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Summary. Infected field soil was used to investigate the colonisation of cereal roots by fungi associated with Heterodera avenae in eastern
Scotland. Results indicated that Verticillium invaded cereal roots before females of F. avenae and that the fungus colonised wheat roots
more rapidly than oats while barley roots were invaded least rapidly. A greater number of H. avenae juveniles were found associated with
roots infected by Vericillium compared with uninfected controls. After surface sterilization with sodium hypochlorite, white females of H.
avenae developed only Verticillium colonies, suggesting that the fungus colonizes the female at an early stage of development. There was
also evidence that Verticillium may produce metabolites that stimulate premature hatching of the juveniles contained in the eggs.

The fungal parasites affecting cyst nematodes have a
dual action: they infect and destroy the female nematode
(Kerry, 1980; Kerry and Crump, 1980) or penetrate and kill
the developing egg (Kerry, 1980; Kerry and Crump, 1977;
Morgan-Jones et al., 1981). Cyst nematodes are also
attacked by predaceous fungi, but fungal parasites of
females and eggs are probably more effective in reducing
nematode multiplication (Kerry, 1986).

Younger eggs are generally more susceptible to fungal
attack than older ones (Cayrol et al., 1982; Irving and
Kerry, 1986). The physiological state of the eggs probably
also influences their susceptibility to fungal colonization
(Nigh er al., 1980; Irving and Kerry, 1986). Although some
aspects of the biology of fungi infecting the eggs of cyst
nematodes are known, their mode of action is not yet fully
understood. There is evidence that Verticillium chlamy-
dosporium is able to colonise the cereal rhizosphere
(Barron and Onions, 1966). Kerry et al. (1984) reported
that V. chlamydosporium colonises the wheat thizosphere,
causing no damage to the plants.

In pot tests using soil containing the egg parasite
Dactylella oviparasitica and inoculated with egg masses of
Meloidogyne incognita, Stirling and Mankau (1979,
observed that the percentage of eggs infected increased up
to nearly 50% 50 days after inoculation. By means of field-
soil sequential sampling Kerry e al. (1982) studied chang-
es in egg-infection by naturally-occurring fungi in females
and newly-formed cysts of Heterodera avenae. They found
larger values of egg-infection in newly-formed cysts than

in females and an increase of infection with time, They
also found large numbers of H. avenae females containing
few eggs.

In a pot experiment (also with naturally infected soil)
Ownley Gintis et al. (1983) found an increase with age in
the extent of fungal colonisation of females and newly-
formed cysts of H. glycines. They also observed a decrease
in diversity, so that newly-formed cysts infected by fungi
contained only few species (including V. chlamydospori-
um) compared with females. Godoy er al. (1983) studied
fungal egg-infection in M. arenaria and also found a
restricted fungal flora. Similar results were obtained by
Tribe (1979) who studied fungal infection of cysts and
females of H. avenae and H. schachtii.

Other important aspects of the biology of nematode
egg-parasites such as their sensitivity to soil mycostasis are
unclear but they have proved important in the ecology of
soil fungi in general (Jackson, 1957; Ko and Lockwood,
1970) and nematophagous fungi in particular (Mankau,
1962; Lopez-Llorca and Boag, 1990). The mycostatic action
of rhizosphere bacteria to fungal parasites of H. avenae
was mainly restricted to young females (Lopez-Llorca and
Boag, 1990) and it was concluded that fungistasis may
have protected them from nematophagous fungi, but its
effects decreased with the age of the nematodes.

In order to understand the fungal infection process it is
relevant to study the sequence of events. Crump and Kerry
(1977), using observation chambers, studied the matura-
tion of H. avenae females and their infection by an
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Entomophthora-like fungus (later identified by them as the
new Qomycete Nematophbthora gynopbila). Observation
chambers have been used in similar studies by other
authors (La Mondia and Brodie, 1984).

Colonisation of cyst-nematode females is the crucial
event in the destruction of nematode eggs by parasitic
fungi. The main objectives of this paper were to ascertain
the factors involved in the fungal ecology of the egg-para-
sites of the cereal cyst nematode Heterodera avenae Woll,
relevant to their mode of action, such as: the role of the
thizosphere in the infection process, the presence of para-
sitic fungi in soil, the timing of the colonisation of nema-
tode females by fungal parasites, and finally their effects
on egg-production, egg-infection, juvenile hatching and
egg-distortion.

Some of the problems in the estimation of the extent
of parasitism found in previous studies on egg-parasites
biology were overcome by the use of growth-restricting
media (Lopez-Llorca and Duncan, 1986). In this paper,
these media, and a micro-technique for plating eggs from
a single female/cyst, were used in pot experiments to
assess the various factors affecting egg-parasitism. The
main approach used was sequential sampling of cereal
roots containing nematodes (at different stages of develop-
ment), which were infected naturally with fungi.

Materials and methods

Heterodera avenae females and newly-formed cysts
were obtained in pots with susceptible oats (Avena sativa
L. cv. Peniarth) growing in naturally infested soil
(Spittalfield, Blairgowrie, Scotland) known to contain
endoparasitic fungi from a survey for fungal parasites of H.
avenae in eastern Scotland (Boag and Lopez-Llorca, 1989).

The soil used for pot-experiments was collected
(November 1986 and February 1987) from eight points of
the same field, bulked and stored at 5 °C in the dark for at
least 5 weeks before use. This helped to break the dia-
pause and ensure that H. avenae would hatch (Fisher,
1981). To obtain a uniform invasion of the roots by H. ave-
nae juveniles, the soil was left outdoors (from 20 April-10
May, 1987) before planting one-week-old oats seedlings.
Five seedlings were planted per (13x13x11) cm pot, which
were then placed in growth cabinets at 20 °C/16 hrs day-
length. NPK fertilizer (15:8:8) was added to all the pots.

Six pots were sampled destructively at 4, 5, 6,7,9, 12
and 14 weeks after planting. On each sampling occasion
the oat plants were lifted, together with the rhizosphere
soil. The tops of the plants were removed and the roots
were left for 15 min in tap water to loosen soil and debris.
Then the root systems were washed gently in tap water
and checked under the microscope for the presence of
white females and/or newly-formed cysts.

Whole root-systems were plated to determine the
extent of fungal colonisation by fungal egg-parasites. Oat
root-systems were sampled at 1, 2, 3, 6, 7, 9 and 14 weeks
after planting, from 2 to 5 pots (1 to 5 roots per pot). The
roots were plated and incubated as for single cysts and
females (described below) and the presence of
Verticillium and other fungi scored. The number of
Verticillium colonies per root-system was also scored. To
test the effect of different cereal species on the root colon-
isation by egg parasites, barley (Hordeum vuigare L. cv.
Esk) and wheat (I7iticum aestivum L.) whole root systems
were sampled, for barley at 1 and 2 weeks, for wheat at 1,
2 and 3 weeks after planting (from 2 pots, 4 to 5 roots per
pot), then incubated and scored in the same way as for
the oats.

To investigate the fungi associated with those frag-
ments of root containing nematodes (females and newly-
formed cysts appear frequently clumped together in the
roots in necrotic areas), root pieces containing nematodes
were sampled and plated on “Medium 17 (Lopez-Llorca
and Duncan, 1986) modified as for females and cysts,
together with the nematodes occurring in them, and the
fungi developing from nematodes and root-pieces were
scored. To count nematodes within the roots, after the
roots had been scored for the presence of fungi, the roots
were washed in water, stained in 0.05% (w/v) acid fuchsin
in water/lactic acid/glycerol (1:1:1, v/v/v), destained in
glycerol/water (1:1, v/v) and the nematodes counted
(Hooper, 1970).

The soil from two pots was sampled 4 weeks after
planting and used for soil dilution plating. The soil from
one pot was mixed with 100 ml of water and shaken. A
sub-sample was taken to include an equivalent of 10 g
(dry weight) soil. The subsample was then diluted 1/10 in
sterile distilled water (SDW), shaken for 20 min and then a
dilution series (1/10, 1/100, 1/1000) was made, shaking
each dilution for 5 min. One ml of each dilution was
added to sterile empty 9 cm plastic Petri dishes. Cool
(45 °C) malt extract agar (Oxoid), including the same addi-
tives as Medium 1 (modified as for females and cysts) was
poured on to the plates. These were then shaken gently to
mix the soil/water and the agar. The plates were incubat-
ed at 20 °C in the dark for 5-7 days before scoring fungal
colonies, but after 8-10 days sporulation had occurred,
thus enabling fungal identification.

Nematodes were picked-off the root systems, and the
numbers of white females and newly-formed brown cysts
per plant determined. White females were separated,
according to their size and shape, into two age-categories
viz. young females (small and elongated) and older
females (‘lemon-shaped’ and bigger).

Females and cysts from roots, plus old cysts from soil
in pots and field samples, were washed twice in sterile
distilled water (SDW) and then plated on a growth-restrict-
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ing medium (“Medium 1”7, Lopez-Llorca and Duncan, 1986)
slightly modified (no rose bengal was included and peni-
cillin was used instead of aureomycin) in 90 mm plastic
Petri dishes. An average of 10 females or cysts per dish
were plated. Plates were incubated at 20 °C in the dark for
6-7 days. Cysts and females were then inspected for the
presence of fungi, which were identified.

To test the effect of surface sterilization on the incidence
of fungi in white females, newly-formed cysts and the root
pieces containing them, females, cysts and roots were treat-
ed for 1 min in 1% sodium hypochlorite and washed five
times in SDW before plating and incubating them as for
untreated specimens. To ascertain the percentage of eggs
infected by fungi in each cyst or female, the following
micro-technique was developed. Once plates containing
females/cysts were scored, those which were colonised by
fungi, were tested for egg infection as follows: females
and/or cysts were picked up in sterile conditions and
washed twice in SDW. They were then opened under a dis-
secting microscope in a droplet of SDW in sterile conditions,
and the eggs released from the cyst. The cyst walls and, if
present, the sub-crystalline layers from each cyst or female
were then plated onto split (two-chambers) 90 mm diameter
plastic Petri dishes (Sterilin Ltd., Feltham, England) con-
taining Medium 1 modified as already explained. The eggs
in the droplet were pipetted onto the plate (containing the
cyst walls and the sub-crystalline layers) and spread using a
capillary made by flaming the end of a 230 mm Pasteur
pipette (John Poulten Ltd., Essex, England) and pulling it to
the appropriate diameter size for collecting the eggs in the
droplet and spreading them onto the agar. The eggs con-
tained within each individual female, newly-formed cyst, or
mature cyst were plated. The species of the fungus which
was found colonizing the female/cyst whose eggs were
being tested for fungal infection was recorded on the plates
and the plates were incubated as before.

To determine the effects of egg-parasites (Verticillium
in particular) upon eggs in females and newly-formed
cysts, after incubation the following categories were
scored per individual: INFECTED eggs (those developing a
fungal colony), DISTORTED eggs (those whose contents
were not identifiable as juveniles or embryos but in which
no fungi were detected), egg-shells (empty), second-stage
juveniles (hatched) and NORMAL eggs (containing
embryos or second-stage juveniles). The numbers of egg-
shells (empty) should equal those of second-stage juve-
niles (hatched) per individual female or cyst but in prac-
tice their numbers differ because some juveniles may have
left the females before the count was made; or the num-
bers of egg-shells may be less than that of juveniles
because, when counting large numbers, egg shells may be
underestimated, as they are less conspicuous than juve-
niles. Consequently, the best estimate for the number of
juveniles hatched per female or cyst is the greater of the

number of egg-shells and the number of juveniles, and
this number was used in subsequent calculations. The pro-
portions (%) of hatched, infected and distorted eggs were
estimated. Fungi developing from cyst walls and subcrys--..
talline layers were also recorded.

Results

Verticillium colonised roots before females of H. ave-
nae were present and its incidence progressively increased
(Table D. The effects of several species of cereals on root
colonisation by the fungus were also tested at 1-3 weeks
after planting (Table II). Wheat roots were colonised by
Verticillium more rapidly than those of oats and those of
barley were colonised least rapidly. The wheat roots, sam-
pled one week after planting, from three pots, and plated
to determine the presence of Verticillium, were separated
into two groups according to the presence or absence of
the fungus. Four roots of each group were stained and the
numbers of H. avenae juveniles per root counted. Roots
which developed Verticillium when plated contained on
average 12.25%6.3 juveniles per root, whereas those which
did not develop the fungus contained only 1.75+0.8 juve-
niles per root. Common soil fungi, most often
Cylindrocarpon and less frequently Acremonium,
Paecilomyces and Pewnicillium, were also detected on
roots. As their role in egg parasitism was less important
than that of Verticillium spp., their presence was not con-
sidered in this study.

In soil sampled four weeks after planting, only the
dilution 102 contained a number of colonies suitable for
counting. Amongst these colonies, only a fraction were
developed well enough to be identified. Several species of
egg-parasites were detected (including Verticillium) but
they were few compared with the total fungal flora of the
soil (Table IID.

TaBLE I - Occurrence of Verticillium in oar root-systems
grown in pots.

Percentage of

Weeks root systems No. of Verticillium
after developing colonies developing
planting Verticillium per root
(from 7 to 19 roots)
1 0 0
2 33 0.340.2
3 17 (not determined)
4 56 0.68+0.17
7 43 0.714+0.35
9 68 1.22+0.28
14 80 0.9£0.18
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TasLe I1 - Colonisation of oats, barley and wheat root-systems by Verticillium.

Weeks Percentage of root systems developing Verticillium No. of Verticillium colonies per root
after
planting Oats Barley Wheat Oats Barley Wheat
1 0 0 0 0 1+0.3
33 0 0.3+0.2 0 210.5
3 16 n.d. n.d. n.d. n.d.

Mean deviance ratio in analysis of deviance for binomial proportions for differences between plant species = 13.26 (P<0.05). n.d. = not

determined.

TaBLe 11 - Fungi in soil determined by dilution plating of soil from pots.

Fungal parasites (CFU)

Total No.

no. identifiable B. fung. A T C A% P

CFU CFU

POT1

123000 40500 5680 3900 3200 2480 1060 2840
(18300) (4550) (1740) (1570) (1210) (1320 (680) (1420)
POT2

116000 41500 6700 8690 670 670 670 1000
(5560) (8920) (1450) (2280) 670) (670) (386) (1000)
Abbreviations: CFU = colony forming units g dried soil. B. fung. = “Black fungus’, A = Acremonium sp., T = Trichoderma sp., C =

Cylindrocarpon sp., V = Verticillium sp., P = Paecilomyces sp. Average values of 4 estimations per pot. S.e.m. is given in brackets.

The numbers of females of H. avenae per plant
reached a peak about 7 weeks after planting and then
decreased (Fig. 1). Newly-formed cysts (‘brown cysts) per
plant were considerably fewer than white females and
reached a maximum 12-16 weeks after planting, lower
than that for white females. Where ‘young’ and ‘old’
females per plant were scored throughout the experiment,
young females reached a maximum peak concurrent with
and higher than that of ‘old’ ones.

The numbers of untreated specimens (rinsed in SDW
only) which developed Verticillium only, increased with
time as did the percentage of untreated females which
developed Verticillium only (Fig. 2¢-d). The percentage of
newly-formed cysts, which developed Verticillium only
was generally higher than that for females. In the later
samplings, a decrease in newly formed cysts infected with
Verticillium was observed.

With NaClO-treated females (Fig. 2a) only specimens
developing Verticillium were found at weeks 6 and 9. The
percentages of females from which fungal colonies devel-
oped were lower than for the corresponding untreated
females (Fig. 2¢). With newly-formed cysts (Fig. 2b) the
pre-treatment with sodium hypochlorite did not decrease
the occurrence of fungi as greatly as with white females.
Also, fungi other than Verticillium were found in treated
specimens, in approximately the same proportion (from
week 9 until week 14) as for untreated. In newly-formed
cysts no trends were evident in the percentages of nema-
todes developing Verticillium only, or those developing
Verticillium and other fungi. The variation in the percent-
ages was greater in untreated specimens (Fig. 2d).

In NaOCl-treated females (Fig. 2a) the numbers of
specimens from which fungi other than Verticillium devel-
oped (including those containing other fungi) were greatly
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Fig. 1 - Numbers of H. avenae females and newly-formed cyst per
plant in pots.

reduced in comparison with untreated specimens for the
same sampling occasions (Fig. 2¢). In newly-formed cysts,
NaOCl-treated (Fig. 2b) and untreated (Fig. 2d), no such
differences were observed.

Untreated females from the same root area showed
extensive colonisation by Verticillium and other fungi (Fig.
3a). When females were treated with hypochlorite, very
few developed fungi (Fig. 3b) and Verticillium was virtual-
ly the only fungus observed. In particular, Fig. 3b shows
that one female out of more than 10 from the same ‘clu-
ster’ was infected with Verticillium. Newly-formed cysts
treated with hypochlorite (Fig. 3¢) were extensively colon-
ised by Verticillium. Root-pieces which had contained the
nematodes developed, in untreated specimens (Fig. 3a),
common soil fungi (mainly Cylindrocarpon) whereas in
treated specimens (Fig. 3b, 3¢) few or no fungi were
found.

Cylindrocarpon and several sterile mycelia were the
fungi, other than Verticillium, most commonly found in
females and newly-formed cysts (Table IV). Acremonium
spp., ‘Black-fungus’ (including probably several species of

melanic fungi), and other fungi in lower percentages such
as Paecilomyces, Trichoderma and Penicillium were also
found. Not all Verticillium isolates from infected females
or cysts produced the dictyochlamydospores typical of V.
chlamydosporium. The percentage that did was recorded
for the different sampling occasions and the results are

a) White females

b) Brown cysts
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Fig. 2 - Fungal colonisation of females (‘white”) and newly-formed
cysts (‘brown’) in pots. Specimens were either untreated (c-d) or
treated (a-b) with 1% sodium hypochlorite. See key of shadowing
in the histogram for fungi involved.
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TaBLE IV - Percentages of fungi, different from Verticilllum (‘other fungi’) developing from females and newly-formed cysts of

Heterodera avenae (numbers in brackets) in pols.

Week Cyl. st. myc. Acre. B. fung. Other

4 38.4 (10) 19.2 (3 15.4 (4) 7.7 (2 19.2 (5)

5 41.6 20) 16.6 (8 8.3 (D 623 27.1(13)

6 29.7 (1D 29.7 (AL 8.1 13.5 (5) 18.9 (M

7 31.8 (D 45.4 (10) 4.5 (D 0 18.2 D

9 26.6 (4 333 (3 0 0 40.0 (©®
™ 28.6 (2 57.1 () 0 14.2 (1) 0

12 15.8 3) 30.8 () 30.8 (7) 52 5.2 (D
® 54.5 (6) 18.2 () 9.1 (L 18.2 (2) 0

14 13.3 (2 46.6 (1 26.6 (D 6.6 (D 6.6 (D
™ 11.1 (D 44.4 (4 0 11.1 (D 33.3 (3)

(" Specimens treated with 1% sodium hypochlorite for 1 min. Abbreviations: Cyl. = Cylindrocarpon, st. myc. = sterile mycelia, Acre =
Acremonium, B. fungus = ‘Black fungus’, ‘Other’ = ‘other fungi’, including Paecilomyces, Trichoderma, Penicillium and unidentified fungi.

TABLE V - Percentage of females and newly-formed cysts of H. avenae (numbers in brackets) from pots developing

Verticillium, belonging toV. chlamydosporium (V. ¢.).

Untreated NaOCl-treated
Week
V.c. Other isolates V.c. Other isolates
(%) (CO) %)
4 15.4 (2) 84.6 (11) n.t. n.t.
5 3.8 (1 96.1 (25) n.t. n.t.
6 2.0 (D 98.0 (46) n.t. n.t.
7 11.1 88.9 (16) 0 100 (2)
9 237 D 76.3 (29) 18.9 (M 81.1 (30)
12 16.7 (6) 83.3 (30 30.0 (6) 70.0 (1D
14 0 100 (12) 0 100 (1D

n.t. = not tested.

shown in Table V. The percentage of Verticillium isolates
producing chlamydospores was always lower than those
which did not produce them.

Eggs from individual females/newly-formed cysts (276
in total) that had developed Verticillium when plated
showed the highest percentages of infection, hatching and
distortion, compared with those which had developed
‘other fungi’ (Figs 4-6). This was true for both untreated
and hypochlorite-treated specimens. The total number of
eggs in females and newly-formed cysts was similar (Fig.
7); however, the small sample size (especially of females
in the last samplings) gave rise to varjability.

The presence of fungi on the cyst walls and sub-crys-
talline layers of individual females or newly-formed cysts

was recorded. To estimate the difference between the
fungi developed by the whole female/newly-formed cyst,
and the fungi associated with its CW and SCL plated separ-
ately, the numbers were scored of CW and SCL respective-
ly which developed fungi different from those developed
by the original female/newly-formed cyst. In each case,
the total number of CW or SCL developing fungi was
divided by those figures to give an arbitrary index. The
index assumes the value 1 if the flora of all the CW (or the
SCL) was totally different from that of the original whole
female or cyst. Therefore, values higher than 1 indicate
increasing similarity between the flora of CW (or SCL) and
that of females and newly-formed cysts. The results for the
flora associated with the CW and the SCL and the index
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Fig. 3 - Fungal development from H. avenae females and newly-
formed cysts from the same area of the root on growth restricting
medium. (a) White females untreated; (b) white females treated
with 1% sodium hypochlorite fro 1 min; (c) newly-formed cysts
treated with 1% sodium hypochlorite for 1 min.
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A— Verticillivm (eggs treated with hypochlorite)
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Fig. 4 - Percentage of egg-infection per single female and newly-
formed cyst plotted against sampling occasions.

described above are shown in Table VL. The values of the
index are low (but never 1, ie. total dissimilarity) for the
first sampling occasions and then increase to a relatively
steady state. Treatment with hypochlorite reduces the dif-
ferences in the flora devecloped by single CW/SCL and
their original females/newly-formed cysts.

Discussion

In pots and in field samples, Verticillium was found to
colonise root-systems. The extent of colonisation, both in
numbers of roots and numbers of colonies per roat,
increased with time. Wheat roots may be more susceptible
to colonisation by Verticillium than those of oats, and oats
more susceptible than barley. Parkinson ef af. (1963) did
not find Verticillium in young (1-10 day old) barley roots
and the results described here agree with theirs.

Verticillim is know to colonise cereal roots (Jackson
1965a, 1965b; Mangan, 1967; Kerry et al., 1984), while
trapping-fungi such as Arthrobotrys oligospora have litlle
association with living roots (Peterson and Katznelson,
1964, 1965). The sequence of events leading to colonisa-
tion of the root system may be as follows: sessile conidia
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Fig. 5 - Percentage of hatching per single female and newly-for-
med cyst plotted against sampling occasions.
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Fig. 6 - Percentage of egg-distortion per single female and newly-
formed cyst plotted against sampling occasions.

and/or resting-spores of several isolates of Verticillium
(including V. chlamydosporium) are induced to produce
hyphae by the roots either directly, because of their move-
ment in soil, or indirectly by their exudates (Olsson and
Nordbring-Hertz, 1985; Elias and Safir, 1987).

Greater numbers of H. avenae juveniles per root were
found in roots colonised by Verticillium than in uncolon-
ised roots. It is possible that juveniles of H. avenae infect-
ing roots provide a suitable environment for the colonisa-
tion by Verticillium. The fungus was frequently observed
in the necrotic areas associated with juvenile penetration.
Alternatively, nematodes could also be attracted to root
areas colonised by the fungus. Jansson and Nordbring-
Hertz (1979), studying the attraction of nematodes to nem-
atophagous fungi, concluded that the mycelium of several
nematophagous species was attractive to nematodes.
Jansson (1982) found that conidia of endoparasitic fungi
attracted nematodes. Conversely, nematodes respond to
nematophagous fungi and produce substances which, in
turn, affect these fungi. An example of this is the induction
by nematodes of traps in predaceous fungi (Nordbring-
Hertz, 1977; Burney and Estey, 1985).

Infection by female parasites such as Nematophthora
gynophila whose resting spores were found in the soil
used here (Boag and Lopez-Llorca, 1989) can explain, at
least in part, the difference in numbers of females and
newly-formed cysts, as females infected by those parasites
are completely destroyed (Crump and Kerry, 1977). A pro-
gressive increase in fungal colonisation occurred as the
females aged. Treating whole females with hypochlorite
reduced the proportion from which Verticillium was sub-
sequently recovered, especially in the very young females.
Regarding the species involved, a reduction was found in
their diversity as the nematodes aged; Cylindrocarpon,
Paecilomyces and Verticillium (several isolates including
V. chlamydosporium) were the fungi generally found in
older cysts.

When female nematodes were treated with sodium
hypochlorite only Verticillium were found as fungal colon-
isers. As fungi other than Verticillium were also found in
untreated specimens, this suggests that they were only
superficial saprophytes. The ‘other fungi’ found colonizing
females and newly-formed cysts were mostly common soil
fungi, and these were also found colonizing roots together
with Verticillium. This supports the contention that females
were colonised by Verticillium at an early stage before eggs
were produced, the fungus having developed sufficiently
within the females to withstand any adverse effect of the
sterilant. Treatment of newly-formed cysts with sodium
hypochlorite does not reduce the isolation of fungi to the
same extent and probably indicates that Verticillium and
‘other fungi’ are well established within the nematode.

The percentage of nematodes colonised by
Verticillium spp. (several isolates including V. chlamydos-
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TaBLE VI - Fungal colonisation of cyst walls (CW) and subcrystalline layers (SCL), as Dercentages of specimens developing
Jungi, and similarity with the flora of whole cysis or females as measured by an arbitrary index.

CcwW SCL
(% fungi) (% fungi
Weeks
after
planting C S A B O - Index* % C S A B O - Index*
5 7.1 143 7.1 7.1 0.0 7.1 57 2.00 0.0 0.0 20.0 20.0 0.0 0.0 600 1.00
6 16.6 139 16.6 2.8 5.5 83 36.1 2.30 333 167 83 167 8.3 8.3 83 275
7 241 155 207 6.9 5.2 6.9 207 3.06 250 150 100 100 150 150 100 257
9 23.9 19.7 25.3 15.5 0.0 9.8 5.6 1.97 207 414 13.8 13.8 6.9 3.4 0.0 1.93
(+) 52.8 3.8 15.1 0.0 1.9 1.9 245 4.00 762 143 9.5 0.0 0.0 0.0 0.0 4.20
12 421 158 158 158 53 53 0.0 3.80 250 125 250 375 0.0 0.0 0.0 270
(€D)] 33.3 29.2 8.3 4.2 8.3 8.3 83 3.14 22.2 44.4 0.0 11.1 11.1 11.0 0.0 3.00
14 13.0 43 522 0.0 0.0 217 8.7 175 167 167 333 0.0 0.0 333 0.0 150
€D 46.7 6.7 333 0.0 6.7 6.7 0.0 375 66.7 167 167 0.0 0.0 0.0 0.0 3.00

V = Verticillium sp.; C = Cylindrocarpon sp.; S = Sterile mycelia; A = Acremonium sp.; B = ‘Black fungus’; O = Other fungi; — = No fungi;
(+) Specimens treated with 1% hypochlorite for 1 min.

O~ Verticillium {untreated eggs)
V— Other fungi {untreated eggs)
A— Verticillium (eggs treoted with hypochlorite)
O— Other fungi (eggs treated with hypochlorite)

porium) increases from females to newly-formed cysts,
supporting the view that these fungi have a major role in
the parasitism of H. avenae eggs in eastern Scotland, con-
firming other results (Lopez-Llorca and Duncan, 1986;
Boag and Lopez-Llorca, 1989). The increase in occurrence
of Verticillium may also indicate that the fungus competes
with the ‘other fungi’ perhaps by producing inhibitory sub-
stances (Leinhos and Buchenauer, 1986), thus becoming
the dominant egg parasite.

Kerry et al. (1982) calculated from field studies that the
total percentage of eggs infected in nematode females
increased from 3% to a maximum of 15% and then
decreased to 7%. The evolution of egg-infection in pots
from single females/newly-formed cysts showed a similar
pattern. The maximum extent of infection also occurred at
approximately the same time for all fungi, indicating that
the different fungi involved in egg-parasitism operate on a
similar time scale. The low incidence of egg infection dur-
ing the first few weeks after planting (Fig. 4) could be due
to a low proportion of females containing eggs, a low inci-
dence of female infection or because young females
infected with egg parasites contain few or no infected
eggs. Although fungi develop inside the females and pene-
tration of eggs may have started they are not destroyed
until later (Lopez-Llorca and Duncan 1988, 1991).

The results obtained provide evidence that Verticillium

300 -
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Total N2 of eggs
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| I { |
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Weeks after planting

Fig. 7 - Total number of eggs per single female and newly-formed
cyst plotted against sampling occasions.

enhances hatching from eggs, especially in newly-formed
cysts, whether or not they are treated with sodium hypo-
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chlorite. Fungi other than Verticillium may also, to a lesser
extent, enhance hatching of H. avenae. Maximum percent-
age of infection did not coincide with maximum percent-
age of hatching; this suggests a double mode of action by
Verticillium upon nematode eggs. When females are
young and contain immature eggs, the eggs are readily
penetrated and destroyed by the fungus (Lopez-Llorca and
Duncan 1988, 1991). In older females/newly-formed cysts,
which contain mostly fully-developed eggs, Verticillium
may produce metabolites that stimulate premature hatch-
ing of the juveniles contained in the eggs. This effect has
been observed by other authors (Jatala, 1986; Jatala et al.
1985).

The greatest proportion of distorted eggs was found 6-
7 weeks after planting but before egg-infection had
reached a maximum. It can be hypothesized that before
being penetrated and destroyed by fungal parasites (main-
ly Verticillium), eggs can be killed and their contents
‘distorted” by fungal metabolites; the effects of fungal
metabolites of egg-parasites on nematode eggs have been
discussed by several authors (Jatala, 1986, Morgan-Jones
and Rodriguez-Kabana, 1985). Similarly, nematodes devel-
oping Verticillium (both untreated and treated with sodi-
um hypochlorite) also contained the greatest proportion of
distorted eggs.

Although the data are very variable, Fig. 7 shows that
for weeks 7 and 9, nematodes developing fungi other than
Verticillium had, on average, more eggs than those devel-
oping Verticillium both for untreated and hypochlorite-
treated specimens. Kerry et al. (1982) suggested that in
soils where parasitic fungi are present, female survival and
fecundity are more important than female production in
limiting H. avenae multiplication.

Regarding the fungal colonisation of cyst walls and
sub-crystalline layers, the similarity index (Table VD) indi-
cates that the flora associated with the outer parts (CW
and SCL) of old females/newly-formed cysts are different
from that developed by CW and SCL at early stages of
colonisation (5 weeks after planting). In CW and SCL from
hypochlorite-treated specimens, as opposed to untreated
specimens, the associated flora are more similar to the
flora developed by whole individuals. This can be
explained if the (saprophytic) fungi, which were associat-
ed with external structures (CW and SCL) and were killed
by the sterilant used, differed from the (parasitic) fungi
within the female/cyst.

Dackman and Nordbring-Hertz (1985) found a
Verticillium species (which they named Verticillium sp. 1)
to be the most common fungal parasite infecting eggs in
cysts of H. avenae in southern Sweden. They also found
V. chlamydosporium parasitizing eggs and females but less
commonly recovered from cysts. Verticillium sp. 1 differs
from V. chlamydosporium because it grows at 6 °C and V.
chiamydosporium does not and that Verticillium sp. 1 pro-

duces, on solid media, few submerged chlamydospores
and none on the aerial mycelium. Both fungi were found
in the experiments described in this paper, and also in
females and newly-formed cysts containing infected eggs.
Dackman and Nordbring-Hertz (1985) considered V.
chlamydosporium as the root colonizer and Verticillium
sp. 1 as the fungus that remains in the later stages over-
wintering in the cysts. This fungus was later described as
V. suchlasporium (Gams, 1988). Dackman and Nordbring-
Hertz (1985) isolated fungi from single, newly-formed
cysts, and distinguished two categories of cysts: those
infected with Verticillium sp. 1, other Verticillium sp., V.
chlamydosporium and P. lilacinus which contained all
eggs infected; and those developing Cylindrocarpon and
several sterile mycelia which contained only a portion of
eggs infected. They did not find empty egg-shells, and
also reported that cysts with all the eggs infected con-
tained few eggs (about 10 eggs each female/cyst). The
results presented here were also on a ‘per female/cyst’
basis and are similar to theirs, although juveniles hatched
and therefore empty egg-shells were observed.
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