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Antioxidant Enzymes in Phytoparasitic Nematodes'

SERGIO MOLINARIZ AND CECILIA M1acora®

Abstract: Presence of different antioxidant enzymes, such as superoxide dismutase (SOD), catalase,
and ascorbate, p-phenilendiamine-pyrocathecol (PPD-PC), o-dianisidine, and guaiacol isoperoxidases,
was shown in the phytoparasitic nematode species Meloidogyne incognita, M. hapla, Globodera rostochiensis,
G. pallida, Heterodera schachtii, H. carotae, and Xiphinema index. The activity of the enzymes tested differed
among the life stages examined. SOD was present in cysts but was not detected in Meloidogyne egg masses.
Catalase activity of Meloidogyne females was higher than that of preparasitic stages and cystnematode
females. For the first time, ascorbate peroxidase was found to occur commonly in phytoparasitic nema-
todes, with the highest activity in the invading life-stages. In all the life stages examined, the antioxidant
enzyme activities of M. hapla were markedly higher than those of M. incognite. Glutathione peroxidase

was not found in the species examined.

Key words: antioxidant enzyme, catalase, Globodera pallida, Globodera rostochiensis, Heterodera carotae,
Heterodera schachtii, Meloidogyne hapla, Meloidogyne incognita, peroxidase, SOD, Xiphinema index.

Phytoparasitic nematodes are aerobic or-
ganisms (Atkinson, 1980). Aerobes must
deal with the high reactivity of oxygen,
which can sequentially acquire four elec-
trons, forming toxic intermediates in the
process; several of these are free radicals.
Moreover, production of active oxygen
(AO) species occurs in the plant-pathogen
interaction (Kauss, 1990; Dixon et al., 1994;
Baker and Orlandi, 1995). Therefore, nema-
todes must deal not only with AO generated
by their own metabolism but also with those
produced by the host in response to their
attack, thus suggesting the need for antioxi-
dant mechanisms in such parasites. A pre-
liminary investigation of second-stage juve-
niles (J2) of Meloidogyne incognita and M.
hapla revealed that they may have an enzy-
matic system of superoxide dismutase
(SOD) and ascorbate peroxidase, which
neutralize superoxide anions (Oy) to Hy,O
through Hy,O, (Molinari, 1995).

AQO production in plants is particularly im-
portant in the defense mechanism as well as
in the recognition of incompatible patho-
gens (Baker and Orlandi, 1995). A relatively
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long-lived AO generation occurring 1.5 to 3
hours after inoculation of incompatible
plant suspension cells with Pseudomonas
syringae pathovars has been depicted as the
earliest detectable specific reaction of plant
cells to incompatible pathogens (Orlandi et
al., 1992).

Direct evidence of AO production in the
plant-nematode incompatible interaction
was found in an investigation of the later
stages of Meloidogynetomato interaction
(Zacheo and Bleve-Zacheo, 1988), although
an early AO production comparable to that
described for Pseudomonasplant cells inter-
action may be presumed to occur as a re-
sponse of plants to the feeding action of en-
doparasitic J2 (Molinari, 1996).

Plants have an efficient enzymatic system
for AO detoxification that includes SOD,
ascorbate peroxidase, catalase, and glutathi-
one peroxidase, and that allows plants to tol-
erate Oy -generating stress, such as air pol-
lutants, pathogen attacks, chilling, and heat
ing (Molinari, 1991a; Baker and Orlandi,
1995). Oxidative-stress defense and poten-
tial life span have been closely correlated in
the free-living nematode Caenorhabditis el-
egans (Vanfleteren, 1993). Furthermore, nu-
merous investigations have confirmed that
successful parasitism of animals by hel-
minths depends on efficiericy of the antioxi-
dant defenses of the parasites against AQ
generated by the cells of the host immune
system (Clark et al., 1986). It is likely that
such antioxidant defenses may represent the
biochemical means required to overcome
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plant defenses, thereby enabling endopara-
sitic nematodes to establish and maintain
permanent feeding sites for their develop-
ment and reproduction.

Investigations undertaken to detect the
presence and level of antioxidant enzymes
in phytoparasitic nematodes are scarce;
SOD was found in mature females of M. in-
cognita and Heterodera glycines (Radice et al.,
1988; Vanderspool et al., 1994}, and peroxi-
dase was found in females and juveniles of
Meloidogyne spp. and Globodera spp. (Starr,
1979; Ibrahim, 1991; Fox and Atkinson,
1985), but few reports of other enzymes
such as catalase, ascorbate, or glutathione
peroxidases exist (Hussey and Krusberg,
1971).

This paper reports qualitative and quanti-
tative analyses of SOD, catalase, and ascor-
bate, glutathione, p-phenylendiamine-
pyrocathecol (PPD-PC), odianisidine, gua-
iacol, and ferricyanide isoperoxidases in
cystforming, root-knot, and dagger nema-
todes.

Analyses are reported for cysts, egg
masses, swollen females, and vermiform
stages of seven species (M. incognita, M.
hapla, G. rostochiensis, G. pallida, H. carotae,
H. schachtii, Xiphinema index).

MATERIALS AND METHODS

Nematodes: Populations of root-knot nema-
todes were collected from different infested
soils of Apulia (southern Italy) and main-
tained on susceptible Lycopersicon esculentum
cv. Roma VF in a glasshouse. Egg masses and
mature females of Meloidogyne spp. were
hand-picked from infected tomato plants.
Cysts of G. rostochiensis and G. pallida were
obtained from infested soils in the vicinity of
Trento (northern Italy) and Polignano
(Apulia), respectively. Potato plants were
planted in these soils in the glasshouse and
mature females later were collected. In-
fested soil from Avezzano (southern Italy)
was planted with sugar beet in the glass-
house; cysts and mature females of H.
schachtii were hand-picked from infected
plants. The cysts were then used to develop
glasshouse cultures. Cysts and females of H.

carotae were obtained from infested soil and
from carrot plants, respectively, at Margh-
erita di Savoia (Apulia). Cysts were extracted
with a Fenwick apparatus (Fenwick, 1940).
Specimens of X. index were obtained from
cultures maintained on fig in a glasshouse
by extraction with the Cobb wetsieving tech-
nique. Meloidogyne J2 were obtained by incu-
bating egg masses in distilled water at 27 °C.

Enzyme isolation: Nematodes were thor-
oughly washed with distilled water, surface-
sterilized by incubation for 1 hour in a
chilled solution of 5 pg/ml amphotericin B
and 1 mg/ml streptomycin sulphate, and fi-
nally rinsed with sterilized water before plac-
ing them in the grinding buffer. Samples of
X. index generally consisted of 40 to 60 hand-
picked nematodes in 0.5 ml of 0.1 M so-
dium-potassium phosphate (Na-K P;), buff-
ered at pH 6.0. Suspensions of Meloidogyne]2
were filtered through 1pm pore cellulose ni-
trate filters and then collected in 0.5 ml of
0.1 M Na-K P;, pH 6.0, to concentrate nema-
todes. White adult cyst nematodes and
gravid females and egg masses of root-knot
nematodes, 20 to 30 each, were placed in 0.5
ml of 0.1 M Na-K P;, pH 6.0. Samples of 400
to 500 cysts in 0.5 ml of 0.1 M Na-K P;, pH
6.0, also were used. Samples were homog-
enized in a chilled 2-ml glass mortar with a
pestle connected to a motor drive. The high-
est speed was used to grind vermiform
nematodes with the time required for ho-
mogenization based on the absence of large
particles when observed with a light micro-
scope. Coarse homogenates were clarified
twice by centrifugation at 12,000g for 5 min-
utes in a bench centrifuge. After centrifuga-
tion, samples were immediately used for en-
zyme activity tests or kept at —80 °C until
tested. Protein content was determined with
the Lowry procedure with bovine serum al-
bumin as the standard (Lowry et al., 1951).

Determination of enzyme activities: All mea-
surements were carried out spectroscopi-
cally with a 557 Perkin-Elmer double-beam
spectrophotometer. SOD activity was as-
sayed as the percentage of inhibition on the
reduction of cytochrome ¢ (80 ym) by the
xanthine (1 mM)-xanthine oxidase (20 mU)
system in 1 ml assay medium of 0.1 M Na-K
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P, pH 7.8, 20 mM NaN; and 1 mM EDTA.
Standard reactions were carried out with
150-200 pl of extraction buffer, which was
substituted with an identical amount of
sample suspension in the enzyme activity
tests. A high concentration of NaN; was in-
cluded to completely inhibit the cytochrome
oxidase present in the crude extracts. Reac-
tions were started by adding xanthine oxi-
dase and were monitored at 550/540 nm.
One unit of SOD activity represented the
amount of enzyme able to produce a 50%
inhibition in a standard reaction {(Furusawa
et al., 1984).

Catalase activity was measured as the ini-
tial rate of disappearance of hydrogen per-
oxide (Chance and Mahley, 1955), using 20
mM H,0, and 50 pl sample extractin 0.1 M
Na-P;, pH 7.0 (0.5 ml final volume). The rate
of HyO, disappearance was followed as the
decrease in absorbance at 240 nm, and oxi-
dation of 1 pmole HyO,/minute (€ = 0.038
mM™ - cm™) represented one unit of en-
zyme. Ascorbate peroxidase was assayed in a
0.5-ml final volume according to Gerbling et
al. (1984). The reaction mixture contained
0.1 N-Tris hydroxymethyl-2-aminoethanesul-
fonic acid (TES), pH 7.0, 0.1 mM EDTA, 1
mM ascorbate from fresh stock solution
(100 mM), 0.13 mM H,O,, and 50 pl sample
extract. The decrease in absorbance at 298
nm was followed as ascorbate was oxidized,
and one unit of enzyme was defined as the
ability to oxidize 1 pmole ascorbate per
minute (e = 0.8 mM™':cm™). Glutathione
peroxidase activity was monitored in a 1-ml
final volume at 340 nm as oxidation of
NAPDH (0.2 mM) by glutathione reductase
(240 mU) and oxidized glutathione
(GSSG), which was produced by the reac-
tion between reduced glutathione (GSH, 1
mM) and HyO, (2 mM) catalyzed by gluta-
thione peroxidase; the assay medium con-
sisted of 50 mM phosphate buffer, pH 7.0, 1
mM EDTA, and 1 mM NaNj (Sies and Moss,
1978).

The assay mixture (1 ml final volume) for
determination of PPD-PC-peroxidase con-
tained 0.42 mM PPD, 4 mM PC and 50-150
pl sample extract in 100 mM Tris-HCl, pH
7.5. The reaction was started by addition of

1.3 mM H,0, and recorded at 557 nm (Im-
berty et al., 1985); activity was expressed as
AAgy, * min™' - mg™ prot. For guaiacol oxi-
dation, 5 mM guaiacol and 1.9 mM Hy,O, in
1 ml of 100 mM Na-K P;, pH 6.0, were used,
and the reaction was monitored at 470 nm
(activity expressed as AA,;, * min™' - mg™).
For o-dianisidine oxidation, 2 mM o-
dianisidine and 3.8 mM HyOyin 1 ml 0.1 M
sodium acetate buffer, pH 4.5, were used,
and the reaction was monitored at 460 nm
(activity expressed as AAyg* ' -mg™). Fi-
nally, ferricyanide-peroxidase was assayed
with 1 mM Fe(KCN)g and 0.13 mM H,0, in
1 ml of Na-K P;, pH 6.0, and recorded at 420
nm (Brooks, 1986).

Each assay was independently repeated at
least four times and results given as means
plus or minus the standard deviation. Spe-
cies of the same genus (G. rostochiensis/G.
pallida, H. schachtii/H. carotae, M. incognita/
M. hapla) were tested for significant differ-
ences in each antioxidant enzyme activity
with a #test. Comparisons between species of
the same genus were carried out by using
the sets of data obtained from cysts and fe-
males of cyst nematodes and from egg
masses, females, and J2 of rootknot nema-
todes.

ResuLTs

SOD activity was present in cysts of Glo-
bodera and Heterodera spp. but was undetec-
ted in Meloidogyne egg masses (Table 1). In
contrast, SOD activity was readily detected in
Meloidogynefemales but was low in cyst nema-
tode females (Table 2). Egg masses, females,
and J2 of Meloidogyne hapla showed a mark-
edly higher activity of SOD, catalase, and
ascorbate peroxidase compared with M. in-
cognita counterparts (Tables 1-3). Further-
more, ascorbate peroxidase activity was
barely detectable in cysts and M. incognita
egg masses but was consistent in M. hapla
egg masses (Table 1).

The ectoparasite Xiphinema index showed
antioxidant enzyme activities comparable to
those of M. incognita J2, except for o
dianisidine isoperoxidase, which was unde-
tected in X, index (Table 3).
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TABLE 1.

Antioxidant enzyme activities of cysts of Globodera rostochiensis (Gr), G. pallida (Gp), Heterodera carotae

(Hc), and H. schachtii (Hs), and egg masses of Meloidogyne incognita (Mi) and M. hapla (Mh).

Cysts Egg masses

Enzyme activity® Gr Gp Hc Hs Mi Mh
SOD 43+08 187+ 4.5 16.0 £ 7.5 2712 0.0 0.0
Catalase 11073 124+5.3 6.7+1.4 142+ 9.6 159122 33.2+224
Ascorbate isoperoxidase 0.1£0.1 0.2+0.1 0.0 0.3+£0.1 0.3x0.2 1.7+£1.0
PPD-PC isoperoxidase 0.15+0.05 0.15x0.05 0.15+0.05 0.4+0.05 7.2+5.9 188+ 6.9
o-dianisidine isoperoxidase 0.0 0.0 02=x0.1 04+02 42.3+305 45.0=26.0
Guaiacol isoperoxidase 0.0 0.0 0.0 0.0 89x27 82=x12

*Data are_expressed for SOD, catalase, and ascorbate peroxidase as units - mg™' protein, PPD-PC peroxidase as

AAgg, - min?

AA 4o - min™' - mg™! protein, + standard deviation.

The activity of three peroxidase isozymes
(PPD-PC-, o-dianisidine-, and guaiacol-
isoperoxidases) varied among the nematode
species and life stages tested. Generally, cysts
lacked isoperoxidase activity; although ver-
miform nematodes lacked guaiacol-
peroxidase, they showed modest PPD-PC-
and o-dianisidine-peroxidase activities. Ex-
tracts of H. carotae and H. schachtii females
did not contain detectable. amounts of o
dianisidine- and guaiacol-isoperoxidase ac-
tivity, whereas H. schachtii females showed
markedly higher PPD-PC-peroxidase than
H. carotae females. Meloidogyne egg masses
were generally rich in isoperoxidase, and M.
hapla was much richer than M. incognita in
PPD-PC peroxidases (Tables 1-3). Ferricya-
nide- and glutathione-peroxidases were un-
detectable in any of the samples tested (re-
sults not shown).

To determine the significance of differ-
ences in antioxidant enzyme activities ob-
served between different species in the same
genus, data were subjected to an LSD test

TABLE 2.

. m%“l protein, ¢-dianisidine peroxidase as AA e - min™' - mg™ protein, and guaiacol peroxidase as

(Table 4). Globodera species were not distin-
guished by any of the enzyme activities
tested. Values of ascorbate and PPD-PC-
peroxidase activity of H. schachtii were sig-
nificantly higher than those of H. carotae. It
was possible to distinguish M. hapla from M.
incognita by means of SOD, catalase, and
ascorbate and PPD-PC- isoperoxidase activi-
ties.

DiscussionN

Data presented here demonstrate the
presence in Meloidogyne preparasitic stages
of a SOD/ascorbate peroxidase enzymatic
system; such a system should efficiently neu-
tralize superoxide and hydrogen peroxide
into water by the oxidation of ascorbate.
Our results are in accord with the electro-
phoretic demonstration of SOD in prepara-
sitic juveniles and females of M. incognita
(Vanderspool et al., 1994) and further dem-
onstrate the presence of ascorbate peroxi-
dase.

Antioxidant enzyme activities of females of Globodera rostochiensis (Gr), G. pallida (Gp), Heterodera

carotae (Hc), H. schachtii (Hs), Meloidogyne incognita (Mi), and M. hapla (Mh).

Enzyme activity® Gr Gp Hce Hs Mi Mh
SOD 2.7+24 0.0 0.0 24+25 145+ 7.9 441+154
Catalase 106 2.1 125=x4.0 292+14 121+97 545408 75.8+66.4
Ascorbate isoperoxidase 01+01 0.1+0.04 0.1+0.1 03+0.2 0.3+0.1 06+0.1
PPD-PC isoperoxidase 28+2.4 48+2.4 0.4+02 20+1.4 56+25 8.0=x3.0
o-dianisidine isoperoxidase 26+13 29+13 0101 0.9+0.6 91+24 13.4+3.9
Guaijacol isoperoxidase 01+0.1 0.1x0.1 0.0 0.05 = 0.05 0.7+0.5 50+3.0

*Data are expressed for SOD, catalase, and ascorbate peroxidase as units - mg™" protein, PPD-PC peroxidase as

AAgs; *min~! - mg™! protein, o-dianisidine peroxidase as AA g+ min~
557 g 460

AA g min! - mg! protein, * standard deviation.

!+ mg~' protein, and guaiacol peroxidase as
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Antioxidant enzyme activities of second-

stage juveniles (J2) of Meloidogyne incognita (Mi) and M.
hapla (Mh), and specimens of Xiphinema index (Xi).

Enzyme activity® Mi Mh Xi
SOD 8838 193+9.0 87+55
Catalase 56+26 252+82 104x79
Ascorbate

isoperoxidase 0.5+ 0.4 1.3+ 0.7 06=0.2
PPD-PC

isoperoxidase  0.9x0.3 15=x1.1 3.1+26
o-dianisidine

isoperoxidase 4123 1.5+1.0 0.0
Guaiacol

isoperoxidase 0.0 0.0 0.0

2 Data are expressed for SOD, catalase, and ascorbate peroxi-
dase as units - mg~' protein, PPD-PC peroxidase as
AAgsy - min~' - mg™! protein, odianisidine peroxidase as
AA4po - min”! » mg™! protein, and guaiacol peroxidase as
AA,70 - min™! - mg™" protein,  standard deviation.

Resistance to root-knot nematodes in to-
mato is conferred by the Mi gene (William-
son et al., 1994) and has been correlated
with an increase of AO production by the
plant (Kaplan and Davis, 1987; Zacheo and
Bleve-Zacheo, 1988). Generally, the antioxi-
dant enzyme activities of M. hapla J2 were
much higher than those of M. incognita J2,
thus suggesting a major capability of the in-
vading juveniles of M. hapla in scavenging
the active oxygen species produced by the
resistant roots penetrated by nematodes. It
is a tantalizing possibility that the antioxi-
dant defenses of M. hapla may play a role in
its unique ability to break resistance among
the most widely known Meloidogyne species
(Molinari, 1996).

Considering the relative amounts of cata-
lase and ascorbate peroxidase in J2 and fe-

TABLE 4.

males of root-knot nematodes, it seems that
ascorbate peroxidase is more prominent in
preparasitic stages while catalase activity is
much higher in adult females. Catalase, due
to its high K_, is inefficient at scavenging the
low levels of Hy,O, produced in plant cells
during early plant-pathogen interactions
(Baker and Orlandi, 1995). Therefore, the
association of SOD with ascorbate peroxi-
dase would be a more suitable scavenging
system than catalase in the biochemical en-
vironment that the invading parasite en-
counters in the early stages of root penetra-
tion. On the other hand, the major presence
of catalase in adult females suggests that
nematodes developing in the root and ac-
tively feeding may be challenged by higher
amounts of HyO, produced by the host and
their own metabolism. In this respect, SOD
appears to be less important and does not
occur uniformly.

However, SOD activity was readily de-
tected in cysts. The presence of different
SOD isozymes has been confirmed in cysts
of six Heterodera spp., and the isoenzymes are
useful for species discrimination (Molinari
et al., 1996). Cysts contain catalase, but
ascorbate peroxidase and other isoperoxi-
dase activity is negligible. The activity of an-
tioxidant enzymes is completely different in
egg masses, which show significant activity of
all the enzymes tested but apparently lack
SOD activity. However, when native PAGE of
homogenates of egg masses was carried out
in an automated electrophoresis system
(PhastSystem, Pharmacia) and gels stained
for SOD activity (Molinari et al., 1996), faint

Comparison of antioxidant enzyme activities of Globodera rostochiensis (Gr), G. pallida (Gp), Heterodera

caratae (Hc), H. schachtit (Hs), Meloidogyne incognita (Mi), and M. hapla (Mh).

Hc Hs Mi Mh

Enzyme activity® Gr Gp

SOD 29 5.8 9.6 6.2 66a 25.0 b
Catalase 8.3 8.7 10.2 15.5 14.7 a 44.7b
Ascorbate isoperoxidase 0.14 0.25 0.1a 0.3b 0.3a 1.2b
PPD-PC isoperoxidase 1.1 14 0.25a 1.4b 42a 8.6b
¢-dianisidine isoperoxidase 3.6 45 02 0.2 12.8 15.6
Guaiacol isoperoxidase 0.6 1.0 0.0 0.16 7.3 8.3

2 Data are expressed for SOD, catalase, and ascorbate peroxidase as units - mg™' protein, PPD-PC peroxidase as

AAgyy * min™!

*mg™! protein, odianisidine peroxidase as AA,qo - min~

'+ mg™ protein, and guaiacol peroxidase as

AAy - min~' - mg™! protein. Means in rows of a genus with different letters are significantly different (P < 0.05) according to an

LSD test.
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but distinguishable bands appeared (not
shown); it is apparent that such sensitive
methods can detect amounts of SOD activity
lower than those detectable by spectroscopy.

Generally, females of cystforming nema-
todes showed antioxidant enzyme activities
less consistently than did females of Meloido-
gyne. Only ascorbate peroxidase activity of
H. schachtii was comparable to that of M.
incognita females.

The occurrence and significance of per-
oxidase in Meloidogyne spp. have been exten-
sively debated (Hussey and Krusberg, 1971;
Hussey et al., 1972; Hussey and Sasser, 1973;
Starr, 1979; Veech et al., 1987), and the gen-
eral opinion is that peroxidase activity found
in Meloidogynefemales is of host origin (Ibra-
him, 1991). On the other hand, Starr (1979)
found a low level of o-dianisidine-peroxidase
activity in M. incognita J2. In the present
study, a low but measurable activity of o
dianisidine- and PPD-PC-peroxidase was
found in M. incognita and M. hapla ]2, and
we have demonstrated even higher PPD-PC-
peroxidase activity in X. index. These find-
ings suggest that peroxidase might be pro-
duced by the nematode itself, in addition to
that ingested from plant cell contents, as is
likely for the other antioxidant enzymes.
Egg masses also contain high peroxidase ac-
tivity but, in this case, only the gelatinous
matrix stained for peroxidase and not the
eggs (Ibrahim, 1991).

Whether peroxidase is secreted into the
giant cells induced by Meloidogyne females
has been a subject of debate (Hussey and
Sasser, 1973; Veech et al., 1987), although it
has been demonstrated that the attack of
resistant tomato roots by M. incognita en-
hances host peroxidase activity, primarily in
the cell wall fraction (Molinari, 1991b).

Glutathione peroxidase activity was not
detectable in any of the samples tested. Simi-
larly, its presence was not demonstrated in
C. elegans tissue (Vanfleteren, 1993).

The species of phytoparasitic nematodes
examined in this study possess at all life-
cycle stages, antioxidant enzymes able to
convert toxic oxygen species to water. Such
toxic species might be produced either by
the nematode’s own metabolism, as has

been demonstrated in C. elegans (Van-
fleteren, 1993), or by the host plant as a
defense mechanism. It is an intriguing pos-
sibility that the efficiency of the antioxidant
enzymes may be correlated with the degree
of virulence of those species. Future re-
search should focus on the relationship be-
tween virulence genes of endoparasitic
nematodes and their antioxidant defenses.
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