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SUMMARY

The feeding mother was necessary for survival of most
young eggs and for differentiation to the second larval stage.
Fully differentiated eggs survived in water and underwent two
essential phases before hatching, Phase 1 began after the first
moult, and involved physiological changes which proceeded most
rapidly at about 1000, leading to activation of the larva from the
dormant states It varied considerably in duration between
individuals and this variation was thought to be hereditable.
Phase 1 dovelopment was not influenced by any inherent seasonal
rhythme Higher osmotic pressures retarded its rate but it
continued in 1M glycerols The second phase was of relatively short
and uniform duration; involving active eclosiond It had an
optimim of about 20°C which was similar for other activities,y and
was more sBnsitive to higher osmotic pressures than phase l. Over
the range of temperatures tested, the suggested optima applied
irrespective of the temperature regimes usede Both phases
proceeded over a similar wide temperature range and so low
temperature was not essential for hatch. A minimum period of low
temperature for substantial hatching could not be stated because
hatching depended on the extent of completion of phase 1 in the field,

Although eclosion is a physical process, some denaturation
of the eggshell occurred just before larvae fully "awakened" as
indicated by the greater tendency for these larvae to be released

from eggs under pressure, Granules appearing in the subventral



vii,
pharyngeal glands prior to hatehing may be involved,

Bggs can be induced into a state of dormancy (the hlatesu
phase") depending on the physiological stage of larvae at the time
of exposure to a rising temperature, &vidence for this phenomenon
in the field is given, and its significance to survival discussed.

Response to temperature by eggs in the field and
laboratory were similar; phase 1 development was slowest during the
hot summer, but most rapid, once soil temperatures dropped to about
10°C in late autum and winter. Responses to equivalent osmotic
potentials were also similar in the field and laboratory; when soil
conditions were dry enough, development of phase 1 was retarded and
eclosion inhibited. Under conditions of rapid development and
inhibited eclosion a population becomes increasingly hatchable and
a "mass hatch" in a short time will follow rain. $Such conditions
occur periodically in South Australia and result in severe damage
to germinating cereal crops.

Hatching responses to temperature by eggs produced under
controlled conditions and from the field were similar, but more "hard
to hatch" eggs were produced under a controlled environment especially
at a low teumperature, Length of life-cycle was related to rate of
maturation of the host which exerted a greater influence on total
numbers of eggs produced than did rate of egg production,

Infective larvae underwent periods of rest and activity,
but at low and high temperatures (viz, 5° and 25°C) there was a

tendency for motility to be arrested. Resting, immobile larvase



viii,
could be stimilated into activity for a short period by disturbance
or by a period of low temperature. The significance of this
behariour to hatching, infection and survival is discussed.

Survival mechaniems, the relation of dormancy to diapause
and the possible application of results to control under local

conditions ars discussed,



WAITE INSTITUTE
LIBRARY |

Members of the genus Heterodera, the cyst-forming nematodes,

I. INTRODUCTION

seriously affect many agricultural and horticultural crops, but the
host range of the various species are relatively narrow (Franklin,
1951). H.avenae, the cat oyst or cereal cyst nematode, is confined
to cereals and certain grasses (Franklin, 1951; Winslow, 1954), and
records outside the family Gramineae are considered doubtful
(Franklin, 1951). Confusion regarding host status of some plants
probably arose because of early confusion in the nomenclature of the
nematode. First thought to be a form of H.schachtii, Gchmidt 1871,
it was later recognised as a sub-species and given the name of either

avenae or major, but it was not until 1959 that the nuue was

stabilised as H.avenae Wollenweber, 1924, based on the brief
description of the cyst form and knowledge of the host (Franklin,

Thorne and Oostenbrink, 1959).

The nematode is widespread in Hurope, occurring in Germany,
Italy, Sweden, Denmark, Holland, Norwsy and the British Isles, and
has been known to cause substantial dumsnge since 1874, Outside
of Burope it hus been recorded in India, South Africa, Rusgia,

Tapan, Israel, Canada and Australia.

In Australia, the first repcrt of the nemutode (Davidson,
1930) indicated its existence as early as 1906 in South Australia

and Millikan (1%%€a, b) gave a detailed description and account of



its 1life history, though this differs considersbly from other
accounts (Franklin, 1951). Since these eurly recordings, the
disease has spread alurmingly and now ussumes great economic
importance in both Victoria and South Australia (Banyer, 1967;
Meagher, 1968). It has been recorded recently in New South Wales
(MoLeod, 1968), and in Western Australia surveys huve revesled a
wider distribution than previously known; resultant crop losses have
created a greater awareness of this purasite as a potentially major

economic pest in that State also (Perkin and Goss, 1968).

Because cereuls are a low value crop per acre,there are
gconomic limitations to the development of suitable fumigants for
control. Instead, efforts have been directed, particularly in
rccent yeurs, toward the finding of resistunce and its incorpor-
ation into comuercial varieties (andersen, 1959, 1962; Cotten, 1963),
although certuin limitations in this uapproach also exist. For
example, resistance umongst commercial cultivars of wheut is more
limited than in barley and oats (Andersen, 1961), a conclusion
which Millikan (1938b) zlso reuached after testing 200 cultivars of
wheat, oats and barley in Australia. He also failed to find
complete immunity in any cultivar. Another limitation of resistance
as a means of control, could be the development of new aggressive
races under intensive systems of monoculture (Cotten, 1964)., The
main basis for control in Australia is rotation with the inclusion
of non-host crops, principally =znnual legumes, in the cereal

programme (Garrett, 1934; Millikan, 1938c; Meagher and Rooney, 1966),



but the recommended rotations are not always compatible with the
grower's situation either for economic, environmental or personal
reasons. Even when these recommendations are followed accurately,
serious crop damage due to H.avenae sometimes arises. Thus,
present control meusures are unsatisfactory and growers have tried
sush deviations as early and late sowing, hard, quick grazing of
crops before they reach the tillering stage, and the use of
nitrogenous fertilisers, in an attempt at better control, Resowing
of severely infected wheat or oat crops with barley, which is more
tolerant of damage, is also commonly practised in South aAustralia

with some successe.

In‘the Northern Hemisphere, hatching of those Heterodera
species which respond to host-root diffusates has been intensively
studied and ascociated with this is a seasonal periodicity in
hatching (Shepherd, 1962). Hatching of H.avenase in Zurope, does
not respond to host-root diffusates, (Winslow, 1955; Hesling, 1957)
but proceeds in water and shows a type of seasonal dormuncy as
hatching either does not occur, or is diminished in the field at
certain times of the year (Mesling, 1958; Duggan, 1961). A rise
in temperature has been associated with a temporary stimulue to
hateh (Winslow, 1955; Hesling, 1957). = Cotten (1962) demonstrated
that a period of low temperature stimulated hutching of H.avenae
und subsequently & minimum period of 8 weeks at or below 7°C was
suggested as necessary for substantial hatching to occur (Fushtey

and Tohnson, 1966}, However, the nature of this response is yet



to be determined.

Under Australian conditions, there is a decided lack of
knowledge on the general biology and ecology of cereal cyst nematode.
In most cereal growing regions of Australia, cysts of H.avenne must
survive hot, dry summers when goil temperatures &t 6 inches may
reach 5000, and moisture content may be at wilting point for 3
months or longer, before hatching commences in autumn-winter when
the crops are sown. Consistent damage to cereal crops indicates
that the organism is well adapted to these conditions, but lack of
moisture may restrict or check hatching during summer, and, in the
surface layers of the soil, temperatures may be high enough to be
lethel. The possible existence and relevance of dormancy and its

arrest by low temperatures needs examination under our conditionsa

The purpose of these investigations was to examine the
effect of temperature on the survival and hatch of eggs over the
late spring to winter period; to define the conditions causing the
onset and arrest of dormancy if present; to elucidate, us far as
possible, the underlying mechanisms, and to examine the effect of
host roots and host-root diffusates on hatching of the local
population. The examination of this part of the life-cycle was
chosen with the ultimate aim of basing control meusures on factual

information.



II. GRIERAL METHODS

1. Source of nematodes

As the intention was to obtain cysts from the field for

tehing tests, considerable care was exercised in choosing a
suitable sampling site. The factors considered important were
the ehse with which cysts could be isolated and a suitable en-
vironment for the multiplication of the nematode to ensure an
adequaté annual supply of new-season's cysts. For these reasons
a sandy situation was preferred, and a typical cereal cyst nematode
patch of stunted crop growth was selected on Mr. C.W. Duck's

property at Pinery, about 60 miles North of Adelaide.

The rotation used by Mr. Duck since 1952 had been fallow

wheat or barley - pasture. The pasture consisted of volunteer
annual medics and naturally occurring grasses, mainly Bromus spp.
and Stipa spp. both of which were found to be infested with cereal

eelworm cystse

Pinery sand varies in depth from 2 to 5 feet with some
marl occurring between 5 and 6 fest. Soil reaction is alkaline,
pH 8,2 at 0 - 6 inches, and pH 8.3 at 6 - 12 inches. Table 1
details the physical characteristics and Figure 1 the soil moisture
characteristice Mean monthly rainfall figures over an 85 year
period, and mean monthly maximum end minimum air temperatures,

taken over 5 years from the nearest recording centre,



TABLE 1

N

Physical characteristics of Pinery sand

Particle size distribution ~ Hydrometer method (Bouyoucos, 1951)

Depth 0 - 6" 6 ~ 12"
Sand 93.0% 92:5%
pilt 355 240%
Clay 3¢5 545%

%% Atmosphere suction water content (Field Capacity)

Pressure plate apparatus

6.6% 975

15 Atmosphere suction water content (Wilting point)

Pressure membrane aspparatus (Richards, 1947)

2.6% 5436




°/%o WATER CONTENT BY WT.

FIG.1

SOIL MOISTURE CHARACTERISTIC OF
x PINERY SAND

PF



are shown in Table 2.

The site was evenly infested (Table 3) and the majority of

cysts occurred on host roots.

2, Methods of sampling, isolating and gloring cysts

It is not always clear whether previous investigators have
sampled and used more than a single generation of cysts in various
hatching and infection studies. IEncysted eggs of H.avenae remain
visble for as long as 4 years, and although there is only one new
generation per year under South Australian conditions, it is possible
to sample as many as four different generations in the field at any
one time. Fenwick (1949); Anderseh, Ka (1968) and others,
emphasise the great variability between cysts in hatching and
infection studies. In an attempt to reduce variability, and to
mointain a consistent method which would allow more meaningful
comparisons of results, only new-season’'s cysts were used in my
experiments, Both Winglow (1955) and Hesling (1956), found that
drying adversely affected hatching of .cereal oyst nematode. Duggan
(1960), suggested that the cysts were less sensitive to dry
conditions, but nevertheless, care was taken to keep the cysts wet
during separation. Cysts were always sampled from the same eel-
worm patch and a cereal crop was sown each year to maintain

continuity of supply of new-season's cyste.



TABLE 2

Mesn monthly rainfall (points) and

. ams . 0
Mesn monthly maximum and minimum air temperatures (o

Rainfall
Temperature
Maximem

Minimwa

Summer

Autunmn

Winter

Spring

Dece Jan. Febe

82 73 74

27.1  3%0.0 27.0

March April May

/0 139 177

26,6 22.2 17.2

14,5 12.0 8.8

June July Aug.

185 166 173

16.0 13.5 15.4
8.5 6.6 6.2

Sept. Oct. Nov. Total

159 142 9% 1532

18.5 22,0 249

8,3 10.1 12.2




Sanple Fo.

No. of cysts
from soil

47

23

63

25

79

65

TABLE 3

Cyst Recovery From $Sampling Site at Pinery

goil sample
oven dry wt.
gMmS o

2867
5574
5405
5794
3526

5874

No. of cysts
from host roots

489

514

656

552

583

319

Host roots
oven dry wt,
gms .

0.6

0.9

1.6

Q.4

0.7

1.2

No. of cysts

peI‘ gmodry Wto
of host roots

815

570

410

890

855

260

% of total
cyst popln.
on host
roots

91
96
91
93

88

85
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A quick, efficient method of collection and isolation
wus developed as follows:-

As the grectest concentration of cysts on host roots
appeared to occur 4 to 6 inches below the surface, samples were
collected by cdigging the host roots along a row of cereal stubble
to a depth of from 6 to 8 inches. Samples were taken in a grid
fashion from a patch of stunted crop growth of approximately half
a square chain and placed separately with adhering sand into
airtight plastic bags for transporting. The sand was removed by
wet or dry sieving through a 16 or 22 mesh sieve. Host roots
were then placed in a 22 mesh sieve above a 60 mesh retaining sieve,
and a firm jet of water applied to the roots forcing cysts into the
sieve below, If the jet of water was applied correctly, an 80 to
90% recovery could be obtaineds The cysts and debris were then
separated using an eye dropper with a suitable sized aperture,

Cysts remaining free in sand were isolated by first passing the sand
through a 15 mesh eieve. The sand was then washed through a funnel,
deep into a large cylinder and with an upward flow of water, cysts
and lighter debris were floated off direct into a 60 mesh sieve.

This method recovered 95% of the cysts.

Mature cysts which were stored for later hatches were
collected in sumer when soil moisture levels were near the wilting
point for plants., They were sampled as previously described, and

kept in airtight plastic bags at approximately 20°C. This method
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was thought to be the most satisfactory, as even at the wilting
point for plants, the relative humidity of air in soil pores is
near 100%, and it was thought from Duggan's (1960) results that
l1ittle or no hatching would occur, yet cysts would retain their

viability this way at least for several months.

3. standard hatching tests

Although eclosion of larvae from the eggshell and larval
emergence from the cyst are two different processes, (Shepherd, 1962)

in this thesis both are referred to as hatching.

(a) Incysted egas

Fenwick (1949) concluded that it wae imperative to use

batches of at least 50 cysts of H.rostochiensis to secure reasonable

accuracy in hatching tests, so replicates of usually 50 or 100
were placed in covered glass blocks (Goodey, 1963) containing 2 mls.
of glass-distilled water from a 4 gallon reservoir. At each

count, larvac were removed and the water changed.

(b) Free eggs.

Egegs from 100 squashed cysts were sub~sampled from a
measuring cylinder after first vigorously bubbling through a wide
sperture pipette, (Moriarty, 1963). To assist in preparing a clean
sample of normal eggs, cysts were always squashed singly by hand.

This also permitted any cyst abnormalities to be observed.
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Batches of about 200 eggs were pipetted into glass blocks,
snd fragments of the cyst wall and other debris removed. The exact
numher of eggs per block was determined at the completion of each
experiment,  Although alternate methods were available which
probably would have resulted in faster hatching rates (Shepherd,
1959; Curtis, 1965), the one described was preferred because of its
simplicity and convenience, particularly when large numbers of

treatments were required.
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III. EXPERIMENTAL

1. SEASONAL CHANGE IN HATCHABILITY OF CYSTS

Introduction

In #Zngland, Hesling (1958) found no evidence for a "muss"
hatch over a short duration, but larvae in soil emerged over an
extended period between March and mid July., He suggested the
reason for low emergence during the latter part of sumuer, was high
soil moisturs tensions, which Wallace (19583 also considered
responsible for low emergence of larvae of H.schachtii at that time

of the year.

In South Australis, a "mass® hatch is often indicated
by the muss invasion of young cereal seedlings, but hatching is
probably retarded over the summer months when high soil moisture
tensions prevail. Here, new-season's cysts may mature on host roots
as early as October, but cereal for grain is not usually sown until
May to July. Thus, encysted eggs must survive sever:l months
before suitable host roots are available. Factors besides high
soil moisture tensions are probably involved in retarding hatching
during this period, otherwise, substantial losses through untimely
hatching could result from odd heavy summer thunderstorms and
Yfalse~breaks”, when a prolonged dry period follows heavy late-
summer or early-autumn rains., This could possibly be achieved by

an inherent seasonal rhythm of hatch, or by some further maturation
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requirement after the cysts become mature, similar to that

suggested by Goffart, (1939).

To investigate these points, cysts were sampled at

intervals beginning in January and tested for hatchability.

(1) Change in hatchability of new-season's free and encysted

eggs from summer to sutunn

Method

Although hatching of free and encysted eggs of either

H.schachtii (steele, 1962) or H.rostochiensis (den Ouden, 1963) did
not greatly differ, the cyst wall has been implicated in hatching of

H.rostochiensis (Onions, 1955; Kaul, 1962; Ellenby, 1565; Ellenby and

Smith, 1967), and so both free and encysted eggs were used in the

standard hatch tests,

50il moisture determinations by means of tensiometers and
gypsum blocks, and soil temperatures by means of thermistors were
taken at the 6 inch level at about fortnightly intervals throughout
the yeur (Table 4). Beccuse of diurnal fluctuation of temperature,
expected to be about 6°C in summer and 500 in winter at 6 inches,

readings were always taken at 10 a.m. Rainfall was also recorded.

To ascertain whether field hatching had occurred, about
2 Kge of soil from the host-root zone was examined for the presence

of free larvae, by mixing with water several times and decanting



TABLE 4

Rainfall, changes in soil moisture tension

znd soil temperature at the 6 inch level

f Date | Points of rain pF $0il Temp.°C
Dece 7th 4 25,6
Dec.+25rd 4 26.5

*Tan.12th 37 4 26.5
*Feb. 9th 11 4 25.6
| Fsb,22nd 172 2,07 2h.b
*March 13th 49 2,46 20
April 6th 16 2.46 20
*April 18th 14 3.3 14
*May Gth 111 2.03 13
May 3lst 44 2.12 11.5
June 16th 54 2.1l 10.2
June 28th 46 2,04 11.5
July 13th 87 2,03 847
Aug. 2nd 156 2,03 8.2
Aug.16th 42 2,22 8ok
Gept. 7th 26 2,90 9.7
Sept.22nd 91 2.8 12.6
Oct. 3rd 91 2.7 12.2

] Oct.24th 23 P 18.8
Nov.16th 47 ! 2044
Dec. Bth i 238 2.5 20

.

i o

* = Time of sampling
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into a series of sieves,

Batches of 100 cysts from each of itwelve sampling sites
were incubated at 20°¢ for 13 dayss Batches of 100 cysts sampled
frowm the same twelve sites were squashed, and four replicates of
approximately 200 eggs sub-ssmpled from each batch, (giving a total
of 48 replicates), were also incubated for 13 days at 20°C.  Because
of the time required for establishing the experiment, it was
necessary to store cysts for 1 week prior to the cyst hatch,and for
? weeks prior to the egg hatch at 7° ¥ 2% inan attempt to retard
hatching. At the completion of hatching, each of the twelve batches
of 100 cysts was squashed and sub-sampled to determine the average
egg content per cyst. Abnormal eggs were differentiated from
normal by their dark, shrunken contents or indefinite larval shapes,
and were confirmed by regular squashing of larvae from both types
for the presence or gbsence of a positive internal hydrostatic

pressure.
Results

Then the first sample was collected, all cyst wclls
weras brown in colour, and the eggs contained fully differentiated
s econd-stage larvee. In all samples, most cysts contained some
abnormal eggs, end sbout 18% of all cysts contained all or nearly all
abnormal eggs or degenerate contents, (Table 5). Usually about 1k

of cysts contained vesicles of Endogyne. The percentage of abnormal



iverage egg content per cyst; percentage of

TABLE 5

abnormal eggs and percentage of cysts with

mainly degenerate contents, of each sample.

Mean of 12 replicates

Time of Sampling

Average Igg Content

% Abnormal

% of cysts

per cyst - eges with mainly
degerterate
contents
January 202.2 10.9 22.2
February 267.1 9.5 16.4
March 25247 9.3 16.5
.xfj‘i.pr'il 224:;8 10.1 21,1
1".[(.1}7 189a4 7.8 19-0
L.5.De 1% = 55-4 N.bc Nén)o
1 C-Vo = 1070 C V) = 5/0
N.5. = Notsignificant

C.V.

Coefficient of variation
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eggs and cysts containing mainly degenerate contents, did not

significantly incresse with time (Table 5).

Hatchsbility of cysts mssessed after 13 days increased
significently from less than 1% to 5% from January to larch (Fig.2).
Hutchability of free eggs was considerably greater than encysted
eggs, but did not increase significantly over the same period (Fig.2).
During this time, high soil temperatures and soil moisture tensions
prevailed, except between February 9th and March 13th when 221
points of rain fell, resulting in a marked decrease in pF (Table 4).
No free H.avenae larvae were found in soil sampled in January and
February, but some were isolated from soil sampled in March. Little
rain fell between March 13th and April 18th so soil moisture tension
increased but soil temperature dropped from 20° to 14°C (Table 4),

A marked increase in rate of hatching, particularly over the first
6 days, of both free and encysted eggs was recorded at this time.
No free larvae, however, were found in soil sampled in April.
Rainfull after April 18th marked the break of the season, and the
fifth and final sample was taken on May 9th when 111 points were
recorded, 4An abundence of free larvee in the soil at this time

indicated a consideruble field hatch.

Discussion

The hatching patterns of both free and encysted eggs

were similar except free eggs hatched more rapidly. The reusons
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for this could be attributed to:-
(a) Better oxygen availability and no chemical or
physical interference from the cyst wall or its
degragjed contentg,
{(b) The possibility thut eggs in cysts are so close
together that they interuct through some inhibitory
excretory product.
(c) Cysts from which free eggs were taken, were exposed
to cold storage for an extra 7 days, and this may

have resulted in some extra stimulus.

Little increuse in hatchability occurred while goil
moisture tensions aond temperatures were high between January and
March. Some free larvae were found in the soil in March, but the
poor hatching response from cysts sampled then, indicated that field
hatching would have been negligible. Thus, although soil moisture
tensions reached sufficiently high levels to stop hatching during
January to il.rch, more importantly, the encysted eggs did not
have the capacity to hatch freely even if moisture became available.
Free larvae were not found in dry soil taken from the field in
4pril, indicating that the few larvae which previously emerged
failed to survive, Over the relatively short time of four weeks
between March and April, despite the dry conditions, hatchability
of both free and encysted eggs substuntially increused, but the

increased hatching response in the laboratory lasted only 3 to 4
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days, then declined to a rate eimilar to that of the earlier
samples. Reasons for this increased hatchability ware not
definitely established, but the most likely factor involved was
a drop in soil temperature to 14°C, and wetting and drying of the
goil over that period may also have contributed. Because hatching
of free and encysted eggs responded similarly, the effect seemed
to operate on the egg itself and excluded the cyst wall.e Field
hatching after April 18th probably accounted for a slight decrease

in hatchability of cysts sampled in May,.

The number of cysts containing all or nearly all abnormal
eggs, and the percentage of abnormal eggs did not increase over
the testing period, indicating that encysted eggs were very well

edapted to survive the harsh summer conditions.

(2) Change in hatchability of new-season's cysts over

the second summer to winter

The chenge in hatchability of new-season's cysts was
investigated again in the second year in an attempt to repeat the
same type of response already obtained; to relate the response
more specifically to any environmental change, and to continue
hatching for a much longer period in order to record any seasonal
variation in rate, which might be associated with an inherent

seasonal hatch cycle
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The time and tedium involved in isolating 2400 cysts
monthly and maintaining these as free as well as encysted egg
hatches, made it impossible to extend the incubation period much
beyond 1% days. It was decided, therefore, to incubate cysts
only, and analysis of results fram the previous experiments
indicated that six replicates of 50 cysts would give sufficient

accuracy.

To enuble & strict compsrison with the first year's
results, batches of cysts were first held at 7° ¥ 2% for 8 days
before incubating at 50°C, Since the initiation of these
investigations, Fushtey and Johnson, (1966) had reported that a

minimue of 8 weeks at 0° or 7°C was required before substantial

hatching of H.avenue could be obtained.  Similar batches were

therefore incubated for 8 weeks at 7° £ 2°C before being pluced at

2000, while others were incubated at constant ZOOC without prior

cold, for couparison.

In the first sample,the treatment of cysts to constant
20°C with no prior cold was excluded, and cysts incubated at 7°C
were inadvertently moved to QOOG after 7, instead of 8 weeks.
Cysts sampled in July were incubated at 20°¢ only, because they
had been exposed to considerable cold in the field, and field

hatching had comuenced by that times

21
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Method of sampling and determinations of soil temperature
and soil moisture tensions have already been described (pages 10
and 14). The first sample was taken in November and the sixth

and final sample in July after the seuson's opening rains.

Two to three counts per week and weekly water changes
were maintained for 29% duys when the experiment was terminited.
Incubation of cysts sampled in November and July and, those which
had received 8 weeks cold initially, however, wag continued for a

much longer period.

Average egg content per cyst and final percentage hatches
were determined at the completion of incubution. Field hatching
was determined by the presence of larvae in soil, and was assessed
by counting empty eggshells in excess of larvae hatched in the

laboratory.
Results

Cysts from all samples were brown and eggs within

contained apparently normsal second-stage larvae.

Progressive hatching counts up to 90 days only have been
presented (Fige 3), because beyond this time similar hatching trends
continued except in treatments where hatching had almost ceased,
Further treatment and hatching of cysts exposed initially to 8 weeks

cold, and the July sample, after 90 days is dealt with in sub-section(3).
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FIG. 3
EFFECT OF TIME OF SAMPLING (NOV. TO JULY) ON HATCHING
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Hatching responses from cysts collected at different

times could be divided broadly into four types (Fig. 3).

(a) Initial hstching from cysts sampled in November was

(b)

(¢)

negligible at 7°C and 20°C following 8 days cold.

ifter about six weeks, rate of hatching incressed at
700, and again slightly when cysts were moved to 2000,
but a few days after the temperature change, hatching
practically ceaseds In an attempt to induce further
hatching, cysts from both temperature treatments were
exposed to varying periods of cold and wurm up to 8
months, during which time hatching proceeded either very
slowly or not at all., Eventually, after a total
incubation time of 26 months, the highest hatch reached
was 00%, and would have been higher with more time as
hatching was still continuing.

Hatching from cysts sampled from March to May proceeded
immediately at 20°C and was maintained at a steady rate
sigilar to that from cysts which initially received 8
days cold, Cysts smmpled at these times also responded
similarly to a rise in temperature when moved to 20°¢
after 8 weeks cold; their rate of hatching increased
markedly for sbout the first 10 duys before entering &
sharp plateau where hatching practically ceased.

Initial hatching from cysts from the June sample showed
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o marked increase in rate at all temperaturs treatments,
but after 10 to 15 days the rates declined.

(d) Hatching from cysts sampled in July proceeded at & similar
rapid rate to that from the June sample at 20°C, but after
sbout 10 days, hatching almost ceased. This response was
similar to that at 20°C following an 8 weeks cold period.
Total hatch had not been reached because when field hatch-
ing was taken into account, only 5l% of cyst contents had
hatched altogethers For the first time, larvae were

found in the soil in the July sample.

To test the validity of the initial hatching responses to
both temperature and time of sempling, percentage hatch after 15
days was compared statistically (Table 6). Fifteen days was
chosen because differences in rates of hatching were most marked at
this time. Relatively small but significant differences occurred
between the March to May samples at constant 20°C and 700, but when
sample means were compared, taking all temperature treatments into
sccount, these differences were not significant (Table 6).
However, percentage hatch from the June sample was markedly higher
then that from earlier samples at all tempersture treatments,
»fter 15 days, percentage hatch from the July sample was significantly
less (P = 0.01) than from the June sample, when compared by a t test,
but when field hutching was taken into ascount it was significantly

greater, (P = 0.05).



iAffect of temperature on percentage hatch from

cysts collected between March and June assessed

TABLE 6

after 15 days incubation.

Percentage hatch meun of 6 replicates

Time of sampling

Tempe
March April May June Temps
means
20°¢C 5.7k 10,44 10,31 41.07 16.89
8 days at 7° +
o 11.63 10.13 9.72 39,30 17.70
7 days at 20 C
7°¢C 2.79 0.86 0.36 25,95  7.48
Sauple means 6.71 7e14 6,80 3544

L.SODQ

5% Individual mesans

Sample means

Temp. means

i

il

202

1.3

l.1
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The assouciated changes in soil temperature and pF at
6 inches over the time of sampling (Table 7), show thc very dry
s0il conditions existing from November to Junej soil temperatures

renained high from November to May, but then dropped markedly.

Hutching in @ll treatments was still continuing at 293
days, therefore, total hatch was not reached. Cysts of the March,
April, May and‘June samples, which had not been treated initiully
to 8 weeks cold, reached & 72 to 83%% hatch. The effect of the
8 weeks cold period in retarding subsequent hatch at 20°C wes
still evident at 293 days, as only & 35 to 564 hatch hud been

reached by these cysts.

TaBLE 7
Changes in soil temperature and soil moisture tension

at the 6 inch level over the period of sampling

Sumpling time Soil temp. at pF at 6
6 inches inches
Nov. 29th 21 4
March 9th 21 4
April 1st 21 4
May 12th 21 4 |
June l4th 14 4
July 1l4th 10 2.1
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Discussion

4 substantial increase in hatchability of cysts occurred
later than in the previous year, but was considerably greater,
aund again coincided with a signifitant drop in soil temperature.
The initial hatching response from the June and July samples,
with no prior cold, was similar to that obtained when cysts were
moved from 8 weeks cold to ZOOC,which further suggested that the
onset of low temperatures in the field was responsible for the
increased hatch, High soil moisture levels were not essential
for the increased hatchability, because soil moisture tensions in
the field during the time of increase were sufficiently high to
inhibit hatching. Negligible increase in hatchubility occurred
between March and May when soil temperatures were near ZOOC, but
more eggs hatched from the March sample in the laboratory at 20°C
during the same time, suggesting that the changes leading to
hatching were hastened in the presence of water. Hatching from
the March to iy samples proceeded at a slow steady rate at
constant ZOOC,and no marked deviations occurred throughout the
293 days, which suggested that no inherent seasonal hatch cycle
was involved. However, this could not be entirely discounted on

the basis of these resulis.

During the warmer months the inability of encysted eggs

to hatch freely, even in the presence of adequate moisture, was
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probably more important than high soil moisture tensions in
controlling heatching in the fields As cysts became increasingly
hatchable, however, high soil moisture tensions probably exerted
& greater effect on field hatchingse This was indicated by the
"mass” hatch which was obtained in the laboratory from cysts
collected in June (41% hatch at 20°C and 26% hatch at 700 in 15
days), yet no field hatching at that time had occurred because of
high soil moisture tensions. Provided the June sample of cysts
responded similarly in the field to that in the laboratory once
moisture became available, a "muss" field hatch would have occurred
in u relatively short time, probably resulting in a heavy infestation
of germinating cereal crops. This was supported by the severe

damage to local wheat crops observed in early August.

The poor hatchebility of cysts sampled in November did
not appear to be due to poor viability, as encysted eggs appeared
normal, and eventually one of the treatments yielded a 60% hatch.
Initially, the inhibition was overcome sooner at the low
temperature, but hatching ceased soon after the cysts were moved
to 20°C presumably for the same reason that cysts sampled later,
but receiving the same treatment also practically ceased hatching,
Reasons for the poor hatching response initially were at the time
obscure, but later investigations demling with hatchability of
immature and newly matured cysts offered an explanation

(gection 5; puge 313).
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After November, low temperature was not essential for
hatch, but the 8 week cold and not the 8 day cold period increased
the rate of hatching markedly when cysts were first moved to the
warm temperature., An initial period of 8 days cold was also
insufficient to stop hatching after cysts were moved to 20°C, a
phenomenon which invarisbly occurred after cysts had been sub,jected
to § weeks of low temperature. 4 similar response was obtained
from the July scmple at 20°C with no prior cold, where hutching
declined ubruptly following & rapid rate for the first 10 days.
The prolonged plateau could not be attributed to total hatch because
whan hatch from the field and laboratory were added, only 51% of
cyst contents had hatched altogether. Whether eggs had been
damaged or induced into a state of dormancy will be discusced
after further investigations in the following sub-section. This
phencmenon of cessation of hatching will be referred to throughout

the thesls as the pluteau phuase.

fdutching wus still continuing at 293 duys when the
experiment was terminated, and a total hatch of near 100% might
huve been attained had hatching been allowed to continue. Cysts
which had been induced earlier into & plateau phase may have
eventually recched the same totsl hatch but would have taken much
longer, as the influence of this phase was still evident at 293
days. Further observations on the cysts in the platesu phase ure

discussed in the following sub-section.
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(3) Investipztion of the platecu phase

Neither constant 20°C nor 7°C were lethzl to eggs of
H.avenae, thus it seemed unlikely that the change in temperature
after 8 weeks at 7°C, to 20°C damaged them, particularly as the
platesu phase wus not evident when cysts were moved to the warm
t emperature efter 8 duys colds Nevertheless, several cysts in

the plateau phase were exsmined for any abnormalities.

An attempt to induce normul huatching from these cysts
was made by:-
(s) Alternating oysts between 7° and 20°C at 2 to
4 weekly intervals

(b) Adding wheat-root diffusate

(¢) sub.ecting cyste to partial desiccation by storing
them in sand st the wilting point for 6 to 8 weeks
before incubating in vater at constant 20°¢C

(d) Temperuture shock treatment, i.e. alternating cysts
between 11° and 2500 st approximately 4 daily ond
weekly intervals

(e) Roleasing eggs from the cyst.

For comparison, three replicutes of 50 cysts in the
plutesu phase from euch of the March, april and May samples, und
cysts from the July sample were left in water at 20°C for up to

21 months, during which time regular weekly counts and wuter changes
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were maintained,
Results

Cysts contained mostly normsl eggs, several of which
were squashed, demonstrating by their positive internal pressure

that the larvae were alive.

The temperature ghock treatment inhibited hutch
completely, probably as a result of freezing domage., Other
treatments failed to stimulate hatch, which continued at the very
slow rate. Howsever, hatching from cysts left at constant 20°c
resumed at s fuster rate about 4 months after they had been moved
from the initial 8 weeks cold period. When the experiment was
stoppedya 64% hatch had been obtuined from the"platead' cysts
sampled in Murch, i.e., those which had received the longest

incubation time of 21 months at constant 20°¢c.

Total hatch was not obtsined as hatching was still

continuing at the completion of the experiment,
Discussion

The phenomenon described as the plateau phase when
hatching almost ceansed after an initial response to an increase
in temperature following 8 weeks cold, was not due to any apparent

damage to eggse. although a number of attempts to restart hatching
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falled, the eventual resumption at a more normal rate, and the
relatively high percentage hatch fihally achieved, indicated that
eggs had not lost their viability, but instead had undergone some
change, whereupon their subsequent development or changes leading
to hatching had been greatly retarded or stopped. Given sufficient
tims, the same final hatch as that reached by cyste vhich hu.d not
entered the plateau phase at constant 20°¢c (page 26) might have been

obtained.

Cysts sumpled in July and incubated immediately at 20°C
responded in a similar menner to those in which the plateau phuse
had been induced artificially, suggesting the extra cold to which
they would have been exposed in the field was sufficient to induce
the plateau phuse when incubated at 20°C in the laboratory, This
suggested that the phenomenon might possibly occur under field
conditions, and the following investigation wes undertaken to gain

some evidence for this,

(4) Tvidence for the existence of the platesu phise in the

field

Cysts in the field are subjected to warmer temperatures
in spring following exposure to predominantly low temperatures in
winter (Tuble 4), so it secmed that. the phenomenon known as the

pleteau phase mzy occur in the field at this time.
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Now-season's cysts were therefore sumpled from the
field in October when soil moisture tension at 6 inches was
meusured at pF 3.8, and their hatchability tested. The sample
was mixed thoroughly and a sub-sample of six replicates of 50 cysts
was isolated and incubated at constant 20°C in the usunl waye
The remainder of the sample was stored in soil in an airtight
plastic bag at 22°C for 4 months, when a second sub-sample was
isolated and incubated at 20°C in February. Cysts were also
sampled from the field at the sume time and similarly incubated.
4 time interval of 4 months was chosen as it took about this long
for hatching from "plateau”cysts in the previous experiment to

resune at a wmore norual rate.

H.tching from cysts incubated in February wus stopped
efter 130 days, but those incubated in October were hatched until

the szme percentage huatch wus attained.

Field hatching was calculated by determining the percentage

of empty eggshells in excess of the numbers hatched in incubation,
Results

Hutching from cysts sumpled and incubated in October was
negligible over the first 90 days (Fig. 4). Hatch from cysts of
the same batch stored in soil or saumpled from the field 4 months

later,was not significantly different,but was considerably greater
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than that from cysts incubated eurlier (P=0.01), (Fig. 4).
The same final percentage hutch of 50% was eventually obtuined

from cysts incubuted in October, but it took 9 months longer,

In the field, 41% of eggs had hatched from the opening
roins in winter to mid-spring (October), but no further field

hatching was recorded over the following 4 months to Februarye.
Discussion

Although only 41% of encysted eggs hud hatched in the
field by the time they were sampled in October, little further
hatching in the labor:atory at 20°C was obtained for nbout 90 days,
and none was detected in the field over the next 4 months.e In
previous experiments when cysts of the same generation were
coilected prior tuo the onset of low temperutures, hatching at
constant 20°C continued at & steady rate, until a final hatch of
sbout 70 to 80% was obtained. This indicuted thut by October,
unhatched eggs in the field had undergone some change which wus
responsible for the delayed hatching response to favourable

conditionse.

This 4nhibition wus partly overcome by February, 4
wonths later, when hatching of cysts, either from the field or
from cysts storedunder simulated summer conditions, proceeded at
o much fustesr rote. It took longer for the inhibition to be

purtly overcoue in water than in field dry soil, which suggested
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that partial desiccation or some soll factor may have hastened

the processes involved.

The similarity between this result and those previously
described for the onset and partial arrest of the platenu phase
(page 31) suggested that the same mechanism waus involved, and that
exposure of cysts in the field to warm spring temperatures
following prevominantly low temperatures in winter, was probably

responsible for inducing the plateau phase.

Hatchability of cysts greutly increased by enrly winter
(Fig. 3), so that if hatching then proceeded uninhibited in the
f£ield whenever moisture was available, as it did in the laboratory
at a constant temperature, 80% or more of encysted eggs could be
expected to hatch over a period of 12 months. Very few
individuals would therefore be left to perpetuate the species in
the absence of a suitable host in some years. Thug the
significance of such a mechanism controlling hatch, particularly
in spring when hosts are rapidly muturing, is clear, as it would
greatly enhance survival of the organism by allowing a greater

carry over of individuals from one year to the next.

(5) 1Inherent seasonal hatch cycle

Since 1930, there have been conflicting results regarding
the origin of dormency in Heterodera and in particular the potato-

root eelworm H.rostochiensis (Lownsbery, 1951; Fenwick snd Reld,
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1953; Ellenby, 1955; Winslow, 1956; Cunningham, 1960). Winslow
(1956) found that winter dormancy varied in degrees with eelworm
specles, being slight in the case of beet-gelworm and more
pronounced in the case of potato-root eelworm. He concluded that
the dormancy was not wholly dependent on immediate environmental
conditions but was poseibly induced by previous conditions. More
recently, evidence for the preseunce of an inherent seasonal hatch

cycle in H.rostochiensis has been reported (stelter and Meinl,

1962) but Shepherd and Cox, (1967) have interpreted the periodicity

of hatching of thesame species in terms of facultative diapause.

Previous results (page 27) indicated that no inherent
seasonal dormancy existed in eggs of H.avenae, but further confirm-
ation was sought by testing the hatchability of cysts immediately
they were collected from the field in early autumn before the onset
of low temperatures, and again after storage of this sample in soil
until early winter. In early winter,cysts were taken from the
field after the onset of low temperatures, but before hatching had
commenced, and their hatchability tested for comparison., The
early-autum sample which was stored until early winter, was kept
in field dry soil (pF 4) in an airtight plastic bag at 22°C.  six
replicates of 50 cysts were isolated end incubated at constant 20°¢
in the usual way, and hatchability was cssessed by the extent of

hatching after 14 days.
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Results

£oil was near the wilting point for plants (pF 4) when
sampied in czrly winter, refleciing the dry conditions which
prevailed since early sutumn. Thus; temperature was probably the

main environmental difference imposed on cysts stored in the

laboratory, compared with those in the field.

Hatchability of cysts in the field increased from 6% to
35% (P = 0.01) over the eariy-sutumn to early-winter period.
If all or purt of this increase was due to any inbuilt seasonsal
rhythm, then some incresse in hatchability of cysts which were
stored in the laboratory would be expected over the same period.
However, no significant increase in hatchability of stored cysts
oceurred, indicating that changing environmental conditions
(probably low temperatures) were mainly responsible for the
increased hatchability of cysts in the field, rather than due to

any inherent seasonal rhythm,
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2o EFFECT OF THVPERATURE ON HATCH

(1) &ffect of temperature on encysted eggs in soil

Low temperatures have been associated with increasing
hatchability of new-season's cysts of H.avenae (page 27) Dbut
thus far, there was no direct evidsnce. This was demonstrated by
sampling neweseason's cysts from Pinery in summer, and subjecting

sub-semples to a number of temperature treatments,

The sample, containing cysts on host roots in soil, was
mixed thoroughly and divided into four equul parts for storage in
sirtight plastic bags at constant 7°, 20°, 5000 and a temperature
fluctuating between 7O and 20°C every 2 days. Aafter 4 weeks
storage, 100 currentsscason's cysts were isolated from each treat-
ment and squashed. Replicates of approximately 200 free eggs were
then sub-sampled from esch of the four lots of squashed cysts and

incubated at 15°C in the usuel ways . =
Hatching was assessed after 18 days.
Results

Zggs prestored at 7°C yielded the greatest hatch (P = 0.01)
(Fige 5)o Hatching then decreased in the following order of pre-
storage temperatures, 7° to 20°C fluctuating, constant 20°c,

conttant 30°C (P = 0.01).
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After the initial response to incubation at 1500, hatch-
ing rate of eggs prestored at the low temperature decressed sharply
for sbout 6 days before inoreasing again (Fig. 5).  This check
in hatching may have been due to some influence of the plateau

phasea

The incressed hatch following prestorage at the
fluctuating temperature, compared with that following prestorage at
constant ZOOC, may have been due to either the fluctustion,or the

reaction of egge to the periods of low temperature only, or both.

his and other asspects of the hatching response to
temperature, are investigated more fully in the following

experimentss,

(2) Optimum temperature for hatching of free eggs

Introduction

Optimum constant temperature for hatch of most other
Heterodera species is somewhat higher than that reported for
H.,avenae, for example, 259C for H.schachtii (Wallace, 195%),

2500 for He.rostochiensis (Fenwick, 1951), but 2000 for Heuvenae

(Winslow, 1955).

Fushtey and Johnson (1966) reported that a specific
optimum temperature for H.avense was difficult to establish as both

initial rates over a short period, and final hatch over a prolonged
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period, had to be considered. They concluded, however, that the

optimum tempersture luy in the vicinity of 15°C.

A minimum period of exposure to low temperature was not
necessary for a substantial hatch of the local population, but
increased hatchability of cysts was mssociated with the onset of
low soil temperatures in the field (page 27), and hatching of eggs
was more rapid fullowing prestorage as encysted eggs in soil at 700

than higher temperstures.

The object of the following studies was to relate more
precisely the effects of temperature on hatch of the local

population, and to determine the optimum temperature involved.
Method

In order to decrease or at leust maintain the same
variation without using large numbers of cysts, free eggs were
used as they responded similarly to temperature:, and differences
in hatching could be detected using relatively small numbers.

This was probably because the method of sub-sampling eggs was more

accurate than that for cysts.

In the first experiment, eggs from 100 new-season's cysts
collected in December were bulked and sub-sampled in the usual way
to give sbout 200 eggs per glass block. Four replicates were

incubated at 5°, 10°, 15° and 20°C for 8 weeks, while others were
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kept four weeks at these temperatures then moved to 1500 for the

remaining four wecks for further hatching.
Results

Hatching occurred during the whole period at all
temperatures, but the overall hatch at 15°C following incubation
at 10°C was greater than in uny other treatment (Fig. 6). Vhen
constant temperutures were compared after 8 weeks incubation,

hatching at 1500 was greater than at any other temperature (Fig.6).

In the second experiment, similar batches of eggs were
incubated at 500 for 7 weeks and were then moved to 500, 10°C,
1500, 2000 and 2500 for a further week when hatching was assessed.
Initial incubation at 5°C wus udopted ruther than 10°C because

fewer lurvac hatched at 5°C in the previous experiment.
Results

Rate of hatching increased when eggs were moved from
500 to the higher temperatures, but the rate was greatest at 20°¢c
(Figs. 7 and 74). However, the plateau phuse was rexched by at

least 3 days at 25°C and ufter 7 days at 20°C (Fig. 74).
Discussion

Results of the two experiments indicuted that hatching of

eggs of H.avenae could be divided into two phuses with widely
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separated optimum temperatures. The first phuse (phase 1)
proceeded best at a low tempersture with an apparent optimum of
sbout 10°C, while the second phuse (phuse 2) of shorter duration,
had an apparent optimum of about 20°C.  Thus,ideal conditions
for hatch involved a chunging temperature and not a constant -
temperature, but 1500 was the best constant temperature for hatch,
because it was between the two suggeested optima for both processes.
This is probably why Fushtey and Johnson (1966) found 1500 near
optimum for overall hatching. Hatching at constant temperatures
was the resultent of the two different rates of the two phases.
Hence it was necessary to determine the optimum temperature for
phase 2 with least interference from phase 1 by comparing hatch

soon after the 500 cold period.

As both phases occurred over a similar wide temperature
range, low temperature wus not essential for hatch, but hatching
proceeded more rapidly if the eggs were incubated first at a low
temperature, These results differed to those described by Fushtey
end Johnson (1966), who found a minimum period of low temperauture

essential for substential hatching.

Hatching in water in blocks throughout the entire
incubation period in preference to Fushtey und Johnson's method of
pre~storage in wet soil, ensured that all eggs which hatched were

recorded, With this method the best treatment yielded more than
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an 80% hatch in 8 weeks, which is the fastest rote of hatching of

H.avense so far recorded in the literature.

The induction of the plateau phase by a temperature
change in the second experiment was the first indication that
thic phase may beinfiuencdd by the size of the temperature change.
The plateau phase which ocourred when cysts ware moved from 0%
after 12 wesks stornge to 20°C (Fushtey and Johnsom, 1966) was
probably temperature-induced rather than due to freezing dumage,

as they suggested.

Presumably, if it was not for the induction of the
plateau phase, rate of hatching of those eggs which had completed
phase 1 would increase with increasing temperature, until a
higher apparent optimum was reached, beyond which, temperatures
may begin to have lethal effectss  Mountford (1966) for example,
suggested the reason why there is a limit to the hatching response
10 increasing temperature by insect eggs, is because beyond the
apparent optimum, eggs metabolising the fastest (i.e, those
nearest to hatching)are killed, and so the eggs remaining require
longer to hatch. This results in an apparent decrease in rate

of hatching at higher temperatures.

(3) =Effect of duration of low temperuture on subsequent

hatch at a higher temperature

Provious results indicated thaut the size of the hatching
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response to a rise in temperasture may be dependent on duration
of incubation at the low temperature (page 39). Two aspects
needed further study:~ (i) The relationship between duration of low
temperature and subsequent hatch at a higher temperature, and
i) the nature of the continuous hatching curves at the suggested

optimum temperatures for both phasese
Method

Ezgs were sub-sampled from 100 current-season's cysts
collected from the field in January and again in March. TFive
replicstes of about 200 eggs were incubated initially at 10°¢
for 1, 2, 4, 7 and 14 weeks, then moved to 20°C until hatching
almost ceased, while others were hatched throughout at constant
10°C and 20°C.  To determine the effects on phase 1 to the
exclusion of phase 2, eclosion at the low temperature was stopped,
using 044 NaCl which wus known to inhibit hatching in other
Heterodera species (Dropkin, Martin and Johnson, 1958; Wallace,
1955)q éatches of eggs from the same cysts were similarly sub-
sampled and incubated at constant 10°C in 0.4M NaCl for 1, 2, 4,
7 and 14 weekss After immersion in NaCl, batches of eggs were
rinsed twice, before moving to 20°C in distilled watere Regular
weekly counts aond liquid changes were maintained at 10°C and more
frequent hatching counts made at ZOOC, except when hatching wus

nearing completion,
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Bgsults

Similar responses to the various treatments were
cbtuined with both the January and March collection of cysts
(Figs. 8 and 9). Thus, description of results is based mainly

on the January samplee

Incubation in wate;

Hatching was extended and slightly irregular at constant
20°C (Figs. 8 ond 9), and was still continuing after J wonths; at
constant 1000, it was initially slower, but was sigmoidzl with the
maximum rate ocourring between 8 and 9 weeks (Figs. 8, 9 and 10),

and practicaelly ceased after only 17 weeks (i»es "total hatch").

In response to a rise in temperature, rate of hatching
always increased for about the first week, then declined to
approximately the same rate as that at constant 20°¢ except follow-
ing 7 and 14 weeks cold when a sharp plateau was reuched (Figs. 8
and 9). These responces increased with increasing time at the low
temperature, except following 14 weeks cold (Table 8) when "total”

hatch had almost been attained (Figss 8 and 9).

Hatch =t 10°C, plus each of the respective responses to
20°¢ after 1 week, were nearly uzlways greater than that at constant

20°C over the same times, (Table 9).



FIG.8
HATCHING OF EGGS IN WATER AT 20°C. AFTER
DIFFERENT TIMES AT 10°C. IN WATER OR 0.4M NaCl

A Incubation in water at 10°C.

B Incubation in 0.4M NaCl at 10°C.
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FIG. 9
HATCHING OF EGGS IN WATER AT 20°C. AFTER
DIFFERENT TIMES AT 10°C. IN WATER OR 0.4M NaCl

A Incubation in water at 10°C.

B Incubation in 0.4M NaCl at 10°C.
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TABLE 8

iffect of different times at 10°C in water and O.4M
Nall on the number of larvae hatched in the first

7 days following the change to 20°C.

Each number is the mean of % rerplicates

Time at 10°C i In water Tn 0.4
in wseks { NaCl
i
1 ' 16,6 12,0
2 22.4 13.8
A 33,2 23,0
7 A6.A 52.0
14 5.6 2848

LoSeD- 5% = Aao
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TABLE G

Numbers of larvae hatched after diflersnt times at 109C i{n water and .4 Nall pius those hatohed

in 7 days afisr the change to 2e°f:g souparet with hatching at ocenzlant 2% in the came tine,

JRNUARY SAMPLE LARCH L AMPLY ;
| weeks e“ ﬁ‘s«ag at In '«atgr ' In Gebli éﬁaﬁl' . Const. 20°C 1 In tatgr In u..moxac; 1| Conute 20%C
107¢C 2070 at 10°C ) at 1070 in water , at 10°C at 10°C | in water
3 1 1504 1240 . 158
0 2 12,0 1548
2 1 : 200 13.8 25 b 16.4 -
0 3 g 20.8 2148
s 1 A2.4 230 5140 2400 |
0 5 3944 | 330
7 1 92.4 5240 9242 24,2 |
0 8 550 | | aedd
14 1 Lioeh 26,8 " 126.2 €44 |
0 15 92.4 7740

Lol elie 5,‘ - ?’9 Leale 53’ - 5.&
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There was a significant trend of decreasing Final percentage
hatch with increusing time of pretreatment at 10°C,except following
14 weeks,because "total" hatch had almost been reached by this time

(Table 10).

Incubation in NaCl

The hatching responses to a rise in temperature, and
change from NaCl to water up to and including 7 weeks cold pre~
treatmentyincreased siuilarly to those following incubation in
water at 10°C, but they were zlways smaller (Table 8).  The
response following 14 weeks cold in NaCl did not differ significantly
from that following 7 weeks pretreatment (Table 8), partly because
no hatching occurred in NaCl, and because the influence of the
plateau phase was apparent at about the same level following both
periods (Figss 8 and 9)e Its induction, however, was more abrupt

following 14 weeks colde

Final percentage hatch following 0.4 NaCl and water at
10°C for the same times was about the saume, except for the two
longes® periods of cold (viz. 7 and 14 weeks) when it was
significantly less following insubation in NaCl (Table 10),
&gsin,there was a significant trend of decreasing final percentage
haitch with increusing time of pretreatment at lOOC in NaCl up to
and including 14 weeks (Table 10).

All remaining eggs in all treatments appeared normale



TABLE 10

nffect of different times at 10°C in water and

044 NaCl, followed by 20°C in water on percentage

hatch after 9 months.

Mesn of 5 replicates

Temp C In water In G.AM NaCl
Const. 20° 75.6 -
Const. 10° 83,4 -

1 week at 10° 82.6 77.8
2 weeks at 10° 77.2 7744
h weeks at 10° 70.2 72.2
7 weeks at 10° 60.6 42,4
14 weeks at 10° 81,0 19,6

LIS.D. 5%

=

5.0

49
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Discussion

Increased hatching responses to a rise in temperature
following progressively longer periods of cold; was simply an
expression of the increasing number of eggs which had completed
or nearly completsd their phase 1 development, but whose second
phase had been retarded by the sub-optimal low temperature.

This confirmed that hatching involved two processes; the first,
(phase 1) proceeding best at a low temperature must be completed
before the second process (phase 2) can commence, which proceeded
best at a warm temperature. Individuals varied considerasbly in
the time they required to undergo phase l. Some required a very
short period as hatching commenced immediately at ZOOC, while

others remsined unhatched, even after 9 months.

As all three parameters of the 10°¢ hatching curve,

vize (i) the mean hatching time derived from the formula:

n X, = nid point of time
_ g fi Xy interval
x = i=1 where
£é~ £, = frequency in interval i
b
i=1 1 n = number of intervals

(1i) the median of the frequency distribution, i.e. the time taken
for 50j% of the population to hatch, and (iii) the mode of the
frequency distribution, were approximately equal (8 to 9 weeks),

the curve was syummetricale Thus the point of inflexion,
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corresponding to the mode, coincided with 50% of "totzl" hatch.
It is suggested, therefore, that at this point, the maximum number
of eggs had completed their phase 1 development, and so the maximum
response to 20°C would occur following 8 to 9 weeks at 10°C (Fig.11).
This explains why in my results the maximum response was obtained
following 7 weeks at 10°C,because this was closest to the time
corresponding to the flex point. Beyond this point, the responses
would become progressively smaller with time,as fewer eggs would be
left to hatch; hence the smaller response in my results after 14
weeks., These conclusions contradict the conception that a period
of low temperature is required to "trigger" some mechanism before
hatching ensues, and the minimum period of 8 weeks cold suggested by

Fushtey and Johnson, (1966) could be explained in the above terms.

Presumably, the same "total" hatch would have been reached
at both constant temperatures had hatching continued, but it was
reached much sooner at lOQC than at 20°C because 10°C is near
optimum for the longest process (i.e. phase 1),and it may slso be
closer to the optimum for phase 2 than 20°C is for phase 1.

Eggs remsining after "total" hatch at constant temperatures may have
been in the plateau phase prior to incubation,or théy night be
inherently different requiring much longer to complete their develop-
ment (Fige 11).

The longer eggs were at 10°C (up to 7 weeks), the smaller
was the final percentage hatch which followed at 20°C, indicuting

that progressively more eggs had been induced into the plateau phase



FIG. 1
HYPOTHETICAL REPRESENTATION OF HATCHING OF EGGS
AT 10°C. AND THE RESPONSE TO. 20°C. OBTAINED
AT THE FLEX POINT
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by the temperature change. Thus, up to 7 weeks the numbers of
eggs induced into the plateau phase paralleled the responses to
& rise in temperature, indicating that this phase was induced at a
critical stage of development which was related to the completion
of phase 1. Beyend the critical stage, hatching must follow.

For similar reasons as outlined above, maximum numbers that could
be induced into the plateaﬁ phase would therefore be expected at
the flex point of the 10°¢C hatching curve, The hypothesis was
supported in this experiment by the abrupt cessation of hatching
after the response to 20°¢ following 7 weeks cold (Figs. 7 and 8),
indicating that most, if not all the remaining eggs up to "total"
hatch had been affecteds Thus, responses to change in temperature
were influenced by two opposing effects, (i) the extent of phase 1
development beyond the critical stage, and (ii) the number of eggs

at the critical stage that could be induced into the plateau phase.

In Sodium Chloride at 10°C

Eclosion, but not the eurlier processes leading to hatch
was stopped by an 0.4M solution of NaCl which has an osmotic
potential slmost equal to the total potential existing in soil at
the wilting point for plants (i.e. 15 atmospheres). This
supported earlier evidence for lack of hatching under high soil

moisture tensions occurring in the field (page 27).

Development of some eggs in 0.4M NaCl at 10°¢ proceeded
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past the critical stage at which the plateau phase could be induced,
because hatching occurred when eggs were moved to 20°C in water.
However, if development beyond this critical stage was retarded by
the high osmotic pressure, then those eggs which were potentially
able to enter the platesu phase, would have accumulated with time
&t 10°C. This could account for the smaller responses being
obtained at 20°C after incubation in 0,4 M NaCl than after
incubation in water at lOOC, and may also be the reason why there
was no significant increase in response to 20°C following 14 weeks,

compared with that following 7 weeks at 10°C in NaCl.

Partial desiccation through loss of water by exosmosis,
and the possible effect on larvae of Na and Cl ions which had passed
through the cuticls, may have caused retarded development or even

some damage which could have contributed to the smaller responses.

(4) Bffect of different initial temperatures followed by

different subsequent temperatures on hatch

Introduction

The apparent optimum temperatures for phase 1 (10°C) and
phase 2 (20°C) were based on the responses to one pre-cold or one
warm temperature, and so the effect of different initial and
subsequent incubation temperatures on hatch was examined to verify

these suggested optima.
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Method

Four replicates of approximately 200 eggs were sub-
sampled from 250 new-season's cysts collected from the field in
early Murch, and were incubated initiully at - 5%, 10° 15°

or 20°C for 4, 6 «nd 8 weeks, and then moved to 10°, 15° ar 20°C
until hatching had practicelly ceased.  Similar batches of four
replicates were incubated at constant 50, 10°, 150 or 20°C as
controls. Because of the time involved in maintaining regular
comnts for lengthy periods, the number of treatments was kept to a
minimum by excluding incubation at 2500 and subsequent incubation
at 500; these treatments being coneidered as the least important.
One or more counts weekly were meintained until hatching slowed

considerszbly, when counts at longer intervals were made. "Total"

hatch was assumed when hatching practically ceased.
Results

is the continuous hatching curves for each temperuature
combination were similar following the 4, 6 and 8 weeks temperature
changes, only those associated with the 6 week chunge are shown

(Figs 12)s

Because of the design of the experiment, the use of
different batches of eggs for each temperature regime meant that the

initial number of hutched larvae at the time of each temperature
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change differed slightly due to random variation. This was most

noticesble at 15°C after 6 weeks (Fig. 12).

The optimum temperature for phause 1 was obtcined by
comparing percentage hatches after 1 week at the same subsequent
temperature following different initiul incubation temperatures,
while hatch assessed after 1 week at different subsequent temperatures
following the some initial incubation temperature showed the optimunm

for phuse 2
These compurisons are made in Table 11 which shows that:~

(1) Percentuge hatch was greatest at each subsequent temperature
following initial incubation at 10°C, indicating thet 10°C
was sbout the optimum for phase 1 irrespective of the
temperature for phase 2.

(i1) In almost every instance, percentage hatch increased with
increasing subsequent temperatures following each of the
initial incubation temperatures,indicating that 20°C was
about the optimum for phase 2 irrespective of the temperature
for phase le

(1ii) Percentage hatch of eggs receiving a decreuse in temperature,
6ege 15° to 10°0; 20° to 15°C and 20° to 10°C, wes either
not different from, or significently lsss than hutch at the
respective constant temperstures, vize 150 and 20°C, so

that & drop in temperature did not stimulate hatch,



TABLE 11

Mean percentage hatch of eggs after 50, 10°, 150 and 20°C for

4, 6 and 8 weeks followed by hatching at 10°, 15° and 20°C for

1 weeke
Initial incubation temp.oC Subsequent incubation temp.OC
for 4 weeks for 1 week
52 10° 15°  20°
5° 9.3 17.5 18.8 21.8
10° - 2B.8 37.5 3khe3
150 b 20v0 2615 25.5
20° - 13.3 17.7 17.0
L.S'.Dl 570 = 5'5
Initial incubation temp.OC
for 6 weeks
5° 10,8 18.0 22.5 29.0
10° - 38,3 43,4 51.8
15° - 19.8 3L.5 3h5
20° - 17.0 20.0 18.8
Lo;'f;oDu 570 = l".l
Initial incubation temp.OC
for 8 weeks
5° 18.0 18.3 30.3 39.8
10° - 58,5 61.0 65.0
15° - 37,5 41,3 51,0
20° - 24,0 23.0 24.8
L.S‘D‘ 5% = 4.8
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lMore eggs entered the plateau phase at 20°C than at 1500
after eggs were moved from 5°C and 10°C (Fig. 12), 4 similar
result was also obtained following 4 and 8 weeks at 50C, and 8
weeks st 10°C,

Table 12 shows that:-

(i) By 6 months, "total" hatch had been attained at constant
10° and 15°C, but not at 5° and 20°C. It wae reached
first at 10°C, then 15°C, and appeared likely to be
attained next at 2000, then 500, had the experiment
continued, as hatching at both these temperutures was
still proceeding.

(ii) About the same "total" hatch was attained by eggs which
received a decrease in temperature.

(1ii) In most instances, "total" hatch was not reached following
a rise in temperature, and final percentage hatch
generally decreased with increasing size of the temperature
change,

(iv) TFollowing a rise in temperature, smaller f£inal percentage
hatches generzlly resulted from longer periods initially

at the lower temperature, particulearly 500.
Discussion

Over the range of temperatures tested, results indicated

that irrespective of the subsequent incubation teumperuture, 10°C was
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TABLE 12

Effect of changing temperatures at 4, 6 and 8 weeks

and constant temperatures on percentage hatch after 6 months.

Mean of 4 replicates

Changing temperatures

Init%al teups Subsquent

Time of initial incubation

4 weeks 6 weeks 8 weeks

c temp. C
20 10 70.0 70.3 6945
20 15 7%.0 71.3 70.0
15 10 70.8 75.8 7348
15 20 74,0 7640 7540
10 15 7540 6743 65.0
10 20 62.8 5745 65.0
5 10 74.5 70.3 60.3
5 15 5945 5049 45453
5 20 41,8 33.8 40,5
Constant temp. §e % hatch

5 58.0

10 7545

15 70-5

20 68.8

L-S-Dn 570 = 5.8
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optimum for the cold progcess (phase 1), while irrespective of the
initial incubation temperature, 20°C was optimum for the warm

process (phase 2).

The percentage of unhatched eggs remaining at the
completion of incubation as well as the time taken for hatching to
cease after the temperature change, reflected the influence of the
plateau phasc. The results indicated that either at constant
temperatures or decrensing temperatures, eggs did not enter the
platezu phasce On the other hond, there was a tendency for eggs
subjected to an increase in temperature to be induced into the
plateau phose, the extent depending on the size of the temperature
jncrease and the time when the temperature was changeds  There was
least tendency for the plateau phase to be induced by a 500 increase,
more by a 10°C and most by a 1500 increase. Thus, it appeared that
the critical stage at which eggs could enter the plateaun phase,

or be influenced most by it , was dependent on the size of the
temperature increase. This probably explains why Fushtey and
Johnson (1966) found hatching over several weeks following 0°c
pre-storage, was greutest at 10°C, less at 1500, less still at 20°¢C

and least at 25°Cs

The results supported esrlier evidence (page 51), that the
effect of time at a low temperature on the subsequent influence of
the plateau phase at a warm temperature, was an expression of the

number of eggs at the critical stage which could be affected by the
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temperature increase and was not & direct effect of time at cold

per se on any one individual egge

Tggs that failed to hatch after "total" hatch at constant
temperatures, may have already entered the plateau phase in the
b P

field, perhaps by diurnal fluctuation of temperature.

(5) Bffect of fluctuating temperature on hatch

Previous results in this thesis have demonstrated in some
detail, the offects of constant or changing temperatures after
relatively long periods of time, on three main aspects of hatching
viz, phase 1, phase 2 and the plateau phuse, but the effect of
fluctuating temperatures on each of these was unknown.

The following experiment was designed primarily to determine whether
developuent during phase 1 was influenced by fluctuating temperatures,
and also to demonstrate any effect of fluctuating temperatures on

the plateau phase,
Method

New-season's cysts were gauthered from the field in
February and eggs were sub-sampled into batches of four replicates,

and incubated in the usual way.

To take into account degree of temperature fluctuation
and frequency of temperature change, batches of approximately 200

eggs were subjected to fluctuations, 5° to 15°C, 5° to 20°C, 10° to
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150, and 10O to 20°C at daily and 4 = day intervals for 72 days.
Similar batches were incubated at 500 and 10°C for the first 36
days, then moved to 15°C and 20°C for the remaining 36 days.
I+ was necessary to incubate egges which were to receive only one
temperature change at the lower temperature first, so that the
extent of their development could be expressed by hatching when
moved to the higher temperuture. This then enabled comparisons
with hatch of eggs receiving more frequent changes. Batches of
ecgs were similarly incubated at constant 50, 100, 150 and 20°C
for the whole incubation periode Counts were maintained regularly
every four days throughout the 72 day incubation period, and a
final percentage hatch was determined after 167 days when hatching
in most treatments had almost ceased. After 72 days, eggs which
had received only one temperature change remained zt the higher
temperatures, while the daily and 4 - day fluctuations were

maintained until 167 days.

Results

After 72 doys incubstion

Where there was lenst tendency for the plateau phuse to
be induced by a temperature change, viz, 10° to 1500, frequency of
tempersture change did not significantly affect percentage hatch

Table 13)s Where the tendency for eggs to enter the plateau phase

was greater, viz. 10° to 2000, and 50 to 1500, about the same
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TABLE 13

Bffect of fiuctuating temperature on hatch after 72 and 167 days

Tach number is the mean of 4 replicates

Tenp. g Fluctuation ; % hatch after} Final % hatch
P 72 days after 167 days
5° t0 15° Daily change 74.5 82.0
5% 10 15° 4 Daily chenge | 70.3 ’ 8%.3
Const. 5° for 36 days followed by |
conste 15° 5945 4245
59 to 20° Daily change 7440 8343
5° to 20° 4 Daily change 54,0 » 86.3
Const. 5° fur 36 days followed by
consts 20° 13¢5 18.5
10° to 15°°  Daily change 71.5 82,3
16° to 15° 4 Daily change 69.3 82,3
Conste 10° for 35 days followed by 3
conste 150 A 7.0
10° to 20° Daily change 69.5 83.5
10° to 20° L Doily change 69.8 4 86.5
Qo
Censt, 20° for 36 days followed by .
const, 20° 61.0 65°§
Constas 5° 1.5 64.8
Const. 10° 67.0 J 8040
Const, 150 5365 793
Const. 20° 30,8 60.8
L.S.D. 1% 6,97 5.25

56 5e2 349
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percentage hatch was obtained whether eggs were exposed to daily or
4 - day fluctuations, but hatch of eggs which received only one
change after 36 days was significantly less. Where the greatest
tendency existed for the induction of the plateau phase viz. 5°
to 20°C, percentage hatch decreased markedly with decreasing

frequency of changes

As cggs of most treatments had almost reached "total
hatch after 72 days, it was necessary to compare their respective
hatching rates over this time to demonstrate any effect of
temperature fluctustion. Rate of hatching was only slightly
reduced by a 4 - day fluctuation compered with a daily change,
but this was most evident in the treatment 50 to 20°C where the
{nfluence of the platesu phase was greatest (Fig. 13). As daily
changes produced the fastest rates, the initial rates of hatching
over the first 19 days were compared (Figs 14). The fastest rate
occurred in the 10° to 2% treatment, followed by, in decreasing

order, 5° to 20°C, 10° to 15°C than 5° to 15°C.

"Total' hatch after 167 days incubation

"Potzl® hatch of eggs receiving a daily or 4 - day
fluctuation was about the same (Table 13). Where the temperature
was changed after 36 days, "totel" hatch was not reached ond final
hatch, which followed, decressed in the following order of changing

temperatures; 10° to 15°C 310° to 20°C »5° to 15°¢>5° to 20°0
(Table 15)n
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EFFECT OF FLUCTUATING TEMPERATURE ON HATCH
OF FREE EGGS

A ° . 5° to 15° C. fluctuated daily
R . 5° to 15°C. " 4 daily
Orererineeeen® 5°C. for 36 days then 15°C.
° ° Constant 5°C.

a 4 Constant 15°C.

B
x x 5° to 20° C. fluctuated daily
X=-— = -x 5° to 20°C. " 4 daily
XerreernsoeeX 5° for 36 days then 20°C.
° ° Constant 5°C.

Constant 20°C.

C
. " 10° to 15°C. fluctuated daily
————n 10° to15° C. . 4 daily
Werereennsnns a 10°C. for 36 days then 15°C.
o o Constant 10°C.

A———a Constant 15°C.

D
a a 10° to20°C. fluctuated daily
a-—--- s 10° to 20°C. " 4daily
POSTTRR s 10°C. for 36 days then 20°C.
o o Constant 10°C.

Constant 20°C.

L 1 Hatch retarded by volatile substances
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The same "total" hatch would presumably have been
reached by eggs at nll constant temperatures given sufficient
time, as some hatching was etill contimping when incubation was

stopped.

Suspected volatile substences interfering with hatch

It was observed after the 40th day of incubation, that
hatching rate of eggs, particularly those at the higher temperatures,
suddenly decreased for no apparent reason for about 8 days, then
resumed to the previous rate (Fig. 13). This was not so evident

with eggs at 5 C.

About that time, a powerful .nd persistent odour of
paint "thinners", was present, and these were being used to varnish
benches close to the incubators. A few drops of the "thinners"
in 2 mls. of water, snaesthetised active second~-stuge larvae,
completely stopping motility. After 30 minutes, the larvae were
washed and placed back into water where they again became highly

active.
Discussion

Results of fluctuations from 10° to 1500, where the
influence of the plateau phuse was least, indicated that rate of
phase 1 development was independent of frequency of temperature

change, but wns @n average of the respective rutes proceeding at eeach
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different temperature.

In previous uttempts to establish the optimum temperature
for phuse 1, results were biused against 5OC. because of the
greater tendency for the platenu phase to be induced when eggs
were moved from 500 to the higher temperatures than from 10°c.
However, the initial rates of hatching at daily fluctuated
t emperatures, wherethe influence of the plateau phuse appeured to
be largely overcome, confirmed that 10°C was sbout the opbimum

for phase 1, and 20°C about the optimum for phase 2.

The same "total" hatch was reached by eggs fluctuated
daily and every 4 days,and so the main effect of fluctuuting
temperastures was in overcoming the onset of the platean phuse,
which was induced following a 10° or 15°C increase after 36 days.
However, rate of hatching was much slower at the less frequent
change between 50 and 2000, which was probably due to some
influence of the platesu phase. This suggested that subsequent
development and hatch could be retarded to varying degrees by uan
increase in temperature, the extent depending not only on the
physiological stage of development reached by eggs when exposed to
the temperature chunge, (i.e. the "critical” stage) and the size of
temperature increzse, but also on the frequency of the temperature
change. Thus, every time eggs receive an incresse in temperature,
there muy be a tendency for all to enter the plateau phase with

varying degrees of firmness, but more intensive study is required
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to test this hypothesis, preferably with some physiological

evidence,

Lffect of volatile substances

Tt appeared very likely that highly volatile substances
had diffused through the water and the eggshells, temporarily
inactivating the larvae which were about to hatch. AZggs which
were at 500 were probably affected less because of a slower
diffusion rate, and reduction in solubility of the volatile

substances at low temperature.

No attempt at the time was made to find the most active
constituent of the "thinners", but it is intended to investigate

this further at some future date.
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3, EFFECT OF TEMPERATURE ON OTHER ACTIVITIES LEADING TO HATCHING

Vifferences in the teupersture optims have been found
for different activities of nematodes, and it is possible that each
stage of the life-cycle may have its own different optimum
temperature (Bird snd Wallace, 1965). Hutching of H.ovenae has
been divided into two phases requiring very different optinun
temperaturese It was not known, however, whether either optimum
was Closer to that for other activities associated with hatching,
such as, ambryonic development and larval motility, or whether
different optima were involved, It wus decided, therefore, to
deteruine the optimum temperatures for embryological development
from the single or 2 - celled stuge, and also for motility of

hatched second~-stage larvae.

(1) Optimun te:perature for embryonic development

Baurley plants (cv. Prior), infected with cersal cyst
nematode, were brought in from the field and kept watered in pots
ot about 22°C.  Sixteen undifferentiuted eges were selected at
rundom from a number of white femules, placed singly in distilled
water in small syracuse dishes at 80. 150 and 20°C,and exanined

daily.
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Results

Bgps at the same temperature differed consider:cbly in the
time they remained undifferentiated, taking from 1 to % days to
show the first cleuvage. The stages during development most
easily recognised, were the 2 - celled, 4 - celled and multi-celled
stages, the gastrula stage (Hyman, 1951), the first outline of a
larval shape, and finully a definite larval shape. Development
through these stuges was most rapid at the higher temperatures,
but at ull temperutures, most eggs did not reach a definite larval
form and signs of deterioration were evident at different steagese.
Even eggs which developed through to a definite larval shape

deteriorated and eventually disintegrated.

Using undifferentiated eggs from females feeding on
wheat roots, embryos in double-glass-distilled water again died
at all temperatures either before or soon after reaching an initial

1l arval form.

To improve oxygen availubility, eggs were placed on the
surface of sterilised, distilled-water agar. It was observed
previously that once cleavage started, development at the higher
temperatures was rapid, and so in order to obtain all eggs as near
as possible to the same stage of development, only those at the
2~celled stage were usede Eggs were selected from about 20 white

females produced in the laborutory at 22°C on wheat roots which had
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been sampled earlier from the field. The remainder of the fenal es
were left on the host roots in pots to mature under laboru.tory
conditions. Batches of 10 eggs at the 2 - celled stage were pluced
on the surface of the distilled-water agar, and incubated at 8%,
150, 20° and 2500. Observations were maintained until embryos had

either fully developed or died.
Results

Rate of embryonic development increased with increasing
teuperatures up to the multi-celled stage (Table 14), when signs
of detsrioration first began to appear at the higher temperatures.
Eggs which had a definite larval shape were squashed, and found to
contain dead, first-stage larvae with no internal pressure,
indicating that they had failed to undergo the first moult.
Eventually all eggs at all temperatures died. Bggs containing
first-stage larvae when removed from the feeding mother, also failed
to undergo the first moult in water, and eventually died. Very
few abnormal egzs were found in cysts which mastured on the host in
the laboratory at constant 2200, indicating that a constant

temperature wes not associated with the cause of death.

It appeared that the feeding mother was cssential for
embryonic development to be completed. Possibly, extra nutrition
or some other fuctor needed to be supplied by the living female for

eges to differentiate completely to the second-stage larva, This
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¥ifect o temperature on rate of embryonic development
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is not known for other nematodes.

Further information on the foctors involved with survival

of the embryo is discussed in Section 5,

(2) Effect of temperature on larval motility

(a) Standardsand column method

To establish the optimum temperature for motility of
infective larvae, the time taken for larvas to migrate through a
vertical column of sand was used (Bird and Wallace, 1965). Pieces
of plastic tubing 2 em. long with an 0.5 cm. internal diameter
were filled with washed beach sand with particle sizes varying from
150 - 250 J| diameter. The column was sealed with a piece of fine
nylon gauze on one end, and held vertically by a cardboard disc
above a glass block containing water. It was pushed through the
disc until the sezled end appeared just below the surface which
allowed water to rise by capillarity. A complementary set of
blocks with water were maintained at the various temperatures so
that the coluun and disc could be readily transferred when each
count was made. Larvae, hatched the previous day from cysts that
had been incubated in water at 20°C for severul months, were képt
overaight at 10°C.  They were exposed to 2500 for about 1 hour

prior to a 15 minute pre-conditioning time at different temperatures.

After pre-conditioning, aliquots of 100 larvae were
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pipetted on to the surface of the saturated sand in each column at
10°, 15°, 20°, 25°C and a temperature fluctuating between 10° and
20°% every 15 minutes. Hourly counts were made for the first 6
hours and a final count taken after 22 hours when larvae remaining

in the columns were recovered.

Results

a

Maximum rate of migration occurred over the first 2 hours
at all temperatures except at 25°C (Fig. 15). Migration at 10°C
over the first 4 hours was significantly less than at other
t erp eratures, except 25°C,Where only sbout 10% of larvae had migrated.
Migration at 15°C, 20°C and the fluctuating temperature was not

gignificantly different throughout.

When the experiment was terminated after 21 hours, a
final migration of 80 - 85% had been reached at all temperatures
except 25°C at which 754 of the larvae had migrated. About 90% of
the added larvae were accounted for at all temperatures, and all of

those remaining in the sand column were motile and appeured normal.

Variability within treatments was extremely high and the

following fuctors were possibly responsiblee

(i) The appearance of a number of large air bubbles in the
sand columns indicated uneven distribution of sand particless
(ii) The preconditioning time of 15 minutes may have been

insufficient.
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Thus it was considered necessary to repoat the experiment
using certain modifications in order to check the validity of the

results, particularly those at 2500a

(b) Modified sand column method

Larvae were added carefully to the columns in the smallest
possible amount of water, and the columns were lengthened to 3.5 cme
to reduce any effect of larvae being washed through. To obtain a
more even distribution of sand particles, and to eliminate air
bubbles, the columns were filled with sand under water using a large
aperture eye dropper. Four batches of 100 larvee, hatched from the
same source of cysts used previously, were kept at lOOC overnight
for about 20 hours then pre-conditioned for 18 hours at the vurious
temperatures. Motility was then tested at 50, lOO, 150, 200, 2500
and a temperature fluctuated between 10° and 20°¢C every half hour.
Counts were commenced after the first hour, and then half=hourly
counts were made until 5%-hours. Thereafter, they were tuken
every hour or two until l&%-hours. A final count was taken after
29% hours when larvee remaining in the sand column were recovereda.
After lOé-hours, larvae receiving the fluctuating temperature were

left at 20°C for 2 hours then moved to 10°C for a further 2 hours,

then 20°C for the remainder of the experiment.
Results

Migration of larvame was slower throughout at 50 and 10°C
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than at the other temperatures (Fig. 16).

For the first 4% hours there was no significant difference
between rate of migration at 150, 20° and 2500, but migration was
significantly faster at the fluctuating temperature over this time
(Fig. 16). However, if the time taken for 0% of larvae to
nigrate was used as a criterion for motility, then it was significantly
reduced only at 50 and 10°C. At 2500, rate of migration decreased

markedly after 7% hours, and after 123 hours had ceased altogether.

By the final count after 29% hours, migration had ceased
at 15°, 20°C and 10° - 20°C, but was still continuing at 5° and 10°¢.
Final counts at all but the two lower temperatures could therefore
be regarded as total migration,which decreased with increasing

constant temperatures, being significantly lowest at 2500 (Fig. 16).

After recovery, 93 to 97% of the added larvae were
accounted for, all of which appeared normal and motila.

Variability was less than in the previous experiment.
Discussion

As temperature influenced rate of migration as well as
total migration, both had to be considered in assessing its affect
on motility. When total migration was taken a5 a measure of motility,
15°C was optimum. For the first 4% hoursgmotility was greatest at

the fluctuating temperature. If the time taken for 50/ of added
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larvae to migrate was used as the criterion, the optimum constant
temperature could not be defined between narrower limits than 150
to 2500. his suggested, that for some reason the method was not
sensitive enough, and that to define the optimum more precisely, an

altermative method was required.

In all treatments,recovery was almost complete, and all
renaining larvae appeared normal,so that decreasing total migration
with increasing constant temperature could be accounted for by
larvae becoming immobile sooner at the higher temperatures. That
is, 25°C may be inhibitory after a given time,and at even higher
temperatures motility might be greater than at 2500 initially, but
final counts might be lower. Further information on this possibility

is discussed in a subsequent experiment,

Although final migration counts at 2500 werse lowest in
both experiments, motility of larvue in the initial stages of this
experiment at 2500 was considerably greater than in the previous one,

pos sibly due to some difference in preconditioning.

(c) 4 comparison of motility of larvae hatched from cysts

of different ages

In the preceding two experiments, larvae were hatched from
cysts which were about 16 months old. A comparison of motility of
larvee from younger (4#month-old) cysts was made using the modified

sand column method, except that all larvae were hatched on the same
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day ot 20°C, and stored for 24 hours at 20°C before testing their
motility at thut temperature. Larvee remaining in the colum at
the completion of the test were recovered in the usual way. Four

replicates of 100 larvae were used.
Results

Negligible migration occurred in the first 3% hours, but
after 7% hours, more larvae from young cyste had migrated (mean 22%,
range 12 - 28j) than from older cysts (meen 6%, range 1 - 11%), and
after 235 hours almost three times the number from young cysts had
migrated (mean 38%, renge 29 -42%) compared with those which had
hatched from older cysts (meun 13.5%, range 7 - 204%)e  These
differences were 80 marked that statistical analysis was not necessary.

On recovery, over 9 of larvue were accounted for in all treatments.
Discussion

Measurements of rates of migration indicated that larvae
from younger cysts were more motile than those from older cysts.
Larvae from older cysts, therefore, might be less infective as
jnfectivity has been shown to decrease with decreasing larval

motility at certain temperatures in Meloidogyne Javanica (Thomason,

Van Gundy and Kirkpatrick, 1964) znd in Tylenchulus semipenetrans

(Van Gundy, Bird snd Wallace, 1967). Compared with previous
experiments, larvae took considerably longer to migrate. Here,

larvae were hatched and stored at 20°¢ prior to use, wherees in
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preceding experiments they had been stored for varying periods at
10°C before pre-conditioning, so that a period of low temperature

might have stimulated their activity.

(d) ZXEffect of different pre-conditioning temperatures

on subsequent motility at 20°¢

To investigate the possibility of a cold period stimulating
motility, newly-hatched larvae were incubated at 10Y and 20°C for
17 hours before testing their motility at 20°¢ using the modified

sand column methode.

Results from this experiment suggested that the 10°c
pre-incubation period stimulated subsequent motility at 2000, but
only 10% to 205 of the larvae migrsted after 7% hours. Again
variation within treatments was large. Further investigations of a
possible cold stimulus were therefure carried out by observing

directly the behaviour of larvue at different temperatures in water.

(e) Direct observations of larval motility in woter

(1) Preliminary observations

Several larvae which had been kept in water gt 500 for
2 weeks were pluced at 5°, 10°, 20° and 25°C.  In the first few
hours, most larvae appeared quiescent at 5°C, more were active at
10°C but their movement was very sluggish, while at 20° and 2500

all larvae initially were highly active. At the higher temperatures,
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larvae appeared to gradually lose their activity and one by one
becume immobile, adopting a typically quiescent position, with the
body slightly curved in a banena shape. This decreasing activity
wus demonstrated by recording at various times, comencing about
half an hour after moving larvae from 5°C to 2500, the time taken
for 40 waves to pass through the body of one larva. Initially
it took 2 minutes and 50 seconds for u wave to pass along the body;
half an hour later the time had increassed to % minutes and 45 seconds;
after a further 2 hours, 4 minutes 12 seconds and one hour later
still, 5 minutes 3 seconds., Amplitude of waves @lso appeared to
gradually decrease before the larva becume immobile, but this was
not meusured. Most larvae became immobile sooner at 2500 than at
20°C, Some remained in an immobile state for at least 2 to 3 hours
and longer at 2500, but eventually became active again for one to

seversal hours.

Imaobile larvae could be temporarily induced into wmctivity
by disturbing them, either by picking them up with an eye-dropper
und squirting back into the block, or prodding them with a needleo
When activity was renewed this way, it would last from half an hour
to several hours at 2500, before the larva again became completely

inmobile,

From these preliminary observations it seemed that the
proportion of motile to immobile larvae at any one time could be a

suitable means of recording any stimulus due to a period of low
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temperature, or a change in temperature.

(ii) Effect of changing temperature on motility of larvae

Seventy larvae hatched from 16-month-old cysts over 2
weeks were placed in distilled water in a glass block for 17 hours
at 2500 except for a three hour exposure to 10°C. Larvae were then

alternated between 10° and 25°C for varying periods of tine.

No observations were made during lOOC incubation, but
larvas were examined Jjust before moving to 2506 where observations
were made at intervals commencing half an hour after each temperature

changes

Because larvae alternated between an active and a resting
state, a standard observation time of 30 seconds was adhered to.

Larvae were kept in the dark except for the brief observation period.
Resvlts

Initially, progressively more larvae lost motility at 2500.
and a three hour exposure to 10°C failed to re-activate any of the
immobile laurvae. after the first 17 hours at 2500, about half had

bzaconme immobile,

At the end of euch cold period,lurvae were either immobile

or were very sluggish, but on each occasion that they were noved to
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25°C, 90 to 100% became highly sctive within half an hour after the
temperature change (Fig. 17). This incressed activity was
relatively short lived, as larvae became progressively mnore sluggish
and eventually immobile with time at 25°C, and loss of activity

was slowest following the longest exposure to cold (Fig. 17).

(iii) Effect of a period of low temperature on subsequent

motility of newly-hatched larves at 2500

Larvae used in the previous observations were of different
ages und were hatched from old cysts which had been stored for a
long period, and so the effect of low temperature on motility was
examined by & slightly different method using 1 and 2-day=-old
lervae hatched from new-season's cysts sampled direct from the
field. After pre-conditioning for two days &at 2500, 211l immobile
larvae were separated and sub-sampled into six batches of 13 or l4.
Three batches were left at constant 2500 and three were incubated
at 10°C for 16 hours, after which time the number of motile larvae
wag recorded, and the three batches at 10°C moved to 2500.
Numbers of motile larvae were then recorded at half hourly intervals
for the first 2 hours ufter the change, then hourly for the next
% hours, and the final observation made 8 hours after the tempsrature

change.

Results

At the time of the temperature change only a small
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proportion of motile larvae was recorded at both 10° and 2500
(Fig. 18). 4after the first half hour the mean number of motile
larvae in the treatment which did not receive precold, decreased
slightly, but markedly increased in thut which was exposed initially
to cold (Figs 18). The stimulating effect of low temperature on
motility was evident for about 4 hours after the temperature rise,
but after 5 hours, mean numbers of notile larvae decreased, and by
8 hours had decreased further to the same number as that for the

control.

{(iv) Bffect of conditions of temperature which normally induce

the plateau phase in eggs, on motility of hatched larvae

Fifty seven two-day-old larvae were hautched from new -
seuason's cysts and placed at 500 for 5 weeks then movad:taZEOC.
Within half an Bour all the larvae became highly active and were
still so 2 hours laters The number of immobile larvae observed at
any one time gradually increased over the next 6 days to 34, Larvae
were then placed at 10°C for 2 dayseand all became active within half
an hour after they were moved back to 2500. The response obtained
appeared nomal and showed that hatched larvae could not be induced

into the plateau phase.

Discuseion

Motility of larvae of all ages decreased in water with time
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at warm temperstures, but could be re-stimulated by a minimum
period of low temperature greater than 3 hours. The stimlating
effect was short lived, but there was some evidence to suggest
that it was longer with incressed duration of the cold period,
although more critical work is required for this to be sub-

stantiated,

Although the behaviour of larvae would undoubtedly be
different in soil to that in water, the responses to temperature
may be similar, For example, decressing activity of larvae with
time at higher temperatures in water, suggested that this was the
reason for a decreasing total migration through soil with increasing
temperzture (page 74). Larval motility in both soil and water was
less at 50 and 10°C than &t higher temperatures, and there wus a
suggestion that a period of low temperature stimulated subsequent
larval motility at a higher temperature in soil us well as in water.
Although larvae for the sand columns were pre-conditioned at the
respective temperatures, the effect of temperature on their wotility
may have been partially masked by a stimulus caused by disturbing

them when they were placed into the columns,

If, as suggested by Van Gundy, Bird and Wllace (1967),
general activity and metabolism increase with increasing temperature,
food reserves would be exhausted sooner at the higher temperatures,

and survival and possibly infectivity would accordingly be reduced.
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Intermittent periods of rest, particularly at the higher
temperatures, probably helped to conserve energy and food reserves,
thus siding survival for a longer period. Infectivity, as well
as sarvival, may be prolunged at lower temperatures, and so if
cysts are in short supply, it might be possible to accumulate
sufficient numbers of larvae in a suitable condition for infectivity
studies, by storing them st 5°C over an extended hatching period.

Motility hus been related to infectivity in Meloidogyne Jjavanica,

( Thomason, Van Gundy and Kirkpatrick, 1964), As motility of
H.avenae can be stimulated by a period of low temperature,
infection studies might therefore be best carried out at a warm
temperature immediately following the cold periods If larvae
responded similarly to diurnal fluctuations of temperature that
occur in the field, they would be most active during the day when
temperatures increased. Their motility may be thus regulated to
coincide with the period of active host growth, when perhaps some
attractant is being actively released from the roots, thereby
increasing the chance of infection. More intensive studies are
required to establish the conditions controlling the cold stimulus
in water snd soil, and then to establish its relevance to infection

and survival in the field.
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4, OTHER FACTORS AFFECTING HATCH

(1) RBffect of host-root diffusates on hatching in vitro

Introduction

Although H.avenae does not respond to host-root diffusates
in the Northern Hemisphere (Shepherd, 1962) its effect on the

di.fferent hatching phases of the local population needed testing.

Method

Seeds of Insignia wheat were surface~sterilised in 20%
Daizone (5% sodium hypochlorite) for 25 minutes and then washed
three times in sterilised distilled water. The seeds were pre-
germinated on moist filter paper at 2500 for % to 4 days. £ix
seedlings were then placed into each of a number of opaque test
tubes containing 30 mls., of sterilised distilled water and were held
in position by a plug of cotton wools The roots had extended
throughout the tube after 3 weeks when the root diffusate wes
collected, bulked znd stored at 7€ in a brown glass bottle for

ture use. Distilled water for hatching was also kept at 7°¢c.

Cysts were collected from the field in eurly winter after
the onset of low temperatures, but before the opening rains, and
before any significant field hatching had occurred. They were
sampled then as it seemed the most likely time when responses to

host-root diffusates could be obtained,because it coincided with the
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normal sowing time of the cereal host, Six batches of 50 new=
season's cysts were incubated at 7°C and 20°C in water and wheat-
root diffusstes After 56 days, cysts incubated at the low
temperature were moved to 20°c, Regular counts and changes of

liquid were made two to three times weekly throughout incubation.

o ittt 2 5.

Hatching was most rapid during the first 14 days but was
retarded by wheat<root diffusate at both temperatures (Fig. 19;
Table 15). After 56 days, however, hatching in wheat-root diffusate
and water. at both temperatures was approximately the same
(Teble 15). Hatching practically ceased 14 days after cysts were
noved from cold to warm (Fig. 19), but final hatch at this time

was greater in wheat-root diffusate (Table 15).
Discussion

The initial faster rate of hatching indicated that a
considerable proportion of eggs had completed phase 1 development
before incubation was commenced. More eggs hatched in water after
20 days than in wheat-root diffusate, showing that root diffusate
retarded phase 2. This might have been an osmotic pressure effect
as the high osmotic pressure of concentrated beet diffusate retarded

hatch of Heschachtii (Wallace, 1956).

The plateau phase appeared in both treatments following
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TABLE 1

Effect of wheat-root diffusate and temperature

on hatch frou 50 cysts after different times

Larval counts mean of 6 replicates

Treatment ifter 14 days isfter 56 days | After 70 days

In water at 20°C | 5250 7098 7421

In diffusate at 2969 6478 6660
20°C

In water at 7°C 3512 5959 7589
for 56 days then
20 C

In diffusate at 7°d 2395 5886 8239
1 for 56 days thgn
20°C

L.S.D. L’OS.D. LOS.D.

5% = 398 5% = 567 5k = 432
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7°C after egge were moved to the higher tempsrature, but more
egegs entered the plateau phase in water (Fig, 19). This
suggested that wheateroot diffusate had affected the onset of the

plateau phase.

On the basis of these results it was not known whether
the responses obtained to wheat-root diffusate were due to an
osmotic effect or specific chemicals, and so further investigations
are required to clarify the nature of the responses and their

significance,

(2) BEffect of the presence of plant roots on hatching in scil

(a) Using cold-treated cysts

Batches of 50 new-season's cysts which had been incubated
for 6 months in water at 7°C were placed in small sterilised
terylene bags., BEach bag was placed in 680 gms. of sieved Pinery
sand, 2 inches from the bottom of 4-inch-deep waxed paper cupse.
Five replicate batches of cysts were placed in unsterilised sand
or sand which had been autcclaved for 2 hours at 15 1lbs. pressure
per square inchs Twelve, 4-day-old Jsmalong medic secdlings

(Medicago truncatula  Gaerpn. ), or eight 4~day-old- wheat

seedlings (cv. Insignia), which had been surface sterilised before
germination, were planted in each cup so that the roots were in
close proximity to the terylene bags. Similar replicates were

set up in sterilised or unsterilised Pinery sand, but without any
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seedlings. 4ll s0il was brought to field capacity which was
maintained every other day with sterilised distilled water. The
experiment was carried out in an air-conditioned laboratory where
temperatures remained near 2500, and the plants were exposed to
natursl light. After 4 weeks the terylens bags were removedyand
cysts recovered for squashing to determine the extent of hatching

by assessing average number of eggs remaining per cyst.
Results

Wheat roots had grown around and beyond the terylene
bags, and some fine laterals snd root hairs had actually penetrated.
Infection points on wheat roots were observed 1% inches ahove the
bag, indicating that infective larvae had travelled upwards by at
least that distance. Infection sppeared to be relatively severe,
by the extent of tufting, and no marked difference was apparent
in numbers of tufts on roots in sterilised and unsterilised soil.
More eggs hatched in unsterilised soil and in soil in the absence

of roots (Taeble 16).
Discussion

Presence of host or non-hust roots did not greatly
influence hatching in soil. More hatching occurred in wsterilised
s0il which may have been due to a stimulatory effect of soil
micro-organisms which have been shown tu influence hatching of

H.rostuchiensis (Giebel, 196%; Ellenby, 1963) or possibly accumulated




TABLE 16

Averange numbers of eggs remaining in cysts afier hatching
for 4 weeks in sterilised and unsterilised soil in the

presence and absence of wheut or medic

Species Sterilised 8o0il Unsterilised boil lMeans
None (control) 132.6 86.6 109.4
Wheat 132.4 101.6 117.0
Medic 139.6 ST 117.0

Means 134.9 94,2

L.%.D. Individusal means 5% = 31.2

i}

18.0

Soil means by

Species means 5% = 6.9
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ammonia due to sterilisation may have retzrded or slightly
inhibited hatch. Conditions for infection appeared tu be ideal
and the severity uf symptoms suggested that a "mags® hatch occurred
in a relatively short time. This was to be expected as the cysts

had been previously exposed tu a long period of low temperzture.

(b) Using cysts subjected to low temperature in the field

Cysts were sampled from the field in July after the onset
of low temperatures, and when host crops would normally be germinating.
Four replicates of 50 cysts were set up as in the previous+experiment
in sterilised and unsterilised Pinery sand from the sam¢ source as
before. In this experiment, huwever; hatching in wuter was included
instead of medic roots, and hatching was ascessed after 3 and 6
weeks. Also, the experiment was carried out in the glusshouse
where cysts were exposed to a diumal fluctuation of tempersture,

At each harvest, cysts were removed, and the average egg cuntent
per cyst for each replicate was determined, and the percentage hatch
in water calculatede Assuming thut each treutment had the same
total number of eggs, hatch in soil for sach replicate was cunverted
to a percentage by the following calculation:-

average ezg content per cyst remaining in water (meun of 4 reps. )
average egg content per cyst remaining in soil of each replicate

X

Percentage hatch in water (mesn of 4 replicates)
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Egsults

Infection appeared to be more severe on wheut in
unsterilised soil than in sterilised soil, particularly after 6
weeks, but no attempt was made to measure this gquantitatively.

& substantial hatch occurred in the first 3 weeks as indicated by
the extent of tufting on roots, but by the sixth week hatching had
increased by not more than 6% in any treatment (Table 17).
Hatching in water was sbout the same as in soil after 3 weeks, but
after 6 wecks it was less than in unsterilised soil, but similar
to that in sterilised soil. Percentage hatch in sterilised soil
was slightly but significantly less than in unsterilised soil at

both harvest times (Table 17).
Discussion

Presence of wheut roots did not influence hatching.
hAgain, hatching in unsterilised soil was slightly greater than in
sterilised, which could explain the apparent greater infection of
roots in the former. However, further studies would be needed to
account for other factors, such as, the presence of other dumaging
organisms, differences in host susceptibility and behaviour of
jnfective larvae in both types of soil which may have influenced
jinfection. Hatch in soil was similar tc that in water. The
rmarked decreasse in hatch afisr the third week in both soil and water

indicated the onset of the plateau phas- which was expected at the



TABLE 17

The effect of wheuat roots on hatching from cysts in

sterilised and unsterilised soil after 3 and 6 weeks,

compared with hatching in water.

Yean percentage hatch of 4 replicates

Iime c¢f sampling sterilised soil Unsterilised soil
(weeks) Water
Theat roots No roots Wheat roots No roots
(control) (control)
3 26,3 2243 22,0 30,5 30.5
6 27.8 26.8 27.8 36,3 36,5

Individual means

4.9
7.1

1]

LessDe (3 weeks harvest)hp
L.5.D. (6 weeks harvest) Hj

26
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higher temper:tures following exposure of cysts to cold in the field.

(3) Effect of different vsmotic potentials on phase 1 und

phase 2 of hatching

Previous results indicated that phase 1, but not phase 2
of hatching, could proceed in soil near the wilting point for
plants (page 27). Also, development, but nol eclosion, proceeded
in 0.4M NaCl (page 52), although the passage of ions through the
eggshell and cuticle of the dorment larva may have had some
deleterious effect, To establish more critically the rclationship
between osmotic potential and the processes leading to hatch, an

experiment was designed in which the two processes ware separated.
Method

Four replicates of 200 eggs isolated from new-season’s
cysts colleced from the field in early autumn before the onset of
low soil temperatures, were used. They were incubated in
solutions of different molarity at 10°¢ for 5 weeks to allow a
reasonable proportion to complete phause l. The eggs were then
moved to water at 20°C for a further 2 weeks to allow phase 2
(eclosion) to proceed. The overall hatch at the end of this time
was used to messure the extent of phase 1 development at euch of the
different osmotic potentials. Similar batches of eggs from the
same source were incubated first in water at 10°¢ for 5 weeks, 1o

ensure that an adequate number would hatch.  They were then
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trensferred to solutions of different molarity at 2000 for 2 weeks.
4is the same smount of phase 1 development would have occurred in all
batches at 10°C, the numbers hatching in 2 weeks at 20°C were used
to measurc the effect of osmotic potential on phase 2. After a
further week, the different osmotic solutions were replaced with
water for the remainder of incubation. To overcome any possible
deleterious effect of electrolyte ions, glycerol as suggested by
Wallace (1966) was used in de-iunised double-glass-distilled water
to make up the different molar solutions, at the following
concentrations:-

0,0 (water); 0.,125M; 0.25M; Oo.5M and 1M
Regular weekly counts and changes of all solutions were naintained
for the first 7 weeks, after which less frequent counts were made
until neuar "total" hatch, When eggs were moved from an osmotic
potential solution to water they were wushed twice in distilled

waters
Results

When different osmotic potentials were applied to the
first part of the hatching process, the total number hatched up to
2 weeks after eggs were moved to water at 20°C decreased with
increasing osmotic pressure (Table 18). Approximately the same
total nuumber of eggs hutched by the end of incubation, except at 1M

where fewer hatched than in continuous water (Table 18).



TABLE 18

Average numbers of larvae hatched after 5 weeks in
different molarities at 10°C followed by incubation

in water at 20°C for 2 weeks and 13 months.

Molarity 2 weeks %n water 13 mogths in water
at 20°C at 20°C ("Total

hatch)

0.0 (water) 94,0 13845

0.125M 81.0 129,0

0.25M 60.25 124,75

0.5 57475 131.5

1M 47.0 116.0

Lob-Do 5% = 8047 LaSeDo 5% = 15.07




Wnen different osmotic potentials were applied to the
second part of the hatching process (following 5 weeks at 10°¢
in water), numbers hatched in the first 2 weeks at 20°C decreased
with incrsssing osmotic pressure (Table 194) NegligiHe hatching
occurred in 1M glycerol, but when it was replaced with water after
3 weeks, the rate greatly increased for about the first 7 days,
then decreased to parallel that in continuous water (Fig. 20).
However, numbers hatched following the 1M treatment were fewer,
even after 12 months in water (Tsble 19B).  About the same "total"
hatch was reached in the other osmotic potential solutions as in

watere
Discussion

If the effects of osmotic potential and suction potential
are regarded as interchangeable, these results indicated that
although phase 1 was most rapid in water, it can proceed at much
higher suctions than are ever likely to be encountered in soil under
field conditions., Almost the same "total" hatch was eventually
attained, except at 1M, which suggested that the effect of
desiccation was through retarding phase 1 development rather than
causing any loss of viability, except perhaps at 1M glycerole.

The pluteau phase may have been induced in more eggs at 20°¢C
following 1M at 1000, but this was not estublished as eggs remaining

were not checked for viabilityes
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TABLE 19
(4) Mean numbers of larvae hatched in 2 weeks «t 20°C in
solutions of different molarity following pre-cold

for 5 weeks.

| Molarity .l Mean numbers hatched
0.0 (water) 51.75
0.125M 21.75
0.25M 19.25
045M 13.25
1M 5475

L.$.D. 5% = 5.47

(B) Final hutch of sbove egge after a further week in

solutions of different molurity followed by 12 months

in wuters
Molarity Final hatch
0.0 (weter) 144,25
0.1251d 134,25
0425M 138.0
0451 146,75
1M 117.75

LeaDe 5% = 7.64
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Phase 2 was also most rapid in water, but was more
sensitive than phase 1 to higher osmotic pressures, being ulmost
stopped at 1M, and its rate more than halved at 0,125M, presumably
s a result of withdrawsl of water from the nematode. This
suggested that the change from phase 1 to phase 2 brought about
an increase in permeability of the eggshell or cuticle of the larva.
Not all eggs which had completed their phase 1 development in
water at lOOC, hatched when moved back to water after 3 weeks in
1M glycerol, even after 12 months, suggesting that sowme had either

been damaged or had entered the plateau phase.

If viebility of eggs undergoing phase 2 is affected more
by dry conditions, then survival of these eggs over summer would
be poorer than thuse undergoing their phase 1 development.  Thus,
the slow development of phase 1 during this time of the year would

permit better survival,

The response of eggs of H.avenae undergoing phase 2 to
osmotic potential, appeared similar to that of encysted eggs of
H.schachtii, in which larval emergence from cysts decreased rapidly
as the soiute concentration excceded 0.01M regardless of the solute

used (Wallace, 1956). In most fertile soils, the salt concentration

of the soil water does not exceed 0.05M (pF = 3.05) g£nd so eclosion



in South Australian soils which are mainly sandy and low in

fertility would normally be controlled by soil suction,

99
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5e SOME BIOLOGICAL ASPECTS OF H.AVENAE PRODUCED UNDER

CONTROLLED CONDITIONS

Introduction

Previous investigations define the type of dormsncy
which exists in eggs of H.avense, and optimum conditions for its
arrest. Apart from negative evidence for any influence of an
inherent seasonal hatch cycle (page 35), nothing was known of the

factors affecting its onset.

Cysts used in all previous work were collected from the
field where infection, development and egg production probably
occurred over & relatively long period of about 5 to 6 months.

Bggs of the same generation varied considerably in age, hence

they and their mothers were exposed to extremely variable
environmental conditions during developments This probably
accounted in part for the different times individuals took to undergo
the first phase of development and hatch, although it is possible
that rate of development is genetically controlled. Among some
arthropods e.ge. onset of diapause, a type of dormancy, is
environmentally determined (facultative dispause), while in others
it is heritable (obligatory diapause) (Andrewartha, 1952).
Sometimes the environmental stimulus may be received by the mother
and the "message" for the onset of diapause is passed on to her
offspring during egg laying, while in other species the ogg must be

exposed to the particular environmentsl stimulus (andrewartha, 1952)
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for diapause to occur,

The main aim of the following investigations was to gain
evidence for either an inherent dormsncy or one which was induced
by environmental conditions, by testing the hatchability of
encysted eggs of abuut the same age, produced under controlled
conditions, The opportunity was also tuken to examine embryonic
development of eggs within females feeding on and removed from roots,
and of eggs removed from females. Also examined was the influence
of the host and environment on rate of reproduction, length of life

cycle and fecundity.
Method

Hosts used in decreasing order of time taken to mature

were, Heron wheat, Prior barley and 2137 barleye.

Three-day-old seedlings were grown in sterilised potting
s0il for 10 days to develop a healthy root system before replanting
into uniformly infested field soil. After exposure to infection
for 12 daysythe plants were removed and the roots thoroughly
wushed before replanting each cultivar in batches of three, into
each of several 5 inch pots containing sterilised potting soil.

The pots were placed in a controlled environment growth caubinet at
20°C with o li4-hour-light periud where conditions for growth were

maintained as near optimum as possible. Soil was adjusted to field
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capucity 2 to 3 times weekly throughout. At the commencement of
egg loying, half the pots containing wheat or 2137 barley were
moved to another growth cabinet where conditions were the same

except the temperature was reduced to 12°.

(1) 3=Effect of environment on embryonic development and

survival of eggs

As -shown previously, eggs which had not developed to the
second larval stage when removed from the feeding mother, failed to
survive in water (page 69). Relatively few egge were used,and so
the experiment was repeated using larger numbers to ascertain
whether sggs within the females could survive and couplete embryonic

development while the female was not feeding.

Prior barley was the only host used. From the start of
egg laying, females were sumpled at asbout weekly intervals for the
first 3 weelts and then les# frequently until the oysts had matured.
At each sampling time, all femsles were hand-picked from the roots
in one pot and divided into two equal butches. One batch was used
to determine the average egg content per female using the dilution
nethod, and hatching in soil was determingd by the number of empty
eggshells, Four replicztes of ubout 100 of these eggs, (fewer in
the first sample because of insufficient eggs), were cxamined to
determine the proportion of normal and abnormal eggs. The same eggs
were then incubated at 20°C for 2 months to record any changes.

The remaining batch of cysts was incubated in wuter at 20°¢ for
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2 months when hatching wes assessed, and the cysts squashed to
determine average egg content and the proportion of normal to

abncrmal eggs as before.
Results

A1l cysts were of similar size. After 2 months in
water, abnormal eggs were easily distinguishable by their very
dark and vacuolated appearance, and in some there were also signs

of advanced disintegration of the egg and eggshell.

Wnile the female was attached to the root and feeding,
egge produced,survived and developed to second~stage larvae
(Teble 20). When egge at an early stage of development were
removed from feeding females, ae many as 774 failed to develop
fully and survive after 2 months in water, but all eggs survived
that had already reuched the second larval stage within the feeding
femnle (Table 20). Partially differentiated embryos survived

better in females removed from roots than as free eggs.

Young femnles continued to produce eggs when removed from
foodgand most of these eggs developed fully and survived in females
of the first two samples (Table 20). Older females gradually lost
this ability so that by 36 days after commencement of egg production,
few cxtra eggs were produced after feeding stopped. Whilst feeding,

egg procduction continued for up to 76 duys in a sigmoid fashion with
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Average egg content, embryonic development and survival of eggs within mothers feeding and removed

from host roots, compared with embryonic development and survival of free eggs in water at 20%c.

Sampling Time

iggs observed immediately
after removal from hest

Zggs observed after
2 months free in water

figgs oboerved after 2 months
in water as encysted eggs

(Days after
commencement of # Partislly # Differentisted Ave. egg | » of normel j hatch # Abnormal | % normal % hatch 3 Abnormal Average
egg production) differentiated 1st & 2nd-stage content/| eggs with egss egegs with egee egg content
larvae femgle | 2nd-stage 2nd-stage / female
larvae larvae
0 95 7 1.7 25 0 77 87 0 13 64
9 98 2 14 28 13 59 96 0 4 55
16 86 14 39 40 1 59 65 0 35 97
23 78 22 102 43 3 54 56 1 43 141
36 Ab 56 206 28 0 72 34 2 65 203
57 12 88 318 38 0 62 8l 1 18 353
76 4 96 421 65 0 35 92 0 8 AOA
112 * Q 100 398 100 0 0 99 1 0 370

* All eysts brown with eggs containing second-ctage larvae.
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moximum rate of production occurring between 25 to 56 days after

commencement (Table 20; Fig. 204).

No hatching occurred in soil throughout the sampling
period as no empty eggshells were found in immature or mature
cysts, and negligible hatching occurred from free and encysted
eggs in water after 2 months at 20°C (Table 20). Thus, hatching
was negligible even after 170 days from when the first eggs were

producet.
Discussion

An atypical environment may have been responsible for
the failure of a large percentage of partially differentiated eggs
to develop and survive outside the female, because survival was
improved when these eggs were left within the femnle.  &ggs
removed from females may have been damaged, but this secmed un-
likely considering the care that was taken to releuse them and the
trends in percentages of eggs which deteriorateds Complete
development of all eggs was only achieved while the female was
feeding, suggesting that once the egg had been formed, possibly some
substance or nutrients were supplied by the female which enabled
embryogenesis to be completed. In early stages of egg production,
femsles apparently contained sufficient reserves to cllow complete
development of the few eggs produced after removal from the hoste

Tnability to produce more eggs in the absence of food occurred at



FIG.20A
RATE OF EGG PRODUCTION ON PRIOR BARLEY AT 20°C.

4501

400T \o

3507

300¢

/ FEMALE
I\
Q
=)

N
[=]
o

150

AV. EGG CONTENT

100} ;

501

©

/

(-]
/ A A ' A A ' A A i . A
10 20 30 40 50 60 70 80 90 100 110 120

TIME (DAYS)



106
the time of meximum rate of egg production. At this stage, older
females probably had inadequate reserves to produce more eggs
without feeding, cnd further feeding was necessary to acquire more
of the necessary component to complete embryonic developuent of
those eggs already produced. Such a component may be required for
the first moult, as apparently it was not until development had
proceeded beyond the first moult that eurvival over 2 months was

awmsured.

The long time taken for hatching to commence will be

discussed later in this section,

(2) =ffect of host and temperature on length of life-cycle

and fecundity

Zffect of host and temperature on rate and extent of egg
production and cyst maturation, were examined by sampling females
which had developed for various times on 2137 barley plants growing
et 12°C or 2000, and on Prior barley growing at 2000. For
comparison, females and mature cysts from wheat growing at 12° and
20°¢ respectively, were sampled once, 257 days after infection.

Egg production was based on 80 to 100 females.
Results

About the ssme number of mature cysts, (50 - 59 per plant)

were produced on wheat and both barley cultivars at 20°C.  The
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average egg content per mature cyst produced on each of the three
hosts wes about the same at 20°C (Teble 21). Maturation of cysts
vas earlier on the earlier maturing barley cultivar, 2137 (Table 21).
Low temperature retarded maturation of barley and wheat, greatly
extended the period over which eggs were produced and resulted in
a significant increase in egg production per female (P = 0.01).

Some Temales were probably still producing egge at the low

temperature 237 days after infection,
Discussion

Wheat and both barley cultivars supported about the same
egg production at 2000, but further work is required to determine

whether they are equally efficient hosts.

Low temperature delayed maturation of the host which
permitted feeding and egg production to continue for a much longer
period. This more than compensated for the slower rate of egg
production at 120C, thus resulting in a greater number of eggs
produced than at 20°¢, Also, egg production appeared to commence
earlier in the earlier maturing barley cultivar 2137, indicating
that the life-cycle of the nematode was related to rate of maturation
of the host. If maturation of the host is hastened by adverse
environmental conditions, then a decreased number of eggs could be
expected, as rate of maturation of the host has more influence than

rate of egg production on the final number of eggs produced.



TABLE 21

1Cg

Effect of hest and temperature on cyst maturation, egg production and develepment

Days after Hest heg prgduction stage of » Brewn » alfferentlaled eggs AV ©gg content
infection at ~C host maturity oysts (1st and 2ndectage larvae)| per female
Prior Barley 20° Anthesis 0 50 206
85 2137 v 20° Late deugh 10 70 365
2137 . 12° Fointing 0 5 62
Prior Barley 20° Grain hardening| 50 96 423
125 2137 " 20° Mature 100 100 * 361
2137 8 12° Xar emergence 0 20 158
Prior Barley 20° Mature 100 100 * 398
161 2137 v 20° Mature 100 100 * 370
2157 ’ 12° Grain hardening| 10 40 819
2137 Barley 12° Grain hardened | 25 98 517
Plants alive

257 Heron Wheat 20° Mature 100 100 * 359
Heron Wheat 12° Grain hardened | 15 95 643

Planiz alive

* All second-stage larvue
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(3) Hatchability and survival of eggs

Because partially differentiated eggs from immature
cysts failed to survive in water, only hatchability of fully
differentiated eggs from mature cysts produced at 2000 was compared.
However, to compare the hatchability of eggs produced at 12° and
2000, on 2137 barley, it was necessary to use a proportion of white
cysts from 1200, as only 25% had matured at that temperature by
the time of the final harvest. Most of these eggs, however,

appeared to be fully differentiated.

Four replicates of about 200 eggs were sub-sampled from
80 to 100 cysts produced at 12°C on 2157 barley, and at 20°C on
Prior and 2137 barley. "Total" percentage hatch, calculated after
excluding abnormal eggs, was assumed to have occurred when hatching
hod practically ceased. Becsuse the time taken to reach "total"
hatch could not be precisely established, hatching was assessed on

the time taken to reach 50% of the "total".

it the completion of incubation, the proportion of normal
to abnormal eggs was determined. As the number of eggs in each
block had been determined initially, those which had completely
disintegrated by the end of incubation could be calculated, and

were included in the abnormal egg count.
Results

Hatching was continuing in all treatment after 8 to 9
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months, but at a slow rate.

Time taken to reach 50% of "total" hatch at 10°C was sbout
half thet taken au 2000, and was independent of host and temperature
at which the eggs were produced (Tsble 22). BEggs produced on 2137
bariey at 20°C hatched faster than those produced on Prior. "Total"
hatch from eggs produced at 2000 on both hosts was aboul the same
at both hstching temperatures. "Total" hatch of eggs produced at
12°C was similzr when hatéhed at 2000, but mich reduced when hatched

at 10°C (Table 22).

There was a higher percentage of cbnormal eggs after

hetching at 20° then after hatching at 10°C (Table 23).
Discussion

The faster rate of hatching of eggs from the earlier -
maturing cultivar 2137 barley, indicated that these eggs were
further advanced in their phuse 1 development than those from Prior.
This was further evidence that the life-cysle was related to
maturity of the host. Hatching was not complete and was extended
over a much greater time than was taken for egg production, regard-
less of the controlled environmental conditions at which they were
produced. This suggested that time of hutching might be partly

controlled genetically.

Of the eges produced at 12°C, fewer hatched at 10°C than



TABLE 22
Effect of host and temperature during egg production, on rate and extent
of hatching of eggs at 10° and 20°C.

"Total" percentage hatches, mean of 4 replicates.

Temperature during egg production

Host

20°¢

12°%¢

"Total® % hatch at:

Time (days) taken
to reach H0% of
"total" hatch at:

0

"Total %
hatch at:

Time (days)taken
to reach 505 of
"totul® hatch at:

o o

20°¢ 10°%¢ 20°¢ 10% [ 20% 10%| 20% 10%c
Prior barley 65 66 156 85 - - - -
2137 barley 61 56 127 63 61 14 196 59

Tt



TABLE 2

Bffect of host and temperature during egg production on the

mean percentage of abnormal eggs after 8 to § months in

water at 10° ana 20°C.

Host

Temperature during egg production

20°¢

12%

% Abnormal eggs at:

% Abnormal eggs at:

20°¢ 10°¢ 20°C 10°¢
Prior Barley 24 7 - -
2137 Barley 28 14 32 15
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at 20°C, but 50% of "total® hatch was reached sooner at 10°C,
indicating that the eggs which did hatch, responded normslly to
low temperature. The reason why more of thece eggs remained
dorment at 10°Cthan at 20°C was not known, but the environment
during egg production may have been involved. This aspect needs

further investigation.

Eggs survived better at the lower temperature, suggesting
that break-down may have been cuused by micro-organisms, which

presumebly were more active at the higher temperature.

(4) Comparison of hatchability of cysts from eontrolled

‘conditions anddthe field

In a previous experiment, negligible hatch was obtained
from esggs produced under controlled conditions at 2000, until after
170 days from the commencement of egg production (page 105).

Cysts used in earlier hatching studies were sampled from the field
usually no earlier than January, by which time hatching in water
commenced immediately. To demonstrate this initial lack of
hatching from younger cyste from the field, hatchability was examiné?
from the white-cyst stage onwnrds (September to April) by incubating
six replicates of 50 cysts for each sample at QOOCa Weekly counts

vere maintained throughout.

Results

Only the percentage hatches after 1 and 6 months
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(Table 24) are presented as these are representative of the

continuing differences.

Negligible hatching occurred from the immature cysts
coliected in beptember (Table 24), as most eggs failed to survive
in water. By October, cysts had begun to turn brown and so
breakdown of those eggs which had not fully differentiated would

again have partly accounted for the poor hatchability at this time.

From November on, all cysts were brown and all eggs fully
differentiateds However, hatchubility assessed 1 month after
incubation was negligible till the January sample, and increased
thereafter indicating that eggs were slowly undergoing their phase 1
development, The period of negligible hatch was similar to that
found in cysts produced at 20°C under controlled conditions,
indicating that duration of phase 1 for eggs from both sources was

similar.
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TABLE

€ months) of cysts collected from the field from the

wnite~cyst stage onward.
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Sampling time | Maturity of | % of Brown | % hatch | % hatch
wheat cysts after 1 | after 6
month months
September Bar 0 0 €] *
emergence
October Late dough 60 <1 2
stage
November Mature 100 €1 6
Jamiary Mature 100 2 16
March Mature 100 3 17
april Mature 100 7 22

*  Bxamined and

degenerated,

found nearly all eggs had
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6. MECHANTSMS CONTROLLING HATCH

Much of the work on the mechanism of hatching in the
genus Heterodera has been concerned with isolating and identifying
the active constituent of host-root diffusates that stimulate
hatching (Shepherd, 1962)., Diffusates may alter egg or larval
permeability to permit the passuge of water and of other molecules
and ione (Dropkin, Martin and Johnson, 1958). Ellenby (1957)
suggested a possible connection between hatching activity and ion
transport. Studies with artificial hatching agents led Clark and
Shepherd (1964) to suppose that irrespective of the means by which
larvae were released from eggs, the mechanics of hatching were
almost certainly accompanied by changes in the metabolism of the
dormant larvae. They saw the crux of the whole question of
hatching as the means by which energy was suddenly made available,
advancing the idea that it was achieved by hatching agents which

acted either directly or indirectly as electron acceptors,

Rogers (1962) has suggested that the hgtching factor may
be able to enter directly into a sequence of internal secretions,

perhaps by replacing some missing component.,

These suggested mechanisms involve larval activity and

emergence from the cggshell following a series of stylet thrusts.
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They pertain, therefore, to the relatively short term stage of
aclosion, and presumably the stimulatory effect of root diffusates
operates only when the larva is physiologically able to accept
the stimwlus for renewed activity. The low temperature effect
on eggs of H.avenae involves an earlier and relatively long process
(phase 1), and so an analogy cannot te made with that of root
diffusates because the two effects involve different mechanisms.
Viglierchio (1963), suggested that the hatching factor produced
by the host may be a limiting component in one of a whole series
ot physiological reactions controliing hatch of H.schachtii.
Part of the reaction could have ocecurred before the éég éame into
contact with the hatching factor, as his results suggested that
stored cysts may have developed some constituent necessary for the
stimulatory reaction of the external hatching factor. 4 similar
hypothesis could partly explain the poor hatching response of young,

mature cysts of H.rostochiensis, and the need to store them for

about 12 months before obtaining maximum respouse to root
diffusates. Similarly, eggs of H.avenae might need a period of
low temperuture to initiate the development of the missing

constituent,

In some parusitic nematodes,hatching is passive after
enzymic breakdown of the eggshell, e.g. Ascaris sppe (Rogers, 1958;

Jaskoski and Colucci, 1964) whereus in others such as

Trichostrongylus retortueformis, the inner lipoid membrane of the



118
eggshell is emulsified by active movements of the unhatched larva:,
and the consequent uptake of water increases hydrostatic pressure
until the eggshell bursts (Wilson, 1958). Wullace (1966)
suggested that unhutched second~stage larvae of Meloidogyne
Javanica secreted enzymes which dissolved the impermeable inner
vitelline membrane and so allowed the passage of water, The final
stage of hatching was associated with increased larval activity,
and was achieved by a series of stylet thrusts followed by escape

from the egg by active locomotion.

Various suggestions have been put forward regarding the
behaviour of second-stage Heterodera larvae that lead to emergence
from the egg, and until recent years it was uncertain whether
Heterodera eggs were hatched passively by hatching agents, or
whether these substances stimulated unhatched larvae into activity
that led to their emergence. Doncaster and shepherd (1967) filmed

hatching of H.rostochienses in a natursl hatching stimulant and in

a synthetic stimulant. They described larval activity just prior
to hatching and the final escape from the egg after a series of
stylet thrusts. To gain some understanding of the mecheniem
controlling eclosion in H.avenae, an attempt was made first to
observe emergence of the larva from the egg and then, differences
in morphology and behaviour of unhatched and newlywhatched larvae

were examineds
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(1) Observations of eclosion

To observe the hateching process, sbout 100 eggs from
cysts which had received 5 weeks incubation at 10°C were placed
on the surface of tap-water agsr on a slide and covered with &
cover-slip. after each observation at 22° to 25°C,eggs were

placed at 10°C until the following day.
Results

5light movenent was detected in a few eggs under low
power (x 50), and appeared to alternate with periods of rest,
Persistent movement was observed in one instance where the head
of the larva moved slowly from side to side at one pole of the egg.
Taking this as the comuaencement of hatching, the following sequence
of events wuas observed at x 900 magnification:-

2 minutes zfter commencement

Five ;tylet thrusts =t one ihrust every 2 seconds, each in the
same spot. Movement of the head at this time was forwsrd,
i.6. pushing forward in the direction of the pole rather than
from side to side;

4 minutes after commencement

Three stylet thrusts about 2 seconds apart in the same spot,
but in a different position from the earlier ones;

5 minutes after commencement

Two stylet thrusts 10 seconds apart;
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7 minutes after comuencement

Twenty nine consecutive stylet thrusts in the one spot,
taking 48 seconds;

Between 8 and 9% minutes after coumencement

Four more stylet thruste were made each at a different spot.
After each thrust, the larva's head moved very slowly from
one side of the pole to the other;

9% minutes after commencement

The fate aﬁdnuﬁber of stylet thrusts all at the same spot
were increased to 46 in 55 seconds, and with no further
thrusts the larva's head pushed slowly forward through the
eggshell until it wos clearly free. Motility outside the
egg was continmuous. Throughout the whole procedure the
larva remzined at the same pole of the sgg, it's he:ud moving
slowly from side to side except when making a stylet thrust.
At no time wes vigorous body movement observed, and even when
the egzshell had been clesrly broken, the larve slowly pushed
its way out and did not pascively uncoil, like a spring

suddenly being relessed from tension.

In o second egg where hatching was observed, the larva
initially hed periods of r¢st when no body movement was observed.
Fifty five minutes after movement wue firot observed, 54 consecutive
gtylet thrusts were made in the one spot in 1 minute 38 seconds.

No further probes were made during the next 5 wminutes ofter which
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time 40 consecutive stylet thrusts were made in the one spot in
2 minutes 40 seconds. Twenty seconds later, with no further
stylet thrusts, the larva slowly pushed forward bursting its head

through the eggshell at the pole.,

Hatching of other eggs was also observed, and the tire
taken froa the first observed head movement varied between
individuals, and some fsiled to hatch, returning to a quiescent
state. The following general pattern was common to those which

hatched.

The first stage of hatching was positioning of the
head at one pole of the egg. Movement was then mainly restricted
to the region of the head which moved slowly from one side of the
pole to the other except occasionally it would be pushed forward
causing a noticeable bulge in the eggshell. This movenent was
broken by varying periods of rest. The first signse of stylet
activity wes a rapid backward and forward action without extending
beyond the lips. After this, definite stylet thrusts were made
while the head wus stationary and pressed against the pole of the
eggs Once stylet thrusting began, hatching always followed.
The extent of ench thrust was often clearly visible by the small
gsharp bulge in the eggeshells Such probes were made at various
positions, around the polar hemisphere, initially at a slow rate.

Subsequent consecutive probes were more -muerous and made at a
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faster rate until finally at a particular spot, stylet thrusts
were continued at a most rapid rate until the eggshell had
presumably been penetruted. The eggshell then appeared to be
eplit apart from the weakened point by the force of the larva
moving slowly forward. On no occasion was any vigorous body

movenent observed.

Bach time eggs were moved from overnight storage at 10°¢
to room temperature, larval movement was observed in a small
proportion, but all newly-hatched larvae treated similarly, becaue
highly motile. In a few eggs, movement continued and hatching
ensued, but the remainder became quiescent at the warm temperature
after 30 minutes to one hour. Movement could be induced in a
small percentage of eggs by an increase in temperature after 16
hours at lOOC, but in most cases the larvae ewsntually beciume

quiescent once iores
Discussion

The events leading up to emergence of the larva were

similar to those described for H.rostochiensis in response to a

natural hatching stimulant (Doncaster and Shepherd, 1967) with a
few noteable exceptions. After movement was detected, positioning
of the larval heud was st one pole of the egg only, and no
circulatory movements within the egg were observed as described

for H.rostochiensis, The pattern of stylet thrusting was also
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different as it suggested that after a period of testing by
spasmodic thrusts, at some particular point in the polar
hemisphere, the eggshell was weakened and finilly broken by
sustained stylet thrusting. The eggshell thus weakened, was
then split by the forward bodily thrust. In response to root

diffusate, larvae of H.rostochiensis made a continuous, almost

straight cut across the end of the egg by the tip of the stylet

in order to emerge (Doncaster and Shepherd, 1967),

The best chance of observing the hatching process in
H.ovenae is in eggs pre-treated to a period of cold, when motility
can be observed under high magnification immediately after moving
to a higher temperature, If motility ceases, it can be resumed
in some eggs after a further cold period. Relatively large
numbers of eggs are also required as only a small percentage hatch

at any one time.

Most unhatched larvae differed from newly-hatched in that
they did not respond to a period of low temperature and remained

immobile.

(2) Differences between unhatched and hatched laiwse

(a) Motility

To examine the motility of dormant larvae, about 200 eggs

from cysts collected in summer were placed in a small drop of water
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on s slide, and unhatched larvae were freed from their eggshells
by applying gentle pressure on a cover-slip. Motility of the
released larvae was then compared with that of newly-hatched
larvae from the same source of cysts at 22°C,before and after
exposure to 10°C for 16 hours Larvae from eggs in the plateau
phase were similarly released and motility also observed before

and after the cold periods

Imnediately after release, some of the gdormant larvae
moved Sluggishly for a short time, but quickly became immobile
and stayed this way for the remainder of a two-~day observation
period, Newly-hatched larvae alternated between a motile and
an immobile state throughout the two days at 22°¢, Fifty dormant
or newly-hatched larvae were then incubated for 16 hours at 10°C,
and their motility assessed irmediately after moving to 25 (s
A1l the newly-hatched larvae became highly wotile within half an
hour after removal from cold, whereas sll the dorment larvae
remained in a typically dormant positione
This was repeated with other similar batches of larvae with the
same result. Larvae released from eggs that had been induced

into the platexu phase also remained inactive after low temperature.
Discussion

Purt of the processes leading to hatching must involve

an activation of the dormant, immobile larva, because larvae must
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be motile before they can hatche. During the last phase of
hatching, motility of activated larvae can probably be stimulated
by a rise in temperature following a cold period. There was
some evidence for this in the previous experiment which suggested
that the unhatched larvae that responded to a cold period, were
those that had already been activated and were close to hatching.
This probably explaing why rate of hatching immediately increases

in response to a rise in teumperature following a cold period.

As the gtirulating effect of a rise in temperature
foilowing a period of cold on motility was only temporary, the
rate at which activated larvae could escape from the egg might be
increased by a fluctuating temperature; provided the optimum degree

of temperature rise and frequenocy of temperature change was applied.

Larvoe from "plateau" eggs behaved similarly to
inactivated larvae, suggesting that both types were in a similar

conditions

(b) Morphology

Dormant and active larvae were examined to deteruine
whether any anatomical characteristics were associated with the
initiation of activation. Comparisons Letween about 100 newly-
hatched larvae and larvae fieed from eggs were first made using a

dissecting microscope at X950 magnification,
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Larvae immediately after hutching invariably appeared
lighter in colour compared with unhatched dormant larvae released
by squashing. In newly-hatched larvae, the body contents appeared
less dense, particularly Jjust below the cuticle and in the pharyngeal
region. Occasionally an unhsatched larva was found with a less
intensely coloured pharyngeal region, and only infrequently was one
found light-coloureds The intensity of colour was due to granules
which were both abundant and dense in typically dormant larvae,
but were almost absent, and far more diffuse in newly-hatched,
active larvae. The relatively few unhatched larvae with a light-
coloured pharynx were most active and presumably were those almost

ready to hatch.

Morphology in more detail was examined using an ordinary
light microscope (X900) after the following preparation. Larvae
were killed in hot 0.5% acetic acid aend fixed in F.A. 4:l
(Goodey, 1963). after 24 hours in fixative, the nematodes were
processed in 0.,0025% cotten blue, using the rapid lactophenol
processing method (Goodey, 1963)s As the concentration of cotten
blue was insufficient to stein the nematodes satisfuctorily, -
0.01% lactophenol cotten blue wus tried, but it took more than an
hour for the stain to be ubmorbed. Finally, 0.2% lactophenol
cotten blue was found to be satisfactory for both types of larvae,

but dormant larvae required a longer processing time,
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Dormant larvae were in the second stuge possessing a

well developed stylet. Features of the anmtomy geonerally were
clearer in newly-hatched larvae, presumably because they contained

fewer fat globules.

To achieve better resolution and contrast, larvae of
both types werc onaesthetised, mounted in 1% Beta phenoxyethanol
in tap water and examined under phase contrast. Many of the
features of hatched larvae were made much more distinct, but
differentiation was not improved greatly in dormant larvae.
Mounting larvae in 30% Bovine ox plasma in 1k Beta phenoxyethanol

(Ellenby and Smith, 1964) did not offer any particular advantsges

Subventral pharyngeal glands of hatched larvae
contained dense granules, but these were absent in pharyngeal
glands of unhatched larvae, except in the few which possessed a
light~coloured pharyngeal region when first released from the egg;
these larvag, which presumably were ready to hatch, contained
granules in the swollen distal ends of the subventral gland
ducts near the entrance to the lumen of the pharynx (Plate.l)., Other
differences observed after exaumining about 100 larvae of euch type
sre sumnurised in Table 25, which also includes behavioural

differences.



PLATE 1

Active larva with clear pharyngeal region, photographed
mmediately after release from the egg to show granules
(arrow) in swollen distal end of subventral pharyngesl

glands.
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Behavioural and Morphological differences between

newly-hatched and unhatched larvae.

Newly-hatched larvae

Unhatched larvae

Active

Inactive

(until just before hatching)

Respond to a low temperature
stimilus

Invariably light-coloured in
pharyngeal region

Stains absorbed more readily

Well developed pharyngeal
glands with subventral gland
full of granules

The three gland nuclei
prominent. The largest,
(about twice the size of the
other two) possessed a
prominent nucleolus and was
the most anterior suggesting
it was in the dorsal gland

Annular rings more prominent

Do not respond to a low
temperature stimulus, unless
Just before hatching

Nearly always dark-coloured in
pharyngeal region except in a
few larvae presumably almost
ready to hatch

Staine absorbed less readily

Pharyngeal glends less pro-
nounced with no sign of
granules, exceplt in larvae
presumably almost ready to hatch

Gland nuclei difficult to see.
No large nucleus observed except
in larvae with a light coloured
pharyngeal region

Annular rings less prominent
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Discussion

Unhatched second-stage larvae of H.avenae differed from
hatched larvue not only in morphology but also in behaviour,
Thus, physiological and morphological changes take place before
hatching occurrs. How quickly and when these changes ocour
before hatching is not known, except that motility and the
appearance of granules in the subventral pharyngeal glands
probably occur close to hatching. Whether these observed changes
in morphology are associated with activation of the larva is also
unknown, However, increase in pharyngeal gland activity Jjust
prior to hatching may be associated with enzymic secretions which
denature the eggshell, thus aiding hatching. 4 sinilar mechanism

has been suggested for eggs of Meloidogyne Jjavanica in which

protein granules were observed in the subventral pharyngeal glands
immediately prior to hatching (Bird, 1968). Doncaster and
Shepherd (1967), however, thought that activity of pharyngeal

glands prior to hatching of egge of H.rostochiensis, was un-

important in relation to hatch.

The significaence of the change from a dark to a light-
coloured pharyngeanl region will be examined and discussed further

in the following experiments.
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(3) Changes in larvae associated with phase 1 of hatching

Introduction

Phase 1 might involve physiological processes leading to
activation of the dormant larva and secretion and action of
enzywes on the eggshell, while phase 2, which has an optimum
temperature similar to that for other activities, is probably
associated with subsequent morphological chunges and motility of
the larva just prior to hatching. Although the role suggested
for phase 1 appearsd likely, the possibility also existedthat

the effect of low temperature may be directly on the eggshell.

It was thought that if a larva, released from its
eggehell, wus able to "awaken" and become motile, it would be
posgible to gain direct evidence that phase 1 represgnted a period
of larval development. First it was necessary to find a suitable
means of deciding when a dormant larva, freed from its eggshell,
had developed to the sume stage as a newly-hatched larva.

Larval motility was one obvious means, but another possibility was
the change from a dark to a light-coloured pharyngeal region,

and so the following experiment was carried out,.

(a) Morphological changes in dormant larvae removed from eggs

Fifty eggs from a few new-season's cysts collected in

summer were squashed using fine needles, and the freed larvae
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incubated singly in water at 20°C.

Initially, all possessed a dark-coloured pharyngeal
region, and were immobile (Plate 2), They were
examined daily over the next 10 days, during vhich time, the
pharyngeal region of six larvae gradually lightened, and the
change from an immobile to a motile state accompanied this, i.e.
the larvae were motile when their pharyngeal regions were light
(Plate 2), The remainderdid not undergo the same
transition, and in time were found to be dead, probably as a result

of injury when they were released from the eggshell.

Although the method of freeing larvae appeared un-
satisfactory, the observation demonsotrnted it was possible for
larvae to transform from an inactive to an active state outside the
protective eggshells This indicated it was valid to zssume that
larvae transformed from a dark to a clear pharyngeal region outeide
the egg, were at the same stage of development as newly-hatched
larvae. 4lso, that it was valid to sassume that larvae with clear
pharyngeel regions immediately after removal from the egg were

about to hatch.

(b) Rate of transformation of dormant larvae to the active

state in and outside the egg

Provided a suitable means of freeing dormaent larvae from

eggs was used, their transformation to the active state could be



A.

PLATE 2

Immobile dormant larvae with dark pharyngeal regions

when released from eggs.

The above larvae after transformation tc the active

state showing clear pharyngeal regions and motility.
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recorded and compared with rate of hatching. If the rate of
such o traunsformation parclleled hatching and if it proceeded nore
rapidly at 10° than at 2000, this would indicate that phase 1
was primorily involved with changes within the larva. The

following investigation was therefore carried out:-
Method

Severnl hundred eggs were released fron 50 new-season's

cysts taken from the field before the onset of low temperwutures,

The first sub-sample of eggs was squashed in a suall drop
of water on z glass slide beneath a glass cover-slip, because the
nunber of injured larvae was considerably lower using this method
than when squashing by hand with fine needles. Freed larvae
were placed singl& in wells of haemoglutination plates containing
distilled water. Bach transparent perspex plate consisted of 80
separate wells of g-inch. diamctersd inch. deep and 1F c.c. capacity.
The plates were covered with o thin plastic sheet, and were
incubated at 100, 200, 10°C for 4 wecks then moved to 2000, or
fluctuated daily between 10° zna 20°c. Single eggs from the sane

batch were set up in similar plates and incubuted at the sume

temperatures to deteruine hatching.

The second sub-sumple of eggs from the initial batch
released from cysts wus divided and incubated in water at constant

10° or 20°C for four weeks. They were then squished as before to
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determine rate of transformation within eggs at both temperatures,
and the freed larvae set up in haemoglutination plates at
constant 20°C to observe further changes. Bighty single eggs

were also incubated at both temperatures for controls.

Weekly observations were made at X50 magnification for
the first 4 weeks then fortnightly for the next 3 months, The
different categories used to describe stages in the transformation

are shown in Table 26.

At the completion of the experiment a representative
portion of each type of larva and a number of remaining eggs were
squashed to examine for internal pressure. To enable a comparison
with hatching, percentage transformation of freed larvae, excluding

those injured in release from the egg, was calculated.
Results

Table 27 summarises observations made on released larvae

from the first sub-sample of eggs and shows that:-

When first removed from eggs, about 90% of larvae were
dormant ("D" and "H" larvae), but these gradually lightened so
that after 4 weeks, 80% or more had trunsformed ("L" larvae).

Temperature had 1little effect on this transformation.

Nearly all "D" larvae were immobile; a few in the

intermediate classification "H' were motile, while mogt
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TABLE 26

Classification of larvae freed from the egg

Designated

Type of Description of distinguishing
Code larva features

D Dormant Possessed a distinctly darkened
pharyngeal region. Mostly
immobile;banana shape. -

H Dormaent - |Possessed a lighter-coloured
pharyngeal region than D, but not
distinctly clear, Usually immobile.

L Active, Possessed a distinctly clear, light-

Transformed to
apparently the
same stage as
a newly hatch-
ed larva

Motile larva

Larva injured
presumably
during
squashing

Larva former-
ly active
(designated L)
but died as a
result of ex-
hausted food
reserves

coloured pharyngeal region. Highly
motile, but underwent periods of
quiescences

"L" larvae highly active.

Larva dead - contained no internzl
pressure. Body contents very
dark .

Body very light coloured excest for
a darker head region, No internal
pressure,
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2

Effect of temperature on the change from a dark to a light pharyngeal region in freed larvae
compared with hatching over 16 weeks.,

(For definition of D, H, L and d see Table 26)
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Temp.od Time of Condition of larvae Nose of wotile larvas ;I.‘utfal noe of ;. of larvae trzmsfanneq () # hatch
incubation - njured larvae based on larvae not injured
(weeks) D H L d D H L
10° | 0(Initial Cbe.)] 47 28 5 0 1 4 B 0
1 20 27 32 1 13 24 52 2.5
2 20 14 46 0 7 41 74 5
3 19 12 49 0 7 48 79 10
4 9 4 58 v 1 54 94 18,5
16(Final Ubs.,) 3 o 53 6 0 - 3 18 55 80
20° 1o 45 27 8 0 2 2 13 0
1 25 25 30 V) 2 16 4G 6.3
2 22 9 47 0 1 36 77 6.3
3 21 9 47 v 1 26 77 11.3
4 6 8 48 U 1 21 79 16.2
16 3 0 9 49 9] - 2 19 95 31
10°-20° © 57 14 9 0 3 3 15 0
ey »ow 2 S . o
2 29 6 4k ) 0 33 83 16.3
3 29 5 45 0 2 56 85 24
4 6 2 48 0 0 33 92 34
16 2 1 7 43 0 - 7 27 94 70
1° forj(0 51 19 8 0 0 2 14 0
2h:e::§”“§1 o4 28 20 2 g 16 36 2.5
(2 1y 25 3 2 8 27 56 2.5
25 13 20 36 1 6 28 65 6.2
Then 20°| & 5 11 46 1 b 3% 84 15
416 2 0 11 42 0 - 7 25 96 56
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clacsified as "LY were motile, but the proportion of the latter at
any one time was dependent on temperature. For example, they
underwent alternate periods of rest and motility as did hatched
larvae at 20°C, but most became highly motile during the brief
temperature rise when removed from 10°C for observation. Degree

of motility was also observed to increase as the larva lightened.

Percentage hatch at all times and temperatures was less
than the corresponding percentage transformation, Percentage
hatch after 1 week was less than the percentage of "L" larvae
observed immedintely after squashing. "Total" percentage hatch

(80%) was recched after 16 weeks at 10°C only.

By 16 weeks, most larvae had transformed to the active
state but some of these had died ("d® larvae)s The average life
of larvae assessed from when they first transformed at 20°C was
42 days, but at 10°C it was considerably lengthened and the majority
were still living after 170 days. The average life of larvae which
hatched showed little variation and was also 42 days at 20°C, while

again at 10°C the mJjority were still living after 170 days.

Table 28 summarises observations made on larvae from the
second sub-sample of eggs which wus squashed after 4 weeks at 30°

or 2000 and shows that:-

Nearly half the larvae possessed clear pharyngeul



TABLE 28

Percentage of transformed larvae after incubation as eggs at 10° and

20°C for 4 weeks, and after a further 4 weeks at 20°%c compared with

hatching.

Eggs pre-lncubated for Eggs pre—incubated for
4 weeks at 20°C 4 weeks at 10°0

Observed immediately Observed 4 | Observed immediately Observed 4
after releasing from weeks later | after releasing from  weeks later

eges - cgEe
Percentage of "L"
larvae (active state) 18 80 47 89
Percentage of eggs - 9 - 18

hatched

9T
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regions ("L" larvae) when first released from eggs which received
4 weeks cold, while only 18% were at the same stage initially from
eggs pre-incubated for the 4 weeks at 20°C.  After a further &
weeks as released larvae at 10° and 20°C, 89 and 80% respectively
were in the active state ('L" larvae) but the percentage of eggs
hatched was even less than percentage of "L" larvae cbserved

initially,
Discussion

Larvae with their eggshells removed became active,
eventually appearing and behaving like larvae which hatched
naturally. Accompanying this transformation was a gradual in-
crease in motility suggesting that lightening of the pharyngeal
region was due to a gradual consumption of food reserves as a
consequence of an increasing rate of metabolism. A4As the rate of
trunsformation of larvae outside the egg wus very rapid and complete
compared with hatching, this suggested that before release, the
larvae were physiologically at about the ssme stage and ready to
hatch. If this was true then the low temperature effect on
hatching involved the eggshell, which must directly or indirectly
inhibit hatch., However, larvae within the egg responded more to
10°C, because a larger proportion underwent the transformation
to on active state thun at 20°C. This demonstrated that the effect

of low teuwperature was primurily involved with a change within the



139
larva. These two apparently contradictary results could be
reconciled on the basis of an unconscious selection during
squashing of those eggs closest to hatching. This would also
explain why the proportion of hatched eggs after 1 to 4 weeks was
less than the proportion of larvae designated initially as active
immediately after squashing, i.e. those which would be expected to
be in the process of eclosion. The possibility also existed that
dormancy wes broken by a shock to larvae when eggshells were
removed, but this seemed less likely in view of the demonstrated

low temperature effect on the larva within the egg.

If, as it appeared likely, larvae near the completion of
their developument were being unconsciously selected, then their
eggshells must either be softer and therefore more easily broken,
or the eggs might be more turgid due to iubibition of water,
suggesting an incrense in permesbility. Because most larvae prior
to any cold treatment were first observed to be dormant when
squashed, any changes associated with the egg such as a denaturation
of the eggshell, probably occurred either at the commencement of, or

Just before the activation process.

The active life of larvae, hatched either naturally or
developed outside the egg, was about the same, being at least
quadrupled at 10°¢c, compared with 20°C, This wus further evidence

that newly-transformed larvae had undergone normal changes outside
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the egg, and were at about the same stage of developuent as
newly-hatched larvae. There was a surprising lack of
variability in active life between individuals, which suggested
that dormancy was broken when food reserves were at about the

same levels

(4) Changes within the larve asssocisted with phase 1

cevelopment under field conditions

In the field, hatchability of new-season's eggs increased
slowly from &pring on, but the rate could be hastened by exposure
to low temperutures, To demonstrate that this increased
hatchability was associated with changes within the larva, and
that these changes occurred more rapidly at 10°C than at 20°C,

the following experiment was conducted:-

Bggs from new-season's cysts collected from the field
in January and again in May were squashed, and a sub-sample of
80 freed larvae were incubated singly as before at 10° or 20°C.

Their rates of transformation were then compared,

Any difference in pressure needed to release the
required number of larvae at each sampling time, should be
reflected in the different rates of transformation between the
two samples, Such a difference would also reflect the amount

of development that had occurred in the field between the two times.
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Results

Rate of transformation of larvae collected in May was
faster than that of larvae collected in January, particularly st

20°C (Fig. 21).

Initially, rate of transformation was faster at 20°c
for each sample, but was overtaken after 3 to 5 weeks by the rate

at 10°C where "total" transformation was reached sooner.
Discussion

The faster rate of activation of freed larvae collected
in May showed that they had undergone some development in the
field. This change was hastened by low temperature in the
laboratory, confirming that phuse 1 of hatching was primarily
associated with changes within the larva. The faster rate of
transformation initinlly at 2000, indicated that some larvae had
completed phase 1 and were undergoing phase 2. Thus, increased
hatchability of new-semson's eggs in the field was due to completion
of phase 1 dcvelopment,i,e.primarily a physiological change had
taken place within the larva and this proceeded best at a low

temperature of about 10°c.



°/e TRANSFORMED

FIG. 21
RATES OF TRANSFORMATION AT 10°C.AND 20°C. OF LARVAE
FREED FROM EGGS COLLECTED FROM THE FIELD IN
JANUARY AND MAY
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Iv, DISCUSSTON

Relation to Diapause

Diapause, a type of dormancy occurring chiefly among
insects, enables them to withstand extremes of environment and so
is regarded as a survival mechanism (Lees, 1955; Howe, 1967).
Defined as "a stage in the development of certain animals during
which morphological growth and development is suspended or greatly
retarded”, diapause is a stage in physiogenesis which must be
completed before resumption of morphogenesis (Andrewartha, 1952).
The onset of diapause usually coincides with seasonal conditions
unfavourable for normal growth and development., Before normal
activities can be resumed, there is a delay while the individual
undergoes the necessary physiological processes, and so diapause
differs from quiescence, in which there is no delay in resumption of

normal growth once conditions become favourable.

Duration of diapause provides a measure of its intensity,
which varies between individuals. The physiological processes
associated with diapause development usually have a different
optimum temperature and range of temperatures than those required
for morphological development, In species, where the temperature

ranges do not overlap, diapause is most obvious.

Amongst nematodes the effect of low temperature on hatch

of Nematodirus battus, a parasite of sheep, has been interpreted in
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terms of diapause (Christie, 1962), and the seasonal variation in

hatch of Herostochiensis has been explained in terms of facultative

diapause (éﬁééherd and Cox, 1967). Diapause has also been
suggested for eggs of H.avenae (Shepherd and Cox, 1967; Rogers and
Sommerville, 1968), but this was based on a minimum period of 8
weeks of low temperature being required to stimulate hatch (Fushtey
and Johnson, 1966) which on the basis of my results is questionnble,
unless a different species or biotype is involved. A number of
aspects of dormancy in eggs of the locasl population of H.avense,
appeared similar to those described for diapause in insééts.
These were:~
1, Hatching of eggs was retarded when unfavourable conditions
prevailed; throughout summer they did not hatch spontaneously

when exposed to favourable conditions in the laboratory.

2. Dormancy was partially arrested with the onset of low
temperatures in the field, and this happened most rapidly at
about lOOC, the temperature most commonly found to be optimum

for diapause development in insects.

3. The division of hatching into two phases with different

optimum temperatures fitted the functional definition of diapause.

4, The optimum temperature for phase 1 was abnormally low for

morphogenesis i.e. embryonic development, and motility.

However, there were differences from classical diapsuse in insectss
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For examples in many insects where diapause is broken by a period
of low temperature, the temperature range for diapause development
is morkedly different from that for morphological development and
little overlap in the ranges occurs, but in eggs of H.avenae the
temperaturs ranges for both phases were about the same. The
length of time needed at low temperature for the completion of
diapause development in insects is generally specific and the
subsequent response to temperatures normal for morphological
development is rapid and complete. A complete hatch of eggs of
H.avenae did not occur in any experiment, and has not been

demonstrated elsewhere.

The different phases for hatching of H.avenae described
in this thesis may represent only different procésééé‘ﬁaving
different optimum temperatures, which may not necessarily be those
regulating physiogenesis and morphogenesis associated with diapause
and its arrests Physiological evidence is therefore needed before

diapause can be definitely established,

Mechanisms controlling hatch

The process accelerated by 10°¢ (phase 1) is known to be
associated primarily with activation of the larma and denaturing
of the eggshells This may be purely a long maturation period of
variable duration amongst individuals, probably beginning immediately

after the first moult in the ogg. Subsequent development thereon
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probably proceeds towards the formation and secretion of enzymes
which may soften or denature the lipoid layer of the eggshell.

This could render the eggshell more permeable, thus allowing the
passage of water which might be required for the second phase of
hatching involving larval motility and eclosion from the egg.

The inactivation or release of inhibitors from within the larva,
leading to its activation ig an alternative hypothesis, although
appearing less likely, needs examination., The active life of
larvae, whether hatched naturally or transformed from a dormant
to an active state outside the egg, showed little variation.

This suggested that there was a threshold level of food reserves
above which hatehing could not ensue, i.e. eggs taking longest to
hatch would have the greatest amount of food reserves. The
electron microscope, solutions of different osmotic pressure and
histochemistry might all be useful in substantiating the hypothesis

for hatching,

The failure of eggs to hatch spontaneously once they
became fully differentiated appeared to be obligatory and hence
probably genetically controlled, because the same order of variation
in hatching time was found for eggs produced under controlled
conditione as for those collected from the fielde That time of
hatching is controlled genetically might be demonstrated by
selecting over a number of generatione, only those larvae which

hatch first; this might produce a population that becomes
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increasingly hatchable, Further information is required, however,
on the effect of different environmental conditions on the mother
before commencement of egg laying, and on the developing eggs in

order to zstablish whether subsequent hatching can be modified,

Another type of dormancy {he "plateau phase®) can be
induced in both free and encysted eggs in water and encysted
egegs in soil, by conditions involving a rise in temperature. 1In
these eggs, nokiwation of the larva is delayed but whether this
is due to retardation of development or to a reversal of the
processes leading to hatching is not known. Results suggested
that this dormancy might vary in intensity in individuals depending
on the actual rise in temperature and the physiological stage of
development when exposed to the temperature increasess  Further
studies are required to establish this, particularly those concerned
with defining optimum conditions for breaking the dormancy. The
plateau phase was most easily induced in eggs which were well
advanced in their development, Detailed morphological comparisons
of larvae undergoing uninterrupted development with those which have
been induced into the plateau phase may reveal more precisely when
the most responsive stage to a rise in temperature occurs., The
influence of the plateau phase probably modified all hatching
responses to increasing temperatures and for this reason it is
doubtful whether an 80% hatch or greater could ever be obtained in

2 to 3 weeks after initially cooling cysts in soil dry enough to stop
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hatching, particularly if the plateau phase can be induced by
desiccations Fluctuating temperatures overcome the onset of the
plateau phase in water, and so the greatest subsequent hatch
obtainable in 2 to 3 weeks might be possible by applying optimum
fluctuating temperatures to cysts in soil at an optimum level of
moistures Hatching in some experiments was allowed to continue
for long periods (up to 2 years) in an attempt to achieve a complete
hatch, but this was never attaineds Induction of the plateau phase
was often responsible for a low final percentege hatch, but even at
constant temperatures there always remained up to about 25% of
unhatchable, viable eggs. It was not known whether these eggs
were in the plateau phase or inherently different, Presumably
these eggs with a low hatchability eventually respond to low
temperature in a similar way to other eggs. This might best be
substantiated by testing the hatching responses of encysted eggs

older than one year from the field.
survival

The induction of the plateau phase is a survival
mechanism, and in these experiments its controlling influence on
hatching in the field was demonstrated in spring when the cereal
crop was rapidly maturing. Diurnal fluctuation of temperature
might be involved but rising soil temperatures in spring are
probably mainly responsible for its onset, Drying soil conditions

may be another factor involved with its onset and possibly its arrest,
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and this aspect needs further examination. Because the plateau
phase is environmentally controlled its extent must vary greatly
from year to year by restricting field hatching to a greater or
lesser extent thus allowing more or less individuals to carry
over from one year to the next. Apart from this important
mechanism, other reasons why H,avenae is very well adapted to
survive in our cereal regions, and therefore, why it is probably

the most important single disease of cereals in South Australia, are:=-

(1) The soils are largely lighter textured and are thus
suitable for the nematode's activity,

(2) The life~cycle of the nematode is related to maturity

of the host. Thus, as there is a wide distribution of
naturally occurring, early-maturing grass hosts, in very short
growing seasons (drought years), or in situations where there
is a wide cropping rotation, some reproduction of the nematode
1s assurred each yeara

(3) Even under our hot, dry soil conditions over summer, there
is negligible loss of viability of new-season's encysted eggs,
because during this time the majority of eggs are in phase 1
in which they are thought to be more resistant to dasiceation
than eggs in phase 2.

(4) Losses of infective larvae through hatching from new-
season’s cysts in summer in the absence of a host, are

negligible because at that time most eggs are still undergoing
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their first phase of development and are not hatchable,

Application of results to possible means of control

Phase 1 development was slowest during the hot summer
but was most rapid when soil temperatures during late autumn and
throughout winter dropped to about 10°C.  This occurred even when
the s0il was at the wilting point for plants which inhibited phase
2 (eclosion), Thus hatching responges to temperature and
equivalent osmotic potentials were similar to those obtained in
ths laboratory. Ralte of phase 1 development was not influenced
by any inherent seasonal rhythm and so was under environmental
control particularly temperature. If it could be substantiated
that the mean hatching time, i.e. the time taken for 50% of the
population to complete phase 1 and phase 2 is about the same for
each new generation it might be possible to predict each year
from meteoroclogical data the extent of completed development, and
thus when a substantial hatch might be expected to occur in the
field. However, further information on the rate of phase 1
development under field conditions and particularly the influence
of s0il suction would also be required, A more direct but
laborious method would be to sample cysts at intervals from late
sunmer onward from various centres each ysar, and so determine the
extent of completed development from hatching tests. ith
knowledge of the infective life of larvae in soil it might then be

possible to advise farmers on the best time to sow to avoid severe



150
attack, and more objective use of trap crops might also be
possible. Such information could also be useful for the better
timing of applications of suitable nematicides which might
eventually be developeds Ploughing between July and August in
preparation for the next season's cereal crop would prevent the
development of a new generation thereby reducing the size of the
population, but results in this thesis suggest that under certain
conditions, a carry over of a substantial proportion of the previous
generation might be sufficient to cause serious damage to the

subsequent host crop.
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