
Plant Cell Physiol. 38(10): 1118-1126(1997)
JSPP © 1997

Generation of Superoxide Anion and Localization of CuZn-Superoxide
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The sites of generations of superoxide anions and

hydrogen peroxide in cross sections of hypocotyls from

spinach seedlings were located by staining with nitroblue

tetrazolium (NBT) and with starch-iodide, respectively.

Formazan, produced upon the reduction of NBT by super-

oxide, was observed mainly in the vascular tissue only in

the presence of inhibitors of CuZn-superoxide dismutase

(CuZn-SOD), and its formation was suppressed under an-

aerobic conditions. Thus, NBT was reduced to formazan

specifically by the superoxide anions generated in vascular

tissue. The reduction of NBT was suppressed by inhibitors

of NAO(P)H oxidase, but neither by cyanide nor azide, in-

dicating the involvement of NAD(P)H oxidase in the gener-

ation of superoxide anions in the vascular tissue. Starch-I2

complex also was formed in the vascular tissue, but not

in the presence of either the CuZn-SOD inhibitor or the

NAD(P)H oxidase inhibitor, indicating that the hydrogen

peroxide is produced via the catalytic disproportionation

with CuZn-SOD of the superoxide generated by NAD(P)H

oxidase. Generations of superoxide anions and hydrogen

peroxide in the vascular tissue were particularly apparent in

the xylem and associated with the sites of distribution of

CuZn-SOD as determined by an immunohistochemical

method, and also with the location of lignin as determined

by the phloroglucin-HCI reaction.
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peroxide dismutase (EC 1.15.1.1).
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Hydrogen peroxide is a substrate for peroxidase-de-

pendent reactions, such as the biosynthesis of lignin and

suberin, and the decomposition of IAA during plant devel-

opment, and for defenses against infection by pathogens.

Peroxygenases also require hydrogen peroxide for the oxy-

genation of substrates such as indole, phenols and lino-

leic acid (Ishimaru and Yamazaki 1977, Hamberg and

Hamberg 1996). Hydrogen peroxide is produced either by

the two-electron reduction of dioxygen in reactions cata-

lyzed by divalent oxidases, such as glycolate oxidase, or by

the disproportionation of the superoxide anion. Superox-

ide is produced via the univalent reduction of dioxygen by

electron donors in reactions catalyzed by univalent oxi-

dases, such as xanthine oxidase, NAD(P)H oxidase and

aldehyde oxidase, or via the autooxidation of electron car-

riers, such as the primary electron acceptor of PSI (Asada

and Takahashi 1987). Spontaneous disproportionation of

superoxide radicals proceeds at an appreciable rate to pro-

duce hydrogen peroxide and dioxygen (105 M"1 s"1 at pH

7), but the generation of hydrogen peroxide in apoplastic

regions of elicitor-treated cells is suppressed by an inhibitor

specific for CuZn-superoxide dismutase (CuZn-SOD) (Auh

and Murphy 1995) which catalyzes the disproportionation

of superoxide anions at a diffusion-controlled rate (2x 109

M~' s~'). These observations indicate that the superoxide

radicals that are generated in vivo react with cellular com-

ponents prior to their spontaneous disproportionation

when SOD is inactivated. Thus, SOD appears to be re-

quired for the generation of hydrogen peroxide from the su-

peroxide via the enzyme-catalyzed disproportionation.

In spinach leaves, up to 40% of the so-called "cyto-

solic" (as distinct from chloroplastic) isoforms of CuZn-

SOD are localized in the apoplast, and the sites of localiza-

tion of the apoplastic CuZn-SOD are associated with the

lignifying cells in the leaf and hypocotyl tissues (Ogawa et

al. 1995b, 1996). Furthermore, we have demonstrated a

preliminary evidence for an association of the sites of distri-

bution of CuZn-SOD with the sites of the generation of su-

peroxide and of lignifying tissues in spinach hypocotyls

(Ogawa et al. 1996). However, the cells in which superox-

ide is generated for the supply of hydrogen peroxide for

lignification and the enzymes participating in the genera-

tion of superoxide remain to be determined.
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Generation of O2 in vascular tissue 1119

In the present work, we showed the generating enzyme

of superoxide anions in the vascular tissue of spinach hypo-

cotyls and assessed the contribution of CuZn-SOD and

NAD(P)H oxidase to the formation of hydrogen peroxide

using inhibitors of CuZn-SOD, guaiacol peroxidase and

NAD(P)H oxidase. Further, detailed distribution of CuZn-

SOD, lignin and the generation sites of superoxide and hy-

drogen peroxide in spinach hypocotyls is demonstrated,

indicating the involvement of CuZn-SOD in the supply of

hydrogen peroxide for lignification of the cell walls.

Materials and Methods

Plant material—Spinach seeds were germinated on moist ver-
miculite in a growth chamber (20°C; daily illumination for 12 h
of 1,500 lux; humidity, 100%), and cross sections (100-300 fim
thick) of hypocotyls from 13-d-old seedlings, cut 1 mm from the
top, were prepared with a razor blade for histochemical analy-
sis. For immunohistochemical analysis, hypocotyls from 13-d-old
spinach seedlings were prefixed in 4% paraformaldehyde in 10
mM sodium phosphate, pH 7.4, and 150 mM NaCl (PBS) at 4°C
overnight, and then were rinsed six times with PBS for 20min
each. Subsequently, cross sections, cut 1 mm below the top, or lon-
gitudinal sections (100-300 ̂ m thick) including the region 1 mm
from the top were prepared as described above.

Antibody against cytosolic CuZn-SOD—The antibody against
"cytosolic" CuZn-SOD from spinach leaves was prepared as de-
scribed previously (Kanematsu and Asada 1990). This antibody
cross-reacted with "cytosolic" isoforms of CuZn-SOD that includ-
ed the apoplastic isoform, but not with the isoform of CuZn-SOD
from chloroplasts (Kanematsu and Asada 1990, Ogawa et al.
1995a, b, 1996).

Detection of lignin in hypocotyls—Sections mounted on glass
slides were incubated with 1% phloroglucin in ethanol and, just
before the ethanol was evaporated, 10% HC1 (w/v) was added.
Subsequently, the sites of lignin were identified as regions of dark
red-brown staining under a light microscope (BH and PM-20,
Olympus, Tokyo, Japan).

Detection of superoxide in hypocotyls—Generation of super-
oxide was detected under the light microscope by the formation of
blue formazan after incubation of the sections for 30 to 120 min in
0.25 mM NBT in 10 mM sodium phosphate, pH 7.8. To examine
the effects of inhibitors on the superoxide-dependent reduction of
nitroblue tetrazolium (NBT), inhibitors of CuZn-SOD (1 mM
N.JV-diethyldithiocabamate (DDC), 10 mM KCN or 1 mM NaN3;
Asada et al. 1975) were added to the NBT-containing solution.
When the effects of inhibitors of NAD(P)H-oxidase were exam-
ined, the sections were preincubated with either 10 mM imidazole
or 50/<M diphenyleneiodonium (DPI) (Murphy and Auh 1996)
for 30 min prior to the incubation with NBT. For the depletion of
dioxygen, the sections in a petri dish were subjected to a reduction
in pressure with an aspirator just after the sections had been incu-
bated with NBT, and then nitrogen gas was introduced. Before the
observation of the sections, the formazan deposited on the
periphery of the section was washed out with ethanol, by which
the formazan formed by the wounding was removed (Ogawa et al.
1996).

Detection of hydrogen peroxide in hypocotyls—Generation
of hydrogen peroxide was located as a dark blue starch-I2 complex
on the cut surface of the sections as described by Olson and
Varner (1993). Potato starch (4%, w/v) in 100 mM potassium

iodide was boiled and then cooled to room temperature. The sec-
tions were incubated with the starch-iodide for 3 min and ob-
served under the light microscope. When the effects of inhibitors
on the generation of hydrogen peroxide was tested, the sections
were preincubated with 2 mM DDC or 100^M DPI.

Immunohistochemical detection of CuZn-SOD in hypocotyls
—Prefixed sections were incubated with 2% (w/v) glycine for 1 h
to quench any remaining paraformaldehyde. Then, the sections
were immunostained on glass slides that had been coated with 1%
(w/v) gelatin as described by Ogawa et al. (1996). The sections on
the gelatin-coated glass slides were incubated for 1 h with a block-
ing solution that consisted of 0.8% (w/v) bovine serum albu-
min (BSA), 0.1% (v/v) IGSS quality gelatin (Amersham Japan,
Tokyo), 5% (w/v) goat serum albumin and 2 mM NaN3 in PBS,
and then they were rinsed with a washing medium, which con-
sisted of 0.8% (w/v) BSA, 0.1% (v/v) IGSS quality gelatin and 2
mM NaN3 in PBS. Thereafter, the sections were allowed to cross-
react with the antibody against "cytosolic" CuZn-SOD at 200-fold
dilution in an incubation mixture that consisted of 0.8% (w/v)
BSA, 0.1% (v/v) IGSS quality gelatin, 1% (w/v) goat serum albu-
min and 2 mM NaN3 in PBS for 4 h at room temperature. The
sections were rinsed three times with the washing medium for 15
min each and then incubated with the antibody raised in goat
against rabbit IgG that had been conjugated with gold particles (di-
ameter, 1 nm; Amersham Japan, Tokyo) at 50-fold dilution in the
incubation mixture. After reaction with the second antibody for 4
h at room temperature, the sections were washed three times with
the washing medium for 15 min each and then similarly with PBS.
Finally, they were washed three times with water for 5 min each.
The images of the immunogold particles were enhanced with a
silver enhancement kit (Amersham Japan, Tokyo), and the immu-
nolabeled sections were observed under the light microscope.

Results and Discussion

Effects of inhibitors on the production of superoxide

anion in the vascular tissue of spinach hypocotyls—When

sections of hypocotyls were incubated with NBT for 120

min, little of the blue precipitate of formazan that is pro-

duced as a result of the reduction of NBT was found in the

vascular tissue (Fig. 1 A). However, the blue precipitate was

found in the vascular tissue after incubation in the presence

of DDC, an inhibitor of CuZn-SOD (Fig. IB), as observed

previously (Ogawa et al. 1996). Incubation of the sections

with either KCN or NaN3, which inhibits both CuZn-SOD

and peroxidases, induced a high intensity of staining with

formazan as that in the presence of DDC (Fig. 1C, D, re-

spectively). Only a little formazan was formed under anaer-

obic conditions (Fig. IE). The production of formazan was

suppressed by preincubation of the sections with inhibitors

of NAD(P)H oxidase, either DPI or imidazole, for 30 min,

prior to the incubation with NBT even in the presence of

DDC (Fig. IF, G).

Enhanced reduction of NBT in the presence of DDC,

an inhibitor of CuZn-SOD, can be inferred from the

increase in the steady-state concentration of superoxide

anions to allow the formazan formation by the superoxide

when the CuZn-SOD-catalyzed disproportionation of su-

peroxide was blocked. This increase was suppressed under
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1120 Generation of O2 in vascular tissue

Compound in the incubation media

DDC KCN NaN3 DPI IM O2

I

_L

Fig. 1 Fig. 2

Fig. 1 Effects of inhibitors and dioxygen on the formation of formazan in vascular tissues of spinach hypocotyls. Cross sections of
hypocotyls of 13-d-old seedlings, cut 1 mm from the top, were used, and generation of superoxide was detected as a blue precipitate of
formazan that was formed as a result of the reduction of 0.25 mM NBT in 10 mM sodium phosphate, pH 7.8, as described in Materials
and Methods. The duration of incubation with NBT was 120 min. Each micrograph was obtained after incubation of a section with NBT
in a medium that included the compounds [1 mM A'.yV-diethyldithiocarbamate (DDC), 10 mM KCN, 1 mM NaN3, 10 mM imidazole
(IM), 50 nM diphenyleneiodonium (DPI)] indicated in the same row, where+and — represent the presence and absence of the compound
at the top of the column. Scale bars, 100 nm. DPI and IM were applied to the sections prior to the incubation with NBT. A control cross
section (untreated) is shown in Fig. 3B.

Fig. 2 Effects of inhibitors on the formation of starch-I2 complex in the vascular tissue of spinach hypocotyls. The cross sections of the
hypocotyl from a 13-d-old seedling were prepared as in Fig. 1, and generation of hydrogen peroxide was located as dark blue starch-12
complex, as described in Materials and Methods. A, Formation of the starch-I2 complex in the control section; B, in the presence of
DDC; C, in the presence of DPI. DDC (2 mM) and DPI (100nM) were applied to the sections prior to the incubation with the starch-
iodide solution. Scale bars, 100 nm.
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Generation of O2 in vascular tissue 1121

anaerobic conditions, a result that suggests that the for-

mazan in vascular tissue represents the generation of su-

peroxide. In the presence of an inhibitor of NAD(P)H

oxidase, either DPI or imidazole, such generation of super-

oxide was suppressed in spite of the inhibition of CuZn-

SOD by DDC, an indication that the generation of superox-

ide observed in vascular tissue was catalyzed by an enzyme

similar to the NADPH oxidase of mammalian neutro-

philes.

Effects of inhibitors on the production of hydrogen

peroxide in the vascular tissue of spinach hypocotyls—

When the sections of hypocotyls were incubated with the

starch-iodide solution, a dark blue starch-I2 complex was

found in the vascular tissue and its location pattern was

similar to that of the formazan (Fig. 2A), indicating that

the generation site of hydrogen peroxide was the same as

that of superoxide in the vascular tissue. Such distribution

of generation site of hydrogen peroxide is consistent with

that in the hypocotyl tissue of Zinnia elegans (Olson and

Varner 1993). The production of hydrogen peroxide as de-

tected by starch-I2 complex was suppressed by the CuZn-

SOD inhibitor DDC and the NAD(P)H oxidase inhibitor

DPI (Fig. 2B, C), although DDC did not completely sup-

press its generation compared with DPI. The difference be-

tween their effects on the generation of hydrogen peroxide

may reflect that, to some degree, the superoxide is spon-

taneously disproportionated to hydrogen peroxide and di-

oxygen because DDC has no effect on NAD(P)H oxidase

and superoxide is intensively generated in the xylem. The

present results indicate that hydrogen peroxide formed in

the vascular tissue is derived from the superoxide anion rad-

icals generated by NAD(P)H oxidase, and the superoxide

would disappear without the formation of hydrogen perox-

ide on account of its interaction with cellular components

if CuZn-SOD could not function. Thus, we propose that in

the vascular tissue of spinach hypocotyl, the hydrogen per-

oxide is generated via the following pathway;

2O2+NAD(P)H - • 2O2~ + NAD(P)+ (NAD(P)H oxidase)

— H2O2+O2 (CuZn-SOD).

When cultured cells of broadbean, French bean, cow

pea, rice, rose, soybean, tomato, tobacco and so on, are

treated with elicitors, hydrogen peroxide and superoxide

anion radicals have been shown to be produced transiently

by the cells (Doke et al. 1991, Elstner 1991, Kuchitsu and

Shibuya 1994, Mehdy 1994, Auh and Murphy 1995, Robert-

son et al. 1995, Murphy and Auh 1996). The elicitor-in-

duced generation of superoxide has been shown to be sup-

pressed by an inhibitor of NAD(P)H oxidase (Auh and

Murphy 1995). The ratio of NADH to NAD+ decreases

with elicitor-induced increases in the uptake of oxygen

(Robertson et al. 1995). All these reports together suggest

the presence of NAD(P)H oxidase in plant cells. The

present observations indicate the involvement of NAD(P)H

oxidase in the generation of superoxide not only in the elici-

tor-treated tissues, but also in normal or sound tissues.

A catalytic cycle consisting of NADH, phenols, Mn2+

ions and guaiacol peroxidase has been proposed as the su-

peroxide-generating system for the supply of hydrogen per-

oxide for lignification (Elstner and Heuple 1976, Gross et

al. 1977, Halliwell 1978). Guaiacol peroxidase is a family

of peroxidase, as represented by horseradish peroxidase,

for the metabolism of cellular components, and distin-

guished from a family of the hydrogen peroxide-scav-

enging peroxidase, ascorbate peroxidase (Asada 1992).

Addition of either KCN or NaN3, which inhibits both per-

oxidases and CuZn-SOD (Asada et al. 1975), did not sup-

press the generation of superoxide, but tended, rather, to

enhance it (Fig. 1C, D). Furthermore, DPI and imidazole,

which did not inhibit either peroxidase or CuZn-SOD, sup-

pressed almost completely the generation of superoxide

(Fig. IF, G) and hydrogen peroxide (Fig. 2C). Thus, the

participation of guaiacol peroxidase in the generation of su-

peroxide is unlikely, at least, in spinach hypocotyls.

The site of generation of superoxide anions in spinach

hypocotyls—In cross sections of spinach hypocotyls that

had been incubated with NBT in the presence of DDC

for 90 min, blue formazan was distributed mainly in the

vascular tissue, with a little in the cortex and the epidermal

cells (Fig. 3A). The untreated sections showed only the

pale-brown color in the vessels (Fig. 3B). In the vascular tis-

sue, when the incubation with NBT was short (30 min), for-

mazan was found only on the thickened cell walls in the

xylem elements with secondary thickenings (Fig. 3C, ar-

row), but not on all the thickened cell walls (Fig. 3C, ar-

rowhead). After a 90-min incubation, formazan was found

not only in the xylem but also in the phloem (Fig. 3D, ar-

row). Thus, the superoxide anions were generated mainly

in xylem and to a much lesser extent in phloem.

Four stages during the differentiation of tracheary

elements in situ are likely to occur: (1) cell elongation, (2)

development of the patterned secondary thickenings of the

cell walls that contain /?-l,3-glucan and 0-1,4-glucan, (3) ac-

cumulation of lignin in the secondary thickenings of the

cell walls, and (4) cell death for conversion to vessels (for

review, see Fukuda 1996). Hydrogen peroxide is required

at stage (3) for the oxidation of phenyl propanoid catalyzed

by guaiacol peroxidase, with the resultant polymerization

of phenyl propanoid radicals. Furthermore, in maize, stage

(1) has been shown to be inhibited by hydrogen peroxide be-

cause hydrogen peroxide impairs the extensibility of the

cell wall (Schopfer 1996). Stages (1) through (4) should also

be discernible in the vascular tissue, where the cells of each

stage are located in close proximity to each other. Since the

cells at stage (1) cannot elongate if hydrogen peroxide

diffuses within the vascular tissue, the generation time of

hydrogen peroxide should be limited to stage (3). There-
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1122 Generation of O2 in vascular tissue

Fig. 3 Distribution of sites of generation of superoxide in hypocotyls of spinach, as indicated by blue precipitates of formazan. A, Pre-
cipitation of formazan in a cross section of the hypocotyl from a 13-d-old seedling that had been incubated with NBT and DDC as de-
scribed in Fig. IB for 90 min. B, an untreated cross section of A; C, high-magnification view of vascular tissue after a 30-min incubation
under the conditions described for Fig. IB; D, precipitation of formazan after a 90-min incubation as in C. Scale bars, 100urn.

c d

Fig. 5 Comparison of the distribution of lignin and the so-called " cytosolic" CuZn-SOD with that of sites of generation of superoxide
in spinach hypocotyl. A, Formation of formazan at sites of generation of superoxide under the same conditions as described for Fig. 3A;
B, immunolabeling of "cytosolic" CuZn-SOD; C, staining of lignin by phloroglucin-HCl. Scale bars, 100 ftm; D, Schematic distribution
of sites of generation of superoxide, hydrogen peroxide, CuZn-SOD and lignin in the vascular tissue of a spinach hypocotyl. The area
(a), corresponding to the xylem, generates considerable superoxide and hydrogen peroxide and contains both CuZn-SOD and lignin.
The area (b), corresponding to the phloem, generates a little less superoxide and hydrogen peroxide and contains lower amounts of
CuZn-SOD than those in A but does not contain much lignin. The area (c), including fiber elements, pith and the cambial zone, gener-
ates relatively little superoxide and hydrogen peroxide and contains lower amounts of CuZn-SOD than those in the areas (a) and (b) and
no lignin. The area (d), corresponding to the endodermis, generates relatively a little superoxide and hydrogen peroxide and contains
both CuZn-SOD and suberin.
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Generation of O2 in vascular tissue 1123

Fig. 4 Immunohistochemical distribution of the "cytosolic" CuZn-SOD in spinach hypocotyls. Immunohistochemical staining of
"cytosolic" CuZn-SOD in hypocotyls from 13-d-old seedlings was performed as described in Materials and Methods. Immunostaining of
"cytosolic" CuZn-SOD is visible as brown to dark-brown region. A, a cross section of a hypocotyl immunostained with the antibody
against "cytosolic" CuZn-SOD; B, control section of A (without the primary antibody); C, high-magnification view of A; D, E and F,
longitudinal sections of hypocotyl cut at different sites. Scale bars, 100 //m. Another control section of A (untreated) is shown in Fig. 3B.
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1124 Generation of O2 in vascular tissue

fore, the cells with secondary thickenings which precipi-

tated formazan (Fig. 3C, arrow) appear to be at stage (3),

and those which precipitated little formazan (Fig. 3C, ar-

rowhead) at stage (2). Superoxide is not generated in the

completely lignified tissues of spinach hypocotyls and is

generated only in the cells adjacent to the lignified tissues

(Ogawa et al. 1996). The completely lignified cells corre-

spond to cells after stage (4) and, therefore, the cells with a

formazan precipitate can be assumed to be at stage (3) and

to be adjacent to lignified cells. The various levels of super-

oxide detected in the xylem elements might reflect stages of

the differentiation of the vessels.

Lignification also occurs in phloem fiber, and so the

precipitation of formazan in the phloem is likely to indicate

that the cells are in the process of accumulation of lignin.

Hydrogen peroxide and guaiacol peroxidase have been de-

tected not only in the xylem but also in the phloem (Harkin

and Obst 1973, Olson and Varner 1993, Fukuda 1996).

Therefore, the generation of superoxide in the phloem ap-

pears to be correlated with the supply of hydrogen peroxide

for lignification.

Distribution of CuZn-SOD in spinach hypocotyls

When cross sections of hypocotyls were immunohistochem-

ically labeled with antibodies against " cytosolic" CuZn-

SOD, the product of immunoreaction with the antigen was

found mainly in the vascular tissue and epidermal cells as

brown to dark-brown silver staining (Fig. 4A). In contrast,

control cross sections without the primary antibody show-

ed only a light brown color on the cell walls of the vessels

(Fig.4B). In the vascular tissue, the staining in xylem was

so deep that it was almost black, but that in the phloem was

less (Fig.4A, C). Most CuZn-SOD was located on thicken-

ed cell walls of the cells in the xylem elements (Fig 4C, large

arrows), although all of the xylem cells did not always con-

tain CuZn-SOD in the thickened cell wall (Fig. 4C, small ar-

rows). Thus, CuZn-SOD in vascular tissue was distributed

(Fig. 4A, C) at the sites of generation of superoxide (Fig. 1,

3). In addition to that in the vessels, CuZn-SOD was distrib-

uted in the symplast of xylem parenchyma cells (Fig. 4C, ar-

rowhead). CuZn-SOD was located also on the symplast in

the epidermal cells (Fig. 4A, arrow), with a little on that in

cortex (Fig. 4A, arrowheads), where superoxide was gener-

ated as detected by formazan (Fig. 3A). We have demon-

strated the location of " cytosolic" CuZn-SOD in nuclei and

tonoplasts of spinach mesophyll cells by immunogold elec-

tron microscopy. (Ogawa et al. 1996). Epidermal cells have

wax-rich cell walls where cutin is produced from fatty acids

(Brett and Waldron 1996, Heldt 1996). The fatty acids

moiety of cutin are oxygenated (Post-Beittenmiller 1996),

probably catalyzed by peroxygenase.

Similarly to the location of CuZn-SOD in the cross sec-

tions, the immunostaining of longitudinal sections of the

top 1 mm of hypocotyl revealed that CuZn-SOD was dis-

tributed mainly in the vascular tissue (Fig. 4D). The xylem

was most deeply immunostained to nearly black in color

and the location of CuZn-SOD in the secondary thicken-

ings of vessel elements was observed as vertical stripes of

immunostaining (Fig. 4D, large arrows). Faint immunola-

beling of CuZn-SOD was found on the cytoplasm in the

cortex (Fig. 4D, small arrows), resembling that in the cross

section in Fig. 4A. The insides of the parenchyma cells adja-

cent to the xylem were also found to contain CuZn-SOD

(Fig.4E, arrowheads). The parenchyma cells and their cell

walls also were immunolabeled by the antibody against

CuZn-SOD (Fig.4D, F, arrowheads).

Thus, in spinach hypocotyls, the sites with strongest

immunolabeling of "cytosolic" CuZn-SOD were the vas-

cular tissue and the epidermis. The CuZn-SOD-containing

vascular tissue corresponds to the sites of the expres-

sion of the promoter of the gene for a "cytosolic" CuZn-

SOD in tobacco, as determined with a reporter gene for

/?-glucuronidase (Herouart et al. 1994). The present work

confirmed the previous results obtained by the immuno-

gold labeling and electron microscopy (Ogawa et al. 1995b,

1996). Strong immunolabeling of CuZn-SOD was con-

sistently found on the cell walls of lignifying cells, future

vessels, and especially on the secondary thickenings of the

cell walls. Previous works have shown that, in the vascular

tissue, CuZn-SOD is distributed in the cells where superox-

ide is generated, and not in completely lignified cells

(Ogawa et al. 1996).

Comparison of the location sites of lignin, suberin

and CuZn-SOD and the generation site of superoxide in

vascular tissue—The xylem, in which lignin was stained by

the phloroglucin-HCl reaction (Fig. 5C, p. 1122), corre-

sponded to the sites of distribution of CuZn-SOD (Fig. 5B)

and to the generation site of superoxide (Fig. 5A). Location

of CuZn-SOD and the generation of superoxide were ob-

served also in the phloem, but little lignin was detected

in the phloem, because of its low levels to detect by the

phloroglucin-HCl reaction. Phloem fiber cells are to be

lignified (Olson and Varner 1993) and, therefore, location

of CuZn-SOD and generation of superoxide in the phloem

might be correlated with the biosynthesis of lignin.

The endodermal cells generally contain suberin, which

is synthesized from lignin precursors and fatty acids in

higher plants. Its biosynthesis requires hydrogen peroxide

for the oxidation of monophenols as does the synthesis

of lignin (Brett and Waldron 1996, Heldt 1996). Faintly

staining in the cell walls of endodermal cells by the

phloroglucin-HCl reaction may indicate the location of sub-

erin in them (Fig. 5C, arrows). The endodermal cells also

contained CuZn-SOD (Fig 5B, arrows) and generated su-

peroxide radicals (Fig. 5A, arrows), which may participate

in the generation of hydrogen peroxide for the biosynthesis

of suberin.

As schematically shown in Fig. 5D, in the vascular

tissue of spinach hypocotyls, the sites of distribution of
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Fig. 6 A proposed scheme for supplying hydrogen peroxide to lignin biosynthesis.

Symplast

CuZn-SOD and of generation of superoxide (Fig. 1, 3 and

Fig. 5A) and hydrogen peroxide (Fig. 2A) were apparently

associated with each other. The association of the genera-

tion of superoxide and hydrogen peroxide with CuZn-SOD

in the xylem allows the sites of generation of hydrogen per-

oxide to be restricted to those of the generation of superox-

ide, at which where the lignification occurs. In contrast to

the present results, when tissue printing method is applied

to hypocotyls of bean and soybean, little starch-I2 complex

is found in the xylem tissue (Schopfer 1994). This might be

due to a rapid consumption of the hydrogen peroxide gener-

ated in the xylem prior to its diffusion to tissue printing

membrane.

Concluding remarks—The present study not only con-

firmed the association of the generations of superoxide and

hydrogen peroxide with CuZn-SOD, but also revealed the

detailed sites of generation of superoxide in vascular tissue,

especially in the xylem, of spinach hypocotyls. Further, the

production of superoxide is catalyzed by NAD(P)H oxi-

dase, but not by peroxidase in the vascular tissue. We here

showed a possibility that generation of superoxide and the

expression of CuZn-SOD are synchronously regulated,

depending on the stage of differentiation of xylem cells. In

this context, it should be noted that the xylem parenchyma

cells that surrounded the vessels contained CuZn-SOD in

the cytoplasm (Fig. 4C, E). These cells may correspond to

the sites of expression of promoters of the gene for the cin-

namyl alcohol dehydrogenase and phenylalanine amm-

onia-lyase (Feuillet et al. 1995) and to sites of the accumula-

tion of the lignin precursor, coniferin, as anticipated from

the localization of a coniferin-specific /?-glucosidase in the

xylem fiber elements (Dharmawardhana et al. 1995). Fur-

thermore, we have shown that either the CuZn-SOD-

inhibitor DDC or the NAD(P)H oxidase inhibitor DPI in-

hibits the accumulation of lignin in the secondary cell wall

of the cultured cells of Zinnia elegans (Ogawa et al. 1997).

These results lend further support to our hypothesis that

CuZn-SOD is essential for lignification (Ogawa et al. 1996)

and to the participation of NAD(P)H oxidase in the genera-

tion of superoxide for the hydrogen peroxide in the biosyn-

thesis of lignin.

We propose the possible system for supplying hydro-

gen peroxide to the biosynthesis of lignin as schematically

shown in Fig. 6. In the presence of the inhibitors of CuZn-

SOD, little hydrogen peroxide was detected in spite of the

generation of superoxide (Fig. 2). Thus, superoxide anions

disappear through their interactions with cellular com-

ponents if CuZn-SOD fails to catalyze the rapid dispropor-

tionation of superoxide to hydrogen peroxide and dioxy-

gen. Furthermore, interaction of superoxide with guaiacol

peroxidase results in the formation of Compound III,

which is an inactive form in the catalytic cycle of peroxi-
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dase (Metodiewa et al. 1992). Thus, CuZn-SOD is essential

to lignification since it supplies hydrogen peroxide and pro-

tects the peroxidase from inactivation by superoxide.
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tific Research on Priority Areas (no. 04273101) from the Ministry
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