




patible hosts. Male feeding sites were usually found in the
cortex, syncytium expansion starting .from the pericycle to
the corticallayers. Figures 3a and b compare those induced
by male and female nematodes in incompatible combina-
tion. A large number of cortical cells were involved in the
syncytial unit, which arso appeared to incorporate endo-
dermis and pericycle (Fig. 3a). The syncytia in susceptible
roots fixed on day lO reached a large size and developed
along the root axis bordering on xylem vessels. Their cy-
toplasm stained deeply, hypertrophied nuclei were irregu-
larly shaped and centrai vacuoles were absent-all the typ-
ical features of functional feeding sites (Figs. 1c, 1d). In
transverse section syncytial components were observed to
maintain their contact with endodermis and pericycle, but
these were then displaced by the" syncytium enlargement
(Fig. 1d). At lO days after nematode inoculation, the ac-
cessions of 101956a, 101748, 103738 and 101877b devel-
oped an incompatible reaction. The juveniles failed to de-
velop beyond the third stage (Figs. 2d, 3d) and their
associated syncytia were almost degenerate (Figs. 2c, d, 3c,
d) indicating that the nematodes had not obtained ade-
quate nutrients. Despite this host response, the size of the
syncytia, considering the number of cells that were incor-
porated, had greatly increased (Figs. 2c, d, 3c, d). In these
syncytia the cytoplasm was reduced to a very thin layer
around the outer walls and very few organelles were
present, but there were differences between the four ac-
cessions tested. The reduction in cytoplasmic density was
more evident in the combination MG 101748 and MG
103738 - H. goettingiana (Figs. 2c, 3c). Figures 2d and 3d
show that the wall thickenings of syncytia induced in MG
101956a and 101877b were less pronounced than in the
other two combinations (Figs. 2c, 3c) and cellular content
was continuous through the spaces between celI wall frag-
ments. Fig. 3c (MG 103738) and Fig. 3d (MG 101877b)
clearly show the differences between the two syncytia. In
MG 103738 thickened celI walls and cytoplasm reduced to
deposits of amorphous dark material indicate that it was a
non-functioning system; the syncytial volume in MG
101877b root was extremely vacuolated but stilI physio-
logically active.

The inoculated plants were maintained at 17°C in growth
chambers.

At 4 and 10 days after inoculation segments of infested
roots were excised and fixed far 4 h in 3 % glutaraldehyde
in 0.05 M sodium cacodylate buffer pH 7.2 post-fixed in
2% osmium tetroxide in the same buffer far 2 h, dehy-
drated in a graded ethanol series and embedded in Spurr's
medium (1969). Thick, transverse and longitudinal sec-
tions (2 ILm) were cut using a LKB ultratome IV, trans-
ferred onta glass slides, dried and stained with 1 % tolui-
dine blue in 1% borax. Slides were examined and
photographed using a light microscope. Enzyme localiza-
tion was carried out as described by Gahan (1984). Un-
fixed, frozen sections of root segments of infested and un-
infested germplasm pea, 4 days after nematode inocula-
tion, were prepared with a 2800 Frigocut REICHERT-
JUNG automatic cryostat at cutting speed of 5 and section
thickness setting 17 ILm.

To test far peroxidases, sections were incubated in a
medium containing lead nitrate, homovanillic acid and
rhodamine B as substrate in 0.2 M sodium acetate buffer
at pH 6. Fresh1y prepared 1 % H2O2 was added. The sec-
tions were observed under UV using a Leitz Dialux micro-
scope equipped with a mercury vapor lamp and a violet
filter assembly transmitting wavelengths tram 361-435
nm.

To test far esterases, the sections were reacted at 37°C
using naphthol AS-D acetate as substrate and fast blue BB
as the diazonium salt in Tris-HCl buffer at pH 6.5 far 60
min and observed under a bright field microscope. The es-
terase reaction employs a diazonium salt which can couple
readily with polyphenolics present in some root cells, ex-
pecial1y those involved in nematode infection, at the pH
employed. However, there is no difficulty in distinguish-
ing between the esterase enzyme product, which is an in-
tense blue colour, and the polyphenolics which afe yellow-
brown stained.

Results

Syncytia were induced by H. goettingiana in ali six ac-
cessions of rea roots. The structural features of syncytia
under the light microscope were similar four days after
nematode inoculation, in terms of celi wall dissolution,
dense cytoplasm and absence of vacuoles (Figs. la, 2a, 2b,
3b). The feeding nematode was located close to endoder-
mal celis, which became necrotic, expecially those sub-
jected to mechanical damage by the invading parasites.
The syncytium extended longitudinaliy by incorporating
celis of the pericycle and vascular parenchyma by graduaI
dissolution of celi walls and merged as one continuous
multinucleate cytoplasmatic unit (Figs. la, 2a, 2b, 3b). A
characteristic type of syncytium was associated with those
nematodes that developed to males in both compatible and
incompatible combinations. Figures la and b compare syn-
cytia associated with female and male nematodes in com-

Histochemistry

Localization of enzyme activities was identified by flu-
orescent reaction product for peroxidases and coloured re-
action product for esterase activity in thick sections fo-
cused on encounter sites.

Fluorescent microscope examination revealed that in
homovanillic acid-treated root tissues of MG 101956c
with nematodes the reaction product in terms of brillant
yellow spots were strongly located only in those cells af-
fected by the presence of the parasite (Fig. 4a). In MG
103738 the reaction product was distributecl notonly in
the cells directly affected by nematode injury but also in
the outer cells, indicating the dispersion of intense enzyme

~"







IFig. 4 - Unfixed frozen sections of pea roots reacted far peroxidase activity using homovanillic acid as substrate. (a) MG 101956c - H.
goettingiana, 4 days after inoculation. The root cells show bright fluorescent spots at the site of nematode penetration ( x 450). (b) MG
103738 - H. goettingiana interaction, 4 days after inoculation. A longitudinal view of the reaction involving a large number of cells either
directly or indirectly injured by the nematode. Note the nematode positioned at its feeding site ( x 1,000). (c) and (d). Healthy roots of MG
101956c and MG 103738 respectively. No (c) and very little (d) activity is present in the cortical cells; xylem walls reacted positively
( x 1,000).



Fig. 5 - Unfixed frozen section of pea roots reacted far esterase activity using naphthol acetate AS-D as substrate and fast blue BB as the
diazonium salto (a) Longitudinal section of MG 101956c 4 days after nematode infection. The stelar region reacted far esterase activity
more strongly than the healthy root (c). Esterase activity associated with nematode feeding was more pronounced in MG 103738 (b) than
in healthy root (d). Note the reaction far phenolic compounds at the sites of nematode penetration (a, b) (a x 1,000, b x 1,600, c x 1,000,
d x 1.00m.



activity (Fig. 4b). Unaffected cells were green and vessels
yellow (Figs. 4c, d). The results~ obtained for the unaf-
fected root tissues used as contraI were almost similar. De-
posits in the cells were absent, but some localization on celI
walls was evident and the stelar region strongly reacted
(Figs. 4c, d). The cortical cells of MG 103738 root tissues
revealed the presence of peroxidase activity on the outer
surface of the celI walls, more than in MG 101956c root
tissues (Figs. 4c, d).

Figures 5a, b illustrate the localization of esterase ac-
tivity during H. goettingiana infection in MG 101956c and
MG 103738 root tissues respectively. In both accessions
the enzyme activity was localized in the stele whose cells
showed intense deep blue colo1.1r. The blue stain, however,
was most intense in MG 103738 root tissues (Fig. 5b). The
cells wounded by nematode penetration stained yellow-
brown, indicating that they were necrotic (Figs. 5a, b).
The localized depositionjn the stele was also evident in the
unaffected root tissues, used as contraI, of both accessions.
The pattern of deposition was similar in both samples but
the blue stain was less intense than in affected root tissues.
(Figs. 5c, d).

Discussion

susceptible, based on nematode numbers in the roots. In-
creases of ascorbic acid and peroxidase activity in resistant
accessions attacked by rea cyst nematode bave been re-
ported (Zacheo et al., 1981; Zacheo et al., 1986).

Cytochemical studies of rea root apices demonstrated
that peroxidase activity is present in virtually all cell-types
and is involved with xylogenesis and in particular with lig-
nification (Catesson et al., 1978; Fielding and Hall, 1978).
When the rea cyst nematodes infect the roots they induce
an increase in peroxidase activity in the host tissues by
forming reaction zone tissues. These reaction zone tissues
exhibit much higher peroxidase activity than do healthy
tissues and afe more extensive in the resistant tissues. In-
crease in peroxidase activity has been widely reported in
pathogenic infections where the stimulation of peroxidase
activity is associated with resistance to infection (Coffey
and Cassidy, 1984; Zacheo et al. 1982 and 1988). In this
context, the peroxidases afe assumed to operate the final
step of lignin biosynthesis and this lignification m~y con-
stitute an active defence mechanism against intra-tissue
progression of the pathogens (Vance et al., 1980).

Hydrolytic enzymes afe reported to play important
roles in the normal metabolism of plant cells during plant
development (Chan et al., 1970). In intact roots of Pisum
sativum esterase activity is reported to be low in the cor-
tical parenchyma and high in the rhizodermis and stele.
Esterases consti tute a marker of commitment to differen-
tiation and the formation of xylem elements (Gahan,
1981).

Esterases afe a complex and heterogenous group of en-
zymes which hydrolyse the ester link of different metab-
olites. However, the role of hydrolytic enzymes in plant
pathological processes has not yet been well delineated.
Stimulation of esterase has been detected at the encounter
sites between host and parasite in fungal and nematode
infection (Hwang et al., 1982; Takahashi et al., 1985; Me-
lillo et al., 1989). The activity of these enzymes seems to
precede suberization of the celI walls or the appearance of
polyphenolics. Hwang etal. (1982) bave used the multiple
form of esterases as a marker of various levels of resistance
of barley to powdery mildew (Erysiphe graminis f. sp. hor-
dei). They relate the differences in multiple form of es-
terases between cultivars with the different levels of resis-
tance in barley genotypes.

In our study, the pattern of esterases was markedly dif-
ferent in susceptible and resistant infested rea accessions.
The increased activity in resistant roots, during nematode
invasion, can be related to the hypersensitive reaction.
Further studies on enzyme patterns could be useful in es-
tablishing more specific and reliable criteria for the char-
acterization of resistance of rea accessions to rea cyst ne-
matode.

The pea cyst nematode, H. goettingiana, induced syn-
cytial formation in all the pea accessions tested. The syn-
cytia occurred in the same regions of the root tissues in
both resistant and susceptible plants. The amount of tissue
incorporated in the syncytia was similar among in all of the
susceptible accessions. This is in contrast to the situation
with potato-Globodera pathotypes and the suceptible host
- H. glycines interaction (Hoopes et al., 1978; Kim et al.,
1986; Melillo et al., 1990). In the latter, the gite and de-
velopment of syncytia differed between the hosts and par-
ticularly in susceptible hosts. In pea roots the syncytium
was always located in the stele in both susceptible and re-
sistant accessions and our observations confirm the find-
ings of other workers with respect to the formation and
maintenance of the syncytium in susceptible plants. In alI
of the resistant accessions, however, differences were ob-
served in the sequence of changes occurring in component
cells of the syncytia. In later stages the collapse of the cy-
toplasm was more severe in MG 101748 and MG 103738,
indicating some degree of resistance. Structural observa-
tions are insufficient, however, to establish the level of re-
sistance and further investigations are needed to confirm
these relationships. According to Hoopes et al. (1978), it
can be concluded from these results that even the highly
resistant plants bave a certain degree of susceptibility in
that they all respond to some extent to the stimulus to
form a syncytium on which a nematode can feed and to
some extent develop.

Preliminary studies on the biochemical changes in-
duced by H. goettingiana demonstrated differences be-
tween pea accessions arbitrarily defined as resistant and We thank Mr. R. Lerario for technical assistance.
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