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RESPIRATION AND TERMINAL OXIDASES OF XIPHINEMA INDEX

S. Moinart and C. MIACOLA

Summary. Active specimens of Xiphinema index showed a respiratory activity markedly influenced by the pH
of the assay mixture. The optimum for nematode respiration was pH 7. Sodium azide severely inhibited the
oxygen uptake of the nematodes but it did not kill them. Homogenates of nematodes actively oxidized succi-
nate and ascorbate. Sodium azide showed a partial inhibition on both these oxidations. Ascorbate oxidation, af-
ter the addition of sodium azide, was sensitive to inhibition by the hydroxamic acid m-CLAM and the enzyme
SOD. Conversely, duroquinol oxidation was inhibited by the sole m-CLAM whilst SOD showed very liitle effect.
LDH activity was found in X. index homogenates to be 3-fold higher than in Meloidogyne hapla and Heterodera

schachtii homogenates.

Reports in the literature on the respiration of
plant parasitic nematodes are scarce (Rhode,
1971). Because of the difficulty of detecting
oxygen uptake by small juvenile nematodes, in-
vestigations on their respiratory activity have
been rare (Reversat, 1977). In general, it is well
known that cells of soil-inhabiting nematodes
possess an efficient aerobic metabolism which
has characteristics similar to those of mammal-
ian cells and which is well adapted to over-
come periods of low oxygen regimes (Atkinson,
1980). Moreover, properties which are specific
to plant cell respiration such as the presence of
hydroxamic acid-sensitive terminal oxidases and
a certain resistance of respiration to cyanide in-
hibition have been reported in Aphelenchus
avenae (Mendis and Evans, 1984a; Navas er al.,
1992). This study, for the first time, describes
the respiratory activity of plant ectoparasitic
nematodes such as Xiphinema spp., and, with a
comparative approach, it also focuses on the bi-
ochemical mechanisms by which nematodes
adapt the oxidative metabolism to their own
type of parasitism and life environment.

Materials and methods

Xiphinema index Thorne et Allen were ob-
tained from a culture maintained on fig in a
glasshouse. Nematodes were extracted by the
Cobb wet sieving technique. Juveniles (J,) of
Meloidogyne hapla Chitw. were obtained by in-
cubating at 27 °C egg masses from a culture
maintained on tomato. Juveniles (J,) of Hetero-
dera schachtii Schmidt were obtained by hatch-
ing cysts from roots of sugarbeet in 0.6 mM so-
dium metavanadate at 20 °C.

Samples of X. index generally consisted of
40-60 hand-picked nematodes in 0.5 ml of 0.1
M potassium phosphate buffered at pH 5, 6, 7
and 8. Suspensions of M. hapla and H. schachtii
were filtered through 1 um pore-sized filters
(Whatman, cellulose nitrate). Filters were
washed with 0.5 ml of 0.1 M potassium phos-
phate, pH 7.0, in order to obtain highly concen-
trated nematode suspensions.

For respiration assays of live X. index 0.5 ml
of nematode suspensions in 0.1 M potassium
phosphate buffers at various pH were trans-
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Fig. 1 - Oxygen uptake of active specimens of Xiphine-
ma index at different pH. Assay medium was 0.1 M po-
tassium phosphate (0.5 ml) at pH 5, 6, 7, 8. Values are
expressed as nmoles O, per min per mg of total pro-
tein measured after the homogenization of each sam-
ple. Antimycin (5 [g) and sodium azide (10 mM) were
added to test the effect on respiration.

ferred to a Clark type oxygen electrode cham-
ber (Rank Bros., Cambrige, UK), and oxygen
uptake monitored at 30 °C. When a constant
rate of respiration was established, respiratory
inhibitors such as antimycin (10 pug/ml) and so-
dium azide (10 mM) were added. After the res-
piration assay nematodes were recovered,
rinsed in distilled water, filtered through a 5 pm
pore-sized filter (Whatman, cellulose nitrate)
and suspended in a minimum volume of a

grinding medium consisting of 0.3 M sucrose,
10 mM MgCl,, 1 mM EDTA and 10 mM TES, pH
7.4. The suspension of nematodes was then ho-
mogenated in a chilled 2 ml glass mortar. Rates
of respiration of active juveniles are expressed
as nmoles min™! mg? of total proteins detected
in these homogenates. When measurements re-
quired the integrity of cell membranes, freshly
collected nematodes were gently comminuted
in a glass mortar and pestle and the homogen-
ate immediately used for the assays. In other
experiments homogenization of the nematodes
was done with a pestle connected to a rotor,
the speed of pestle rotation and the time for ho-
mogenization determined when rough particles
were no more present in the homogenate by
observing it under a light microscope. The ho-
mogenates were clarified by means of centrifu-
gation at 5000 rpm for 3 min in a bench centri-
fuge. Some of the samples were stored over-
night at 4 °C before the analysis while others
were frozen to test the effect of freezing and
thawing on the enzyme activities tested. These
clarified samples were defined as crude frac-
tions.

Respiration assays of fresh homogenates
were carried out in the grinding buffer de-
scribed above. Respiration was maintained by
adding substrates oxidable by mitochondria
such as succinate (10 mM) or ascorbate (10
mM). When succinate was used as substrate, 10
ug/ml rotenone and 0.5 UM of the uncoupler of
mitochondrial oxidative phosphorilation CCCP
(Carbonyl Cyanide m-Chloro Phenylhydrazone)
were added to the assay mixture to inhibit the
production of oxalacetate (a strong inhibitor of
succinate dehydrogenase) and to stimulate the
oxygen uptake, respectively. TMPD (0.1 mM)
(N,N,N,N-Tetramethyl-p-phenylendiamine) was
previously added in ascorbate oxidation to pro-
mote the reduction of mitochondrial cyto-
chrome oxidase.

Oxygen uptake due to ascorbate and duro-
quinol oxidase activities of crude fractions was
monitored in 0.5 ml grinding medium by add-
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ing 10 mM ascorbate and 0.1 mM duroquinol,
respectively. Sodium azide (10 mM), SOD (10
ug/mb (superoxide dismutase) and m-CLAM (1
mM) (m-chlorobenzhydroxamic acid) were test-
ed as inhibitors of these activities.

Lactate dehydrogenase (LDH) activity was
detected in a 557 Perkin-Elmer double-beam
spectrophotometer. The final assay mixture (570
uml) consisted of 10 mM lactate, 2 mM NAD™
and approximately 50 pg protein in 0.1 M sodi-
um phosphate buffer, pH 7.0. Wavelength was
set at 340 nm (e = 6.22 mM™! cm™).

The protein content of each sample was de-
termined by the Lowry procedure (Lowry et al.,
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1951) with bovine serum albumin as the stan-
dard.

Experiments were carried out with homog-
enates obtained from 15 different lots of nema-
todes. Protein content of homogenates was in
the range of 0.1-0.4 mg/ml.

Results

Respiratory activity of active specimens of X.
index was much higher at pH 7 and 8 com-
pared with that at pH 5 or 6 (Fig. 1). Generally,
antimycin, which is an inhibitor of mitochondri-

Fig. 2 - Oxygen uptake of fresh homogenates of X. index oxidizing 10 mM succinate (A) and 10 mM ascorbate (B).
Values are expressed as nmoles O, per min per ml of assay medium. Homogenates contained about 50 pg prot. Con-
centrations of the chemicals added are as follows: (A),10 pg/ml rotenone (ROT), 0.5 uM CCCP, 10 pg/m! antimycin
(AA), 10 mM sodium azide (AZIDE); (B), 0.2 mM TMPD, 10 mM sodium azide, 10 pg/ml superoxide dismutase

(SOD), 1 mM m-CLAM.
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Fig. 3 - Oxygen uptake of crude fractions of X. index stored overnight at 4 °C (A, B) or frozen and thawed (C, D).
Duroquinol (0.1 mM) oxidation is shown in B and D. Concentrations of the other chemicals added are as described

in fig. 2.

al electron transport chain, had no or a slightly
stimulating effect on respiration of living nema-
todes. Sodium azide, which is an inhibitor of
mitochondrial cytochrome oxidase, strongly in-
hibited the respiration of the juveniles at any of
the pH values assayed.

Gentle homogenization of freshly collected
X. index juveniles was followed by immediate
monitoring of the oxygen uptake of the homog-
enate in order to save membrane integrity, thus
allowing the detection of respiration in which
intact mitochondria were involved (Fig. 2). Sam-
ples obtained by this procedure were able to
oxidize succinate. The occurrence of this oxida-
tion, which is specifically mitochondrial, as well
as its stimulation when the uncoupler of the
mitochondrial oxidative phosphorilation CCCP
was added, confirmed the involvement of mito-
chondria in the oxygen uptake observed. Anti-
mycin and sodium azide actually inhibited the

oxygen uptake by about 40% and 30%, respec-
tively (Fig. 2A). Taking into account that 0.5-0.6
nmoles O, per min per ml is the aspecific oxy-
gen consumption of the assay system, the asso-
ciation of the inhibitors of mitochondrial respi-
ration, antimycin and sodium azide, blocked 70-
80% of the uncoupled succinate oxidation by
these nematode homogenates. Ascorbate oxida-
tion in the presence of TMPD was almost
halved by the addition of sodium azide (Fig.
2B). SOD, which is a very active scavenger of
superoxide radicals (03), and m-CLAM, which is
a strong inhibitor of the alternative oxidase
found in plant mitochondria (Molinari, 1991)
and can also act as a radical scavenger and a
peroxidase inhibitor, further decreased the oxy-
gen uptake left after the addition of sodium
azide.

Additional samples of X. index juveniles
were ground at a very high speed of pestle ro-
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tation and then centrifuged. Some of these
crude fractions were left overnight at 4 °C
whilst some others were frozen and then
thawed before measurements were made. As-
corbate and duroquinol oxidase activities of
these fractions were monitored in a polaro-
graphic assay (Fig. 3). Frozen samples (Fig. 3C-
D) had an oxygen uptake much lower than
samples left overnight in the refrigerator (Fig.
3A-B) with both ascorbate and duroquinol as
substrates. Sodium azide had no inhibitory ef-
fect on ascorbate oxidase activity in this assay
(Fig. 3A); SOD had a similar inhibitory effect
whilst m-CLAM doubled its ability to inhibit as-
corbate oxidation with respect to data shown in
Fig. 2B. Fig. 3B shows that duroquinol oxida-
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tion was not susceptible to inhibition by sodium
azide and scarcely susceptible to inhibition by
SOD; conversely, m-CLAM was a good inhibitor
of the activity in the presence of both sodium
azide and SOD. Surprisingly, m-CLAM, when
added before sodium azide, markedly stimulat-
ed the oxygen uptake with both the substrates
used (Fig. 3C-D). In this case, the oxygen up-
take of both ascorbate and duroquinol oxida-
tion was inhibited by sodium azide which did
not show the same property when m-CLAM
was not previously present in the assay medium
(Fig. 3A-3B). Generally, SOD was an inhibitor
of ascorbate oxidation whilst it did not show
the same effect on duroquinol oxidation.
Homogenates of X. index, M. hapla and H.

0.032umoles
NADH

1 min

Fig. 4 - Spectroscopic measurements of lactate dehydrogenase activity in homogenates of X. index (Xi), Meloidogyne
bapla (Mh) and Heterodera schachtii (Hs). Reaction mixture consisted of 10 mM lactate, 2 mM NAD", approx. 50 ug
prot in 0.1 M sodium phosphate buffer, pH 7.0. Values are expressed as umoles of NADH produced per min per mg

prot. Wavelength was set at 340 nm (e = 6.22 mM! cm™).
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schachtii were able to oxidize lactate, produc-
ing NADH from NAD" (Fig. 4). Specific lactate
dehydrogenase activity was found to be 3-fold
higher in X. index than in M. hapla and H.
schachtiil.

Discussion

This paper presents preliminary data on the
characteristics and properties of the respiratory
activity of the ectoparasitic nematode X. index
in vitro. Calculation of the oxygen uptake of ac-
tive X. index juveniles based on total protein
content of the relative homogenates was con-
sidered more accurate and appropriate than cal-
culation based on fresh or dry weight of the
nematodes. Respiratory activity of X. index
seems to be repressed by acidic media; the in-
crease of one unit of pH, from 6 to 7, resuted in
an increase of oxygen uptake of approximately
5-fold. Oxygen uptake of second-stage juveniles
of Heterodera oryzae increased by only 12%
when the pH of the respiration buffer was in-
creased from 5 to 8 (Reversat, 1977). Antimycin
did not inhibit respiration of living nematodes
which may simply result from the difficulty of a
large molecule, such as antimycin, entering the
thick cuticle of the nematode. Antimycin also
had little effect also on the respiration of several
populations of Aphelenchus avenae (Navas et
al., 1992). Conversely, sodium azide severely
affected the respiration of the juvenile X. index.
When recovered after treatment, nematodes ap-
peared motionless but after rinsing with fresh
water their movements were restored. This indi-
cates that the aerobic metabolism supporting
muscle contraction was totally suppressed by
sodium azide although a putative alternative
aerobic pathway, responsible of the residual
oxygen uptake observed, and/or an anaerobic
metabolism must be active to furnish the mini-
mal energy necessary for surviving.

Two types of sample preparation were
undertaken in the homogenization procedure:

the first one was intended to preserve the integ-
rity of mitochondria by immediately analyzing
the fresh homogenates; the second did not pre-
serve mitochondrial integrity since terminal oxi-
dase activities were detected in the resulting
crude fractions.

Respiration of fresh homogenates, when suc-
cinate was provided as the specific substrate,
was suppressed by 70-80% of the oxygen up-
take in the presence of antimycin and sodium
azide. When ascorbate and TMPD were used as
substrate, sodium azide suppressed only about
40% of the oxygen uptake; an additional 20%
was suppressed by SOD and m-CLAM. A similar
partial inhibition by azide on ascorbate/TMPD
oxidase activity was obtained by Mendis and
Evans (1984b) with Apelenchus avenae.

m-CLAM was found to be a good inhibitor of
ascorbate and duroquinol oxidations by X. in-
dex homogenates, thus suggesting the presence
of hydroxamic acid-sensitive terminal oxidases
in this plant parasitic nematode. Such a pres-
ence has been already proposed in the free liv-
ing nematode Aphbelenchus avenae (Mendis and
Evans, 1984a). Furthermore, generation of
superoxide radicals is evident from the inhibi-
tion by SOD of ascorbate oxidation in mito-
chondrial and non mitochondrial-type samples.
On the contrary, duroquinol oxidation did not
show this same characteristic. The presence of
SOD in homogenates of X. index has been al-
ready detected (Molinari, personal communica-
tion). As evidence is emerging on the capability
of oxygen radical generation by plant parasitic
nematodes, the issue of an enzymatic system re-
quired to cope with the oxidative stress caused
by this production must be considered. It
should be noted that the degree of activity of
this system would also determine, in the nema-
tode, the opportunity of defence against the
oxygen radicals produced by the attacked
plants. Experiments will be done to ascertain
the presence of a O,° generating NAD(P)H oxi-
dase similar to that found in membrane frac-
tions of tomato roots (Molinari, 1994).
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Rates of ascorbate and duroquinol oxidation
were lowered by freezing and thawing crude
fractions of nematode homogenates thus sug-
gesting a possible involvement of membrane
bound enzymes in these oxidations. For in-
stance, when tomato root microsomes were ex-
posed to this treatment, O generating NAD(P)H
oxidase activity was completely inhibited (Moli-
nari, 1994).

It is generally recognized that plant parasitic
nematodes are aerobic organisms but they are
able to survive periods of partial or complete
anaerobiosis. Energy production in anaerobic
conditions is related to the reoxidation of
NADH by lactate dehydrogenase (LDH) in the
cytoplasm of cells. There are only old and neg-
ative reports on the production and excretion of
lactate by plant parasitic nematodes (Myers and
Krusberg, 1965). On the other hand, LDH has
been detected in soil-inhabiting nematodes
such as Aphelenchus avenae and Caenorbabdtis
spp. (Cooper and Van Gundy, 1971). Data pre-
sented in this paper reveal the presence of such
activity in X. index which has been found to be
much higher than that of juveniles of endopara-
sitic nematodes such as M. hapla and H.
schachtii. This finding might be related to the
different type of parasitism of X. index: ectopa-
rasites spend their life span in the soil, which is
an environment with a highly fluctuating oxy-
gen content, compared with the more constant
oxygen content of root tissues where endopara-
sites live and develop. Thus it would appear
likely that X. index frequently undergoes peri-

Accepted for publication on 2 September 1995.

ods of anaerobiosis and develops a more active
anaerobic metabolism in which LDH certainly
plays a key role.
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