 mm final
concentration) to samples no more than 30 min from the
time of tissue maceration was routinely used to maintain
consistent electrophoretic mobility among treatments, as
has been done by other workers (e.g. Kunce and Trelease,
1986; Mullen and Gifford, 1993).

We observed no significant differences in total CAT ac-
tivity (Table II) among treatments in either the coleoptile +
leaf or the root. CAT activity was significantly higher than
Cont in the Ac and AcCh treatments in both the top and
bottom of the mesocotyl. In contrast to data previously
reported (Anderson et al., 1994), we saw a small but sig-
nificant decline in total CAT activity in the Ch treatment.
The contributions of CAT1 and CAT3 closely reflect the
total activity data (Fig. 2). We observed that both CAT1 and
CAT3 contribute prominently to the total activity in coleop-
tile + leaf and mesocotyls, whereas CAT1 dominates in
roots. In the mesocotyl, the increased total CAT activity in
the Ac and AcCh treatments appeared to be primarily due
to an increase in CAT3. Induction of CAT3 by acclimation
was visible in both the top and bottom portions of the
mesocotyl, with the bottom having generally greater activ-
ities than the top for both CAT1 and CAT3. The small
decline in total CAT activity in the Ch treatment appeared
to result from a decline in both CAT1 and CAT3, perhaps
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Figure 2. Separation of CAT isozymes from seedlings exposed to
acclimation and chilling. Cell-free extracts from coleoptile + leaf,
mesocotyl top, mesocotyl bottom, and root of Cont (lanes 1), Ch
(lanes 2), Ac (lanes 3), and AcCh (lanes 4) treatments (see Table | for
treatment descriptions) were loaded at a 30-ug total protein level and
stained for CAT activity.

more so from CATI1. This decline was consistent among
replicate gels.

Peroxidase Isozymes

Total POX activity (Table II) was generally lowest in the
coleoptile + leaf, higher in the mesocotyl, and highest in
the root. Chilling caused a significant reduction of POX
activity in both the mesocotyl and the root. Significant
induction of total POX activity by acclimation occurred
only in the mesocotyl, in the bottom more so than in the
top. When Ac seedlings were subsequently chilled, POX
activity was lower than when seedlings were acclimated

Table Il. Lignin content and total activities of CAT, POX, SOD, GR, and APX in various tissues of maize seedlings exposed to acclimation

and chilling

Lignin is expressed as mg lignin/g dry weight. Enzyme units are: CAT and POX, pmol H,O, min
mg " protein; SOD, the quantity of enzyme required to inhibit the reduction of Cyt ¢ by 50% in a

mg~" protein; APX, umol ascorbate min~"

"mg ' protein; GR, nmol NADPH min™'

1-mL reaction volume. CAT and POX were replicated nine times; SOD, GR, APX, and lignin were replicated three times. See Table | for treatment
descriptions. Mesocotyl top = a 1-cm segment immediately below the coleoptilar node. Mesocotyl bottom = a 1-cm segment 1.5 to 2.5 cm below

the coleoptilar node.

Organ Treatment CAT POX Lignin SOD APX GR
Coleoptile + leaf Cont 35.50 1.43 4.17 1.43 50.97
Ch 32.36 1:39 4.85 1.36 51.80
Ac 33.69 123 3.21 1.23 45.45
AcCh 34.37 1:23 4.04 1.23 48.90
SE 0.93 0.03 1.06 0.04 1.70
Mesocotyl top Cont 26.46 1.85 55.41 6.25 1.29 35.20
Ch 21.77 1.60 51.31 6.61 1.24 37.19
Ac 34.16 2.23 72.05 6.14 1.41 26.13
AcCh 34.25 1.93 67.65 5.36 1.38 32.96
SE 0.97 0.06 3.23 0.34 0.03 2.36
Mesocotyl bottom Cont 28.82 2.80 64.34 5.37 1.13 41.77
Ch 25.84 2.42 56.99 5.65 1.06 43.29
Ac 40.43 4.67 81.85 6.75 1.18 51.10
AcCh 41.53 3.78 84.74 6.67 1.20 52.26
SE 0.70 Oel2 351 0.67 0.05 2.12
Root Cont 23.69 6.47 2.93 137 54.44
Ch 23.52 5.49 4.63 1.32 46.84
Ac 23:26 6.58 4.33 1.38 50.08
AcCh 24.77 6.03 4.55 1.54 45.69
SE 0.81 0.20 0.94 0.05 2.89
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without chilling. Examination of the POX isozyme profiles
by IEF revealed a number of changes that occurred in
response to acclimation and chilling (Fig. 3). All major
isozymes observed using p-phenylenediamine as the sub-
strate were also responsive to guaiacol, indicating that
these results should be comparable to the total activities in
Table II. Conservatively, we observed a total of 10 distinct
bands in Figure 3. Even though the band at pH 8.4 ap-
peared to be a doublet in Ac and AcCh treatments in the
mesocotyl bottom and in the root, we have questioned
whether these were separate isozymes, since it occurred as
a doublet only in samples with very high activity. At a
lower loading level, only one band appeared. Until we
obtain evidence to the contrary, we consider the doublet to
be one isozyme and discuss its intensity here in terms of
both bands. There was also considerable POX activity
present at the cathode, where peroxidases showed pl val-
ues higher than the pH range of the gel. When gels were
underfocused (Fig. 4), we were able to visualize at least
three additional bands. In the 1.5-h gel section, the upper-
most arrow indicates an isozyme that was both induced by
acclimation and reduced by chilling, and the lower arrow
indicates an isozyme that was unaffected by treatment. In
the 1.33-h section, the arrow indicates a band that was
strongly induced by acclimation.

In the coleoptile + leaf, POX activity was very low but
there were two isozymes, focusing at pH 8.0 and 8.4, that
were higher in both the Ac and AcCh treatments. In the
mesocotyl top we saw induction of nearly all of the major
bands in the Ac and AcCh treatments; bands at pH 5.1, 6.7,
7.6, 8.0, 8.4, 8.8, and 9.0 were most notable. The band at pH
6.7 was found to be a mitochondrial peroxidase (Prasad et
al., 1995) and is likely responsible for the induction of POX
by acclimation in mitochondrial preparations (Prasad et al.,
1994b). These bands were also induced by acclimation from

Coleoptilet+leaf Mesocotyl Top  Mesocotyl Bottom Root
T 2 3 4 1 & 3 4 % 2 85 4 1 2 3 4

47
51
55
Appl

Cathode

Figure 3. Separation of POX isozymes on a 5% IEF gel, pH 3 to 10,
from seedlings exposed to acclimation and chilling. Cell-free extracts
from coleoptile + leaf, mesocotyl top, mesocotyl bottom, and root of
Cont (lanes 1), Ch (lanes 2), Ac (lanes 3), and AcCh (lanes 4)
treatments were loaded at a 75-pg total protein level and stained for
POX activity. pl values were determined using an 1EF marker kit, pl
range 3.5 to 9.3, and stained according to the manufacturer’s instruc-
tions (Sigma, catalog No. I-3018). Precipitation at the applicator is
indicated as “Appl.”
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Figure 4. Underfocusing peroxidase isozymes so that those with pl >
9.3 could be visualized. Cell-free extracts from mesocotyl bottom of
Cont (lanes 1), Ch (lanes 2), Ac (lanes 3), and AcCh (lanes 4)
treatments were loaded at a 75-ug total protein Jevel and run at 20 W
constant power for various lengths of time. Isozymes were most
visible in the gel sections run for 1.33 and 1.5 h. Three additional
isozymes not observed in Figure 3 are indicated by arrows. The
lowest band on the 1.5-h gel section had reached the cathode and
was better represented on the 1.33-h section.
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a higher Cont level (when compared to mesocotyl top) in
the bottom of the mesocotyl, except those at pH 6.7, 7.6,
and 8.0. No notable induction of any POX isozyme was
observed from the constitutively high levels present in the
root. Several bands appeared to decline somewhat in re-
sponse to chilling. In the mesocotyl bottom, bands focusing
at pH 7.6 and 8.8 were most notably reduced. One band,
focusing at pH 7.0, was elevated in only the AcCh treat-
ment in coleoptile + leaf and in the mesocotyl top and in
both Ch and AcCh treatments in the bottom of the meso-
cotyl, indicating that it may be an isozyme that was in-
duced, not by acclimation, but by chilling.

Since peroxidase involvement in lignification is well es-
tablished (Gaspar et al., 1991; Siegel, 1993), it was of inter-
est to determine which of these POX isozymes was cell-
wall localized. The POX isozyme profiles in cell-wall and
protoplast fractions are shown in Figure 5. Bands at pH 4.7
and 8.0 were clearly cell-wall peroxidases. The band at pH
8.4 appeared most abundantly in the cell wall but was also
prominent in the protoplast fraction. It may be a cell-wall
peroxidase that was loosely associated with the cell wall so
that a significant portion was extracted into the protoplast
fraction. The band appearing at approximately pH 7.5 in
the cell-wall fraction did not have the same appearance as
the other bands, but was reminiscent of protein precipita-
tion on the gel. At a lower loading level, this band was not
present. Thus, it was likely not a true isozyme. All other
POX isozymes were localized in the protoplast.
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Figure 5. Separation of POX isozymes in cell wall (CW) and protoplasmic
(P) fractions from the bottom of the mesocotyl of Ac and AcCh seedlings.
Lanes 1 and 2 are total protein extracts (75 ug total protein) from the
mesocotyl bottom and root of the AcCh treatment, respectively. Lanes 3
and 4 are cell-wall (15 ug total protein) and protoplasmic (15 ug total
protein) fractions from Ac and lanes 5 and 6 are cell-wall and protoplasmic
fractions from AcCh, all taken from the bottom of the mesocotyl. Those
bands that were induced by acclimation in both the top and bottom of the
mesocotyl (Fig. 3) are marked with double asterisks (**). Bands induced in
the top but not the bottom of the mesocotyl are marked with single asterisks
(*). The band induced by chilling is marked #. Precipitation at the applicator
is indicated as “Appl.” The band at approximately pH 7.5 in the cell-wall
fractions did not have the same appearance as other bands and was
considered an artifact.

Lignin Content

The fact that of the three POX isozymes localized in the
cell wall, two were induced by acclimation (the band at pH
8.0 was induced in the mesocotyl top and the band at pH
8.4 was induced in both the top and the bottom of the
mesocotyl) suggested that lignification may be a process

A

Mesocotyl Mesocotyl
Coleoptile+leaf Top Bottom Root
1. 2 3 4 1 2 3 4 1

2 3 4 1 2 3 4
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affected by acclimation. Lignin contents are reported in
Table II and, indeed, lignin content was significantly
higher in both the top and the bottom of the mesocotyl in
the Ac and AcCh treatments when compared to Cont and
Ch treatments.

SOD and APX Isozymes

We have previously reported, without showing data,
that total SOD and APX activities were unaffected by ac-
climation and/or chilling in mesocotyls of dark-grown
maize seedlings (Prasad et al., 1994a). Total SOD activities
are given in Table II and, although there appeared to be a
small induction of SOD by acclimation in the bottom of the
mesocotyl, there were no significant differences in SOD
activity among treatments in any of the tissues. We ob-
served four SOD isozymes on nondenaturing polyacryl-
amide gels, but none of them were strikingly affected by
acclimation or chilling (data not shown). APX activity is
also reported in Table II and, like SOD, there were no
meaningful differences among treatments in any of the
tissues tested. Zymograms revealed four APX isozymes;
two were prominent and two were very faint. None of the
bands were affected by treatment. With the lack of re-
sponse of SOD and APX isozymes to acclimation or chill-
ing, no effort was made to further characterize these
enzymes.

GR Isozymes

Only minor changes in total GR activity (Table II) were
observed in response to acclimation and chilling. GR activ-
ity was increased slightly in the Ac and AcCh treatments in
the bottom of the mesocotyl. No other significant differ-
ences among treatments were observed in the other tissues
tested. However, examination of GR isozyme profiles (Fig.
6A) revealed three isozymes that were greatly affected by
acclimation in the mesocotyl. Activity in the three bands
was dependent on the presence of GSSG during the stain-
ing reaction, verifying their identities as GR. In Cont seed-
lings, the top band was most prominent in the coleoptile +
leaf and the mesocotyl and the bottom two bands were
most prominent in the roots. No significant changes in the

B Figure 6. A, Separation of GR isozymes from
seedlings exposed to acclimation and chilling.
The same cell-free extracts used for CAT (Fig. 2)
were loaded at a 100-ug total protein level. The
three bands observed did not stain in the ab-
sence of GSSG, verifying their identity as GRs.
B, Separation of GR isozymes from plastid (P),
mitochondria (M), and cytosol (C) fractions (all
loaded at 100-pg total protein) from the meso-
cotyl of Ac seedlings. Plastid and mitochondrial
samples contained 1% (v/v) Nonidet P-40 to
disrupt membranes. A total protein extract (T, 75
wg total protein) containing all three bands in
high quantities was run for comparison.
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GR profile were observed in the coleoptile + leaf or the
roots in response to acclimation and chilling. In the meso-
cotyl (both top and bottom), the upper band was greatly
diminished in the Ac and AcCh treatments, whereas the
lower two bands were greatly increased. The net effect was
the absence of a significant change in total GR activity
(Table II).

Examination of GR isozyme profiles in plastidic, mito-
chondrial, and cytosolic fractions (Fig. 6B) revealed that all
three bands observed in the cell-free extracts were cytoso-
lic. Apparently, the plastidic and mitochondrial isozymes
were too dilute to be observed in the cell-free extracts.
Plastid and mitochondrial isolates each had one GR band
that migrated differently than any of the cytosolic bands. A
rapidly migrating band also appeared in the plastids; it
was found to stain at equal intensity in the absence of
GSSG and thus was not GR. Preliminary results from me-
socotyl tissue revealed no differences in plastidic and mi-
tochondrial GR activity among low-temperature treat-
ments (data not shown).

Ascorbate and Glutathione Levels

Since H,0, levels in Ch coleoptile + leaf were elevated
but were maintained at low levels in the AcCh treatment,
some antioxidant mechanism must be induced by acclima-
tion in these tissues. However, none of the antioxidant
enzymes examined in this study (CAT, POX, SOD, APX, or
GR) were affected by acclimation in the coleoptile + leaf.
Thus, the levels of ascorbate and glutathione were mea-
sured to determine if there were changes in the pools of
these antioxidants that could account for the low H,O,
levels in the AcCh coleoptile + leaf. In both coleoptile +
leaf and in mesocotyl, we generally saw a decline in AsA,
no significant change in DHA (although Cont DHA ap-
pears slightly higher in the coleoptile + leaf, it was not
statistically higher), and a decline in the total ascorbate
pool in response to chilling (Table III). Neither AsA nor
DHA was significantly different in the Ac and AcCh treat-
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ments when compared to Cont. In the root, AsA was sig-
nificantly lower in both Ch and AcCh treatments than
Cont, but DHA was unaffected by treatment. Like AsA,
GSH was lower in both coleoptile + leaf and mesocotyl in
the Ch treatment compared to Cont, and GSSG was corre-
spondingly higher, resulting in no change in the total glu-
tathione pool. However, in the Ac and AcCh treatments,
GSH remained near Cont levels while GSSG was near Ch
levels, resulting in an increase in the total glutathione pool.
This effect was more pronounced in the coleoptile + leaf
than in the mesocotyl. In the root, there was no change in
the total glutathione pool among treatments, and there was
lower GSH and correspondingly higher GSSG in the Ch
and AcCh treatments than in Cont.

DISCUSSION

Response of Antioxidant Enzymes to Acclimation in the
Mesocotyl

Consistent with our previous contention that protection
from oxidative stress is an important aspect of chilling
tolerance, we have provided correlative evidence that the
enhanced chilling tolerance of Ac seedlings was associated
with changes in antioxidant enzymes and the maintenance
of low H,O, levels. Although SOD and APX activities were
unchanged, activities of CAT3, at least nine POX isozymes,
and three cytosolic GR isozymes were all affected in the Ac
and AcCh treatments. These responses were observed pri-
marily in the mesocotyl and few changes were observed in
the coleoptile + leaf or the root. As previously reported, we
feel that induction of CAT3 during acclimation is of pri-
mary importance in protecting mitochondrial components
from oxidative damage and is therefore a key element in
chilling tolerance (Prasad et al., 1994a, 1994b). Although
acclimation did not appear to significantly induce CAT1
(Fig. 2), we observed that CAT1 activity declined in re-
sponse to chilling. A number of studies have shown that
CAT activity rapidly declines in response to chilling in

Table HI. Ascorbate and glutathione levels in various tissues of maize seedlings exposed to acclimation and chilling

AsA and DHA levels are expressed as pmol/g dry weight. GSH and GSSG are expressed as mg/g dry weight. Treatments were replicated three

times. See Table [ for treatment descriptions.

Organ Treatment AsA DHA Total GSH GSSG Total
Coleoptile + leaf Cont 21.91 7.09 29.00 2.49 1.07 3.56
Ch 14.97 4.49 19.46 219 1.54 3.73

Ac 21.09 4.24 25.33 2.70 1.70 4.41

AcCh 19.06 3.98 23.03 2.53 1.98 4.51

SE 0.77 0.69 0.91 0.08 0.08 0.15

Mesocotyl Cont 12.80 4.75 17.56 2.72 1.57 4.29
Ch 9.70 4.98 14.68 2.43 1.94 4.37

Ac 14.00 5.08 19.08 2.70 1.95 4.65

AcCh 12.05 3.74 15.79 2.69 2.22 4.92

SE 0.56 0.60 1.05 0.07 0.06 0.12

Root Cont 8.79 4.02 12.93 1.94 0.88 2.82
Ch 6.35 3.38 9.73 1.46 1.23 2.69

Ac 8.93 3.01 12.10 1.84 1.01 2.85

AcCh 6.26 3.09 9.35 1.56 1.23 2.79

SE 0.44 0.33 0.82 0.08 0.05 0.12
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combination with high light (MacRea and Ferguson, 1985;
Volk and Feierabend, 1989; Feierabend et al., 1992; Mishra
et al., 1993), likely a result of inactivation of CAT by active
oxygen (Feierabend and Engel, 1986). We have observed
that CAT1, and to a lesser extent CAT3, were susceptible to
oxidative inactivation in vitro (data not shown). Although
we cannot rule out a chilling-induced down-regulation of
cat gene expression, we have shown that H,O, levels are
elevated in response to chilling, and it is possible that one
of the effects of chilling is oxidative inactivation of CAT. It
is noteworthy that CAT1 activity was maintained in the
AcCh treatment, since prevention of a loss of activity may
be as important to chilling tolerance as induction of activ-
ity. However, whether acclimation directly affects CAT1 or
indirectly prevents its inactivation through maintenance of
low H,0, levels is unknown.

We observed one plastidic, one mitochondrial, and three
cytosolic isozymes of GR in maize (Fig. 6B), although we do
not discount the possibility of other unresolved isozymes that
require two-dimensional PAGE (Edwards et al., 1990). Only
the cytosolic isozymes were observed in cell-free extracts (Fig.
6A). A shift in the intensity from the upper band to the lower
two bands was observed in the Ac and AcCh treatments, but
only in the mesocotyl. It is unknown whether this is due to
differential expression of distinct GR genes or a posttransla-
tional modification of one or more of the GR subunits. The
increased intensity of the two lower bands in Ac mesocotyls
is suggestive of an involvement in chilling tolerance. Similar
to our results, exposure to low temperature has resulted in
altered GR isozyme profiles in pea (Edwards et al., 1994) and
in spinach (Guy and Carter, 1984). In both cases, the altered
isozyme profile was associated with an increased affinity of
GR for its substrates. If such is also the case with the GR
isozymes in our system, it would enhance the ability of Ac
seedlings to maintain GSH in the reduced form in the cytosol,
contributing to the ability to tolerate chilling-induced oxida-
tive stress.

We observed the induction of at least nine major POX
isozymes in Ac seedlings. Although the significance of
CAT and GR as H,O, scavengers is clear, the role of POX
as an H,O, scavenger is not well established. We have
previously suggested that the mitochondrial peroxidase (pl
6.7) may contribute to the maintenance of low H,0O, levels
in the mitochondria (Prasad et al.,, 1995), although the
utilization of H,O, may be incidental to its true function.
At this point, we have made no effort to identify the sub-
strates most reactive with individual isozymes and can-
not suggest possible functions. However, the fact that
these isozymes were elevated in Ac seedlings suggested
a role in chilling tolerance. Since two of the induced
isozymes were localized in the cell wall (Fig. 5) and lig-
nin content was elevated in mesocotyls from Ac seed-
lings (Table II), it is possible that lignification may be a
component of acclimation-induced chilling tolerance. In
this way, Ac mesocotyls would have an increased rigid-
ity, allowing them to remain intact while unacclimated
mesocotyls become desiccated and mechanically weak in
response to chilling.

Differences in the Antioxidant Responses among Tissues

We have observed that the effect of acclimation on anti-
oxidant enzymes differs depending on the tissue. The me-
socotyl is visibly the most susceptible to chilling damage,
and it is in this organ that we observe the induction of
antioxidant enzymes. It is understandable that if the me-
socotyl is the most sensitive to chilling damage, chilling
tolerance mechanisms would be focused on this organ. We
also noted that the mature cells of the mesocotyl appeared
to be more susceptible to chilling damage than the cells in
the apical region. Total CAT and POX activity (Fig. 1) were
induced in Ac seedlings more strongly in the mature cells,
supporting the correlation of chilling sensitivity of the
tissue with induction of antioxidant enzymes during accli-
mation. These responses were confirmed by examination of
isozyme profiles. Although there were dramatic changes in
CAT3, POX, and GR in the top of the mesocotyl of Ac
seedlings (Figs. 2, 3, and 6A), the changes were more
pronounced in the bottom.

In contrast to the mesocotyl, none of the antioxidant
enzymes were affected in the coleoptile + leaf of Ac seed-
lings. This is despite the fact that H,O, in the AcCh treat-
ment was maintained at low levels, just as in the mesocotyl.
Thus, some mechanism of antioxidant protection must ex-
ist in these tissues. Examination of the ascorbate and glu-
tathione pools in Table III may provide some insight.
Among other functions, ascorbate and glutathione are key
elements in the scavenging of H,O, through their partici-
pation in the ascorbate-glutathione cycle (Rennenberg,
1982; Foyer et al., 1991). The H,O,-scavenging capacity of
the cycle is dependent on the maintenance of reduced
ascorbate and glutathione pools by the action of DHAR and
GR. Jahnke et al. (1991) reported that the activities of both
DHAR and GR in maize were severely inhibited when
measured at 5°C; thus, we would expect a depletion of AsA
and GSH and a corresponding increase in DHA and GSSG
in Ch seedlings. This is essentially what we see in the
coleoptile + leaf of the Ch treatment (Table III). The lack of
an increase in DHA may be the result of oxidation to
tartaric acid and oxalic acid (Loewus, 1988), a process that
may be enhanced under conditions of oxidative stress.
Most importantly, we observed that the total glutathione
pool increased in the coleoptile + leaf of the Ac and AcCh
treatments. In the absence of sufficient GR activity or
NADPH, this may provide sufficient GSH to reduce DHA
so that the AsA level can be maintained when Ac seedlings
are subsequently chilled. The lower level of DHA in the
AcCh treatment (although the difference was not statisti-
cally significant) may be interpreted as the combined ef-
fects of DHA oxidation and DHA reduction to AsA. Our
results are similar to those of Walker and McKersie (1993),
who observed an increased synthesis of total glutathione
and a maintenance of the reduced form in chilling-resistant
tomato while the susceptible tomato species exhibited only
an oxidation of GSH with no increase in the total glutathi-
one pool. We acknowledge that caution should be exer-
cised when drawing conclusions about the efficacy of the
ascorbate-glutathione cycle in scavenging H,O, based
solely on metabolite pool sizes, since the capacity of the
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cycle is also dependent on the kinetic parameters of the
associated enzymes at the treatment temperature. How-
ever, the importance of maintaining reduced glutathione as
a factor in low-temperature tolerance has been suggested
by Alscher (1989), and our results are consistent with this
view. Thus, we suggest that the maintenance of GSH in Ac
seedlings near that of unchilled controls, possibly through
increased synthesis of GSH, may contribute to the preven-
tion of H,O, accumulation in the coleoptile + leaf.

The response of ascorbate and glutathione in mesocotyls
to acclimation and chilling was generally the same as that
in the coleoptile + leaf, although the increase in the total
glutathione pools in response to acclimation was not as
extensive. Induction of other antioxidants in the mesocotyl
may reduce the need for GSH synthesis. In the roots, there
was no effect of acclimation or chilling on any of the
antioxidants tested. However, the fact that H,O, levels in
the roots were not greatly increased by chilling suggests
that a modification of antioxidants was unnecessary to
prevent oxidative stress.

The Antioxidant System in Preemergent Maize Seedlings

The importance of antioxidants in the protection of light-
grown plants from chilling-induced oxidative damage has
been well established (Halliwell, 1987; Jahnke et al., 1991;
Mishra et al., 1993). Restricted electron flow through the
photosystems in the presence of excess light leads to an
increased generation of superoxide in the chloroplasts and
places a greater demand on the active oxygen-scavenging
system of the chloroplast. However, in dark-grown maize
seedlings exposed to a chilling stress, the primary source of
active oxygen is likely the mitochondria (Prasad et al.,
1994b). Mitochondria have also been implicated as a major
source of extramitochondrial H,O, in nonphotosynthetic
tissue (Puntarulo et al., 1991), and thus, induction of CAT3
and mitochondrial peroxidases by acclimation may be the
first line of defense against oxidative damage throughout
the cell. The catabolism of cytosolic H,O, is likely depen-
dent on the maintenance of reduced AsA and GSH. Thus,
the increased synthesis of GSH, or the conversion of GR
to isoforms that are more efficient at low temperature,
would contribute significantly to the ability to prevent
oxidative stress in Ac seedlings. Peroxidases located in
the vacuole may also contribute to the scavenging of cy-
tosolic H,O, (Takahama, 1991), although we have not de-
termined whether any of the peroxidases induced by ac-
climation in our study were vacuole localized. In this
study, we have noted numerous differences in antioxi-
dant enzymes between Ac and Cont seedlings. Although
we cannot definitively tie all changes to acclimation, our
data are consistent with the idea that the acclimation
process involves enhancement of antioxidant systems
throughout the cell. Although mitochondrial antioxidants
may be key in preemergent maize seedlings, we conclude
that antioxidants in other compartments likely also con-
tribute to the protection from chilling-induced oxidative
stress.

Plant Physiol. Vol. 109, 1995

ACKNOWLEDGMENT

The authors wish to thank L. Tabatabai for the use of equipment
necessary for the separation of POX isozymes by IEF.

Received June 26, 1995; accepted August 29, 1995
Copyright Clearance Center: 0032-0889/95/109/1247/11.

-LITERATURE CITED

Alscher RG (1989) Biosynthesis and antioxidant function of glu-
tathione in plants. Physiol Plant 77: 457-464

Anderson JV, Hess JL, Chevone BI (1990) Purification, character-
ization, and immunological properties for two isoforms of glu-
tathione reductase from eastern white pine needles. Plant
Physiol 94: 1402-1409

Anderson MD, Prasad TK, Martin BA, Stewart CR (1994) Differ-
ential gene expression in chilling-acclimated maize seedlings
and evidence for the involvement of abscisic acid in chilling
tolerance. Plant Physiol 105: 331-339

Beauchamp C, Fridovich I (1971) Superoxide dismutase. Im-
proved assays and an assay applicable to acrylamide gels. Anal
Biochem 44: 276-287

Beers RF, Sizer IW (1952) A spectrophotometric method for mea-
suring the breakdown of hydrogen peroxide by catalase. ] Biol
Chem 195: 133-140

Brennan T, Frenkel C (1977) Involvement of hydrogen peroxide in
the regulation of senescence in pear. Plant Physiol 59: 411-416

Chance B, Maehly AC (1955) Assay of catalase and peroxidases.
Methods Enzymol 2: 764-775

Edwards EA, Enard C, Creissen GP, Mullineaux PM (1994} Syn-
thesis and properties of glutathione reductase in stressed peas.
Planta 192: 137-143

Edwards EA, Rawsthorne S, Mullineaux PM (1990) Subcellular
distribution of multiple forms of glutathione reductase in leaves
of pea (Pisum sativum L.). Planta 180: 278-284

Elstner EF (1987) Metabolism of activated oxygen species. In DD
Davies, ed, Biochemistry of Metabolism: The Biochemistry of
Plants, Vol 11. Academic Press, New York, pp 253-315

Feierabend J, Engel S (1986) Photoinactivation of catalase in vitro
and in leaves. Arch Biochem Biophys 251: 567-576

Feierabend J, Schaan C, Hertwig B (1992) Photoinactivation of
catalase occurs under both high- and low-temperature stress
conditions and accompanies photoinhibition of photosystem II.
Plant Physiol 100: 1554-1561

Foyer CH, Halliwell B (1976) The presence of glutathione and
glutathione reductase in chloroplasts: a proposed role in ascor-
bic acid metabolism. Planta 133: 21-25

Foyer CH, Lelandais M, Edwards EA, Mullineaux PM (1991) The
role of ascorbate in plants, interactions with photosynthesis, and
regulatory significance. In E Pell, K Steffen, eds, Active Oxygen/
Oxidative Stress and Plant Metabolism: Current Topics in Plant
Physiology, Vol 6. American Society of Plant Physiologists,
Rockville, MD, pp 131-144

Gaspar T, Penel C, Hagege D, Greppin H (1991) Peroxidases in
plant growth, differentiation, and development processes. In ]
Lobarzewski, H Greppin, C Penel, T Gaspar, eds, Biochemical,
Molecular, and Physiological Aspects of Plant Peroxidases. Uni-
versity of Geneva, Switzerland, pp 249-280

Grison R, Pilet P-E (1985) Cytoplasmic and wall isoperoxidases in
growing maize roots. J Plant Physiol 118: 189-199

Guy CL, Carter JV (1984) Characterization of partially purified
glutathione reductase from cold-hardened and nonhardened
spinach leaf tissue. Cryobiology 21: 454464

Halliwell B (1987) Oxidative damage, lipid peroxidation and an-
tioxidant protection in chloroplasts. Chem Phys Lipids 44:
327-340

Hissin PJ, Hilf R (1976) A fluorometric method for determination
of oxidized and reduced glutathione in tissues. Anal Biochem
74: 214-226



Antioxidant Enzymes in Chilling-Acclimated Maize 1257

Iiyama K, Wallis AFA (1990) Determination of lignin in herba-
ceous plants by an improved acetyl bromide procedure. J Sci
Food Agric 51: 145-161

Jablonski PP, Anderson JW (1981) Light-dependent reduction of
dehydroascorbate by ruptured pea chloroplasts. Plant Physiol
67: 1239-1244

Jahnke LS, Hull MR, Long SP (1991) Chilling stress and oxygen
metabolizing enzymes in Zea mays and Zea diploperennis. Plant
Cell Environ 14: 97-104

Kunce CM, Trelease RN (1986) Heterogeneity of catalase in ma-
turing and germinated cotton seeds. Plant Physiol 81: 1134-1139

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T,. Nature 227: 680-685

Larson RA (1988) The antioxidants of higher plants. Phytochem-
istry 27: 969-978

Law MY, Charles SA, Halliwell B (1983) Glutathione and ascorbic
acid in spinach (Spinacia oleracea) chloroplasts: the effect of hy-
drogen peroxide and paraquat. Biochem J 210: 899-903

Loewus FA (1988) Ascorbic acid and its metabolic products. In ]
Preiss, ed, Carbohydrates: The Biochemistry of Plants, Vol 14.
Academic Press, New York, pp 85-107

Lowry OH, Rosebrough NJ, Farr AL, Randall RL (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem 193:
265-275

MacRea EA, Ferguson IB (1985) Changes in catalase activity and
hydrogen peroxide concentration in plants in response to low
temperature. Physiol Plant 65: 51-56

McCord JM, Fridovich I (1969) Superoxide dismutase: an enzymic
function for erythrocuprein (hemocuprein). J Biol Chem 244:
6049-6055

Mishra NP, Mishra RK, Singhal GS (1993) Changes in the activ-
ities of anti-oxidant enzymes during exposure of intact wheat
leaves to strong visible light at different temperatures in the
presence of protein synthesis inhibitors. Plant Physiol 102:
903-910

Mittler R, Zilinskas BA (1993) Detection of ascorbate peroxidase
activity in native gels by inhibition of the ascorbate-dependent
reduction of nitroblue tetrazolium. Anal Biochem 212: 540-546

Morikofer-Zwez S, Cantz M, Kaufmann H, von Wartburg JP,
Aebi H (1969) Heterogeneity of erythrocyte catalase: correla-
tions between sulfhydryl group content, chromatographic and
electrophoretic properties. Eur ] Biochem 11: 49-57

Mullen RT, Gifford DJ (1993) Purification and characterization of
catalase from loblolly pine (Pinus taeda L.) megagametophytes.
Plant Physiol 103: 477-483

Musha Y, Goring DAI (1974) Klason and acid-soluble lignin con-
tent of hardwoods. Wood Sci 7: 133-134

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell
Physiol 22: 867-880

Olson PD, Varner JE (1993) Hydrogen peroxide and lignification.
Plant | 4: 887-892

Omran RJ (1980) Peroxide levels and the activities of catalase,
peroxidase, and indoleacetic acid oxidase during and after chill-
ing cucumber seedlings. Plant Physiol 65: 407-408

Prasad TK, Anderson MD, Martin BA, Stewart CR (1994a)
Evidence for chilling-induced oxidative stress in maize seed-
lings and a regulatory role for hydrogen peroxide. Plant Cell 6:
65-74

Prasad TK, Anderson MD, Stewart CR (1994b) Acclimation, hy-
drogen peroxide, and abscisic acid protect mitochondria against
irreversible chilling injury in maize seedlings. Plant Physiol 105:
619-627

Prasad TK, Anderson MD, Stewart CR (1995) Localization and
characterization of peroxidases in the mitochondria of chilling
acclimated maize seedlings. Plant Physiol 108: 1597-1605

Prasad TK, Cline MG (1987) Shoot inversion inhibition of stem
elongation in Pharbitis nil. A possible role for ethylene-induced
glycoprotein and lignin. Plant Physiol 85: 104-108

Puntarulo S, Galleano M, Sanchez RA, Boveris A (1991) Super-
oxide anion and hydrogen peroxide metabolism in soybean
embryonic axes during germination. Biochim Biophys Acta
1074: 277-283

Rennenberg H (1982) Glutathione metabolism and possible
biological roles in higher plants. Phytochemistry 21: 2771-
2781

Righetti PG (1983) Isoelectric focusing: theory, methodology and
applications. In TS Work, E Work, eds, Laboratory Techniques in
Biochemistry and Molecular Biology, Vol 11. Elsevier Biomedi-
cal Press, Amsterdam, p 174

Scandalios JG (1990) Response of plant antioxidant defense genes
to environmental stress. Adv Genet 28: 1-41

Scandalios JG, Tong W-F, Roupakias DG (1980) Cat3, a third gene
locus coding for a tissue-specific catalase in maize: genetics,
intracellular location, and some biochemical properties. Mol
Gen Genet 179: 3341

Scandalios JG, Tsaftaris AS, Chandlee JM, Skadsen RW (1984)
Expression of the developmentally regulated catalase (cat) genes
in maize. Dev Genet 4: 281-293

Siegel BZ (1993) Plant peroxidases: an organismic perspective.
Plant Growth Regul 12: 303-312

Takahama U (1991) Purification and characterization of peroxi-
dase in vacuoles of leaf cells of Vicia faba. In ] Lobarzewski, H
Greppin, C Penel, T Gaspar, eds, Biochemical, Molecular, and
Physiological Aspects of Plant Peroxidases. University of Ge-
neva, Switzerland, pp 205-207

Volk S, Feierabend J (1989) Photoinactivation of catalase at low
temperature and its relevance to photosynthetic and peroxide
metabolism in leaves. Plant Cell Environ 12: 701-712

Walker MA, McKersie BD (1993) Role of the ascorbate-glutathi-
one antioxidant system in chilling resistance of tomato. J Plant
Physiol 141: 234-239

Wise RR, Naylor AW (1987) Chilling-enhanced photooxida-
tion. The peroxidative destruction of lipids during chilling in-
jury to photosynthesis and ultrastructure. Plant Physiol 83:
272-277

Woodbury W, Spencer AK, Stahmann MA (1971) An improved
procedure using ferricyanide for detecting catalase isozymes.
Anal Biochem 44: 301-305





