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SUMMARY

1, The development of Irichostrongylus retortseformis in rabbits

was gtudied, Third-stage larvae of this species do not start to grow
in length until they have been in the host for at least 24 hours, The
third moult ooccurs about 60 hours after ingestion and the fourth moult
about 70 hours later, Both these moults are preceded by a lethargus,
during which growth ceases; they are followed immediately by & period
of rapid growth,

2 There were no apparent morphological changes in larvae during
the first 24 hours in the host, After this, renette cells developed
and the number of muclei in the intestine increased, No cell division
was apparent in the genital primordium, but the germinal and epithelial
cells were rearranged,

Se Fourth-stage larvae grow congiderably, Cells in the genital
primordium divide and differentiate and, when the final moult occurs,
the regions of the adult reproductive system are recognisable,

4, Larvae at different stages of development were incubated with
Berum conjugated with a fluorochrome, It was expected that larvae
would ingest the conjugated serum if they had been feeding in the host,.
The results indicate that third-stage larvee start to feed after they
have been in the host for about 14 hours, but do not feed during the
lethargus when the mouthparts of the fourthegtage larvae are being
formedy similarly, fourthestage lgrvae feed continuously until they

enter the lethargus before the final moult,
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S5a The osmotic pressure of fluid from the stomach, duodenum
and remaining small intestine (jejunum and ileum) of rabbits was
measured, The rabbits were not fasted, The total osmotic pressure
in all three regioms was about 300 milliosmols. The osmotic pressure
due to electrolytes was approximately 230 milliosmols in the duodenum
and small intestine,
B The concentrations of sodium and potassium in the duodenum
and the remainder of the small intestine did not differ significantly,
The concentrations of these ions in the stomach was significantly
lower, fluid from the stomach contained 26,2 + 11,0 mmol/1 of sodium
and 18,2 + 7.2 mmol/1 of potassium whereas fluid from the duodenum
contained 88,8 + 15,7 mmol/1 of sodium and 32.5 + 6.4 mmol/1 of
potassium,
e The process of exsheathment of infective larvae was studied.
It seems that the hoet provides a stimulus for exsheathment and the
larvae release the substance which attacke the sheath, Larvae were
stimulated to exsheath in vitro if they were incubated at 37-40°C in
a medium which contained concentrations of dissolved gaseous carbon _
dioxide or undissociated carbonic acid greater than 6 x IO'SM at pH 5
or less, Although high concentrations of undissociated cerbonic acid
were necessary to stimulate larvae, they inhibited the actual casting
of the sheath, A similar stimulus probably induces exsheathment in

the stomach of rabbits,
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I, INTRODUCTION

1,1 Thg scope of the study

Irichostrongylus retortaeformis is a parasite of the alimen~
tary canal of rabbits, The development and ecology of free-living
stages in its life cycle have been studied, but virtually nothing is
known about the parasitic stages, This is perhaps surprising,
for its host can be kept easily in a laboratory and, although

Trichostrongylus retortaeformig itself is not of economic importance,

it is closely related to species which are parasites of sheep and
cattle,

The life cycle of nematodes has six stages : the egg, four
larval stages and the adult, A moult terminates the development of

each larval stage, Trichosgstrongylus retortaeformis infects the host

as a third-stage larva, As in other trichostrongyles, the second
moult is incomplete; a new cuticle forms and the old cuticle parts from
it, but is not cast until after the larva has been ingested by the host,
The outer cuticle is termed the sheath and growth, feeding and develop-
ment are suspended in the ensheathed larva,

Infective larvae of several trichostrongles are stimulated
to exsheath by the environment in the gut of their host (Rogers, 1960;

Rogers and Sommerville, 1960). The process of exsheathment in

Irichogtrongylus retortaeformis was studied to find out whether it wae

induced similarly by comditions in the gut of rabbits,
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I could find no literature on the development of

Prichostrongylus retortapformias in the host and studied this for

three reasonss firstly to find out when the third and fourth moults
occur; secondly, to look for indications that the stimulus which in-
duces exsheathment also stimulates the resumption of development, and
thirdly, to find morphologicel changes which take place within a few
hours so that, in future experiments in vitro, the influence of a
particular treatment could be assessed by its influence on development,
The influence of components of the environment on parasites is usually
assessed by measuring the time the parasites survive in different
media, This method has obvious limitations: the parasites usually
purvive for at least 2 days and the medium they are in probably alters
considerably within this timej; some substances may be removed from it
by the parasites and others, which they excrete or which result from
autolysis, may accumulate, Consequently a number of factors may

cause the death of the parasites, Hobson (1948) has reviewed the
literature on survival of parasitic mematodes in artificial media., It
would be preferable to assess the influence of the environment on para-
sitic larvae more quickly by observing its influence on the rate of
development,

The environment of a gut parasite is complex and many of its
featurcs may dotermine whether it is favourable for a parasite. Read
(1950) has reviewed the available information on aspects of the
vhysiology of the vertebrate small intestine which may be important

for parasites.
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. The activity of the environment which stimulates exsheathment
of several trichostrongyles depends on its physico-chemical properties.
These properties of the environment may also influence other stages in
development of nematodes; for example, the development in vitro of

parasitic stages of Haemonchus contortug and Trichinella gpiralis

is influenced by the temperature, hydrogen ion concentration and partial
pressure of carbon dioxide in the gas phase of the medium (Sommerville,
1964, 19663 Berntzen, 1965).,

To obtain information about physico=-chemical characteristics

of the environment of Trichostrongylus retortaeformis, the osmotic

pregsure of gut contents of rabbits was measured, Read and Simmons
(1963) have pointed out that parasites may be permeable to some con~-
stituents of the medium which surrounds them, These substances would
contribute to the total osmotic pressure of the medium, but would not
exert an osmotic pressure across the body wall of the parasite,

TPrichogtrongylus retortaeformig is probably more permeable to ions of

electrolytes than to substances of high molecular weighty an atteupt
was therefore made to differentiate between osmotic preasure due to
electrolytes and that due to non-electrolytes.

The amount of sodium and potassium in the gut contents was
also measured. Sodiun is probably the anion present in the greatest
concentration in gut contents and there is evidence that potassium

stimulates the metabolic rate of Bustrongylides igmotus (von Drand, 1943),

is necessary for development of third-stage larvae of Haemonchus

contortus (Sommerville, personal communication) and aids the survival
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of Ascaris lumbriooides if the medium is gassed with a mixture contain-

ing 5% carbon dioxide and 95 nitrogen (Harpur, 1963).

1.2 Information from the literature which formed a basis for the study

No intermediate host is involved in the life cycle of

Trichostrongylus retortaeformiss eggs pass to the ground in the faeces

of the host where they hatch and develop to the infective stage.

The influence of climate on the hatching of Trichostrongius

retortacformis has been studied by Crofton (1948b), Prasad (1959) and

Gupta (1961), The rate of hatching is influenced by temperature,
Lggs hatch at temperatures between 500 and BOOC; higher temperatures
are lethal, TIncrease in temperature decrcases the time taken for eggs
to hatch and at optimum temperatures between 2500 and BOOC, eggs hatch
within a day. Crofton found that eggs passed by the host in avntumn
do not hatch during winter but can survive and hatch in springj those
nassed during very cold periods die,

Tegs are resistant to desiccation but unless they are in a
moigt environment few hatch,

Wilson (1958) studied the procese of hatching of Tricho-

strongylus retortacformig. He found that immediately before hatching

the permeability of an egg to water increases, He inferred that the
fluid in the egg contains an emulsifying agent which attacks the inner
1lipid membranes of the egg shell when the larva moves actively and
agitates the fluid, {nen the lipid membrane ccases to be impermeable
to water, the difference in osmotic pressure between the external medium

and the larval fluids causes the larva to take up water and exert pressure
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on the outer, protein layer of the egg shell, ‘filson thought thatv tho
outer layer was also weakened chemically but did not suggest how this
was accomplished.

In solutions of electrolytes, egzs remained impermeable to
water and hatching was delayed., Wilson concluded that ions delay the
breakdown of the lipid membrane and pointed out that this would increase
the chance of survival of emerging larvae, Larvae will be more resis~
tant to desiccation when they are surrounded by the impermeable 1ipid
membrane of the egg shell, If faeces containing eggs lose water, the
concentration of any electrolytes prcsent in the faecal fluid will in-
crease and inhibit hatching, ‘Jhen the faeces are moistened by rain
or dew, the concentration of ions in the faecal fluids will decrease
and eggs will hatch in conditions which favour the survival of emerging
larvae.

Wilson sugrested that in the absence of ions the rate of hatehs
ing is controlled by the rate at which the outer, protein layer of the
shell is weakened,

The rate at which infective larvae develop increases with
temperature up to SOOC. At optimum temperatures between 20°C and SOOCQ
larvae undergo the first moult 23-41 hours after they emerge from the
egg (Gupta, 1961) and are ensheathed, infective larvae after B4 days
(Prasad, 1959, Cupta, 1961),

Infective stage larvae are resistant to desiccation and when
the relative humidity is less than 66:%, they may survive for up to 7

weeks. This is not true of younger larvae (Crofton, 1948bs Prasad,1959).
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Infective larvae will be ingested by a host only if they are

on herbage. Crofton (1954) has shown that larvae of Trichostrongylus

retortaeformis move randomly in vertical and horizontal planes and their

distribution on herbage is influenced by humidity, temperature and
light intensity (Crofton, 1948a), Larvae tend to congregate in areas
near the base of blades of grass, where climatic change is least.

Bull (1964) found this parasite in all the populations of
rabbits he examined in New Zealand, even those from small islands.
Between 72 and 98% of full grown rabbits were infected. Similarly,
Vykytowycz (1956) found it in 79% of the rabbits he examined from 29
localities in Australia which had a moderate rainfall, It was not
present, or present only in small numbers, in rabbits from semi-arid
or subtropical regions in Australia, Probably the enviromment in
these regions was unfavourable for the development of infective larvae
(Dunsmore, 1966).

A smaller percentage of the rabbits examined by Evans (1940)
in Tales were infected. These rabbits were also infected with a tape~-
worm of the genus Clittotaenia which does mot occur in Australia or New
Zesland. Bull (1964) has suggested that rabbits which are infected with

Clittotaenia may be less susceptible to Trichostrongylvs retortaeformis.

There is some evidence that female rabbits are very susceptible to

infection with Trichostrongylus retortaeformis during the breeding

season but that during the rest of the year they are less susceptible

than male rabbits (Bull, 1964; Dunsmore, 1966).
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Michel (1952a, 1952b, 1953) described three mechanisms which
limit the size of an infection in a rabbit,
i, Self cure: this is the sudden elimination from the host of all
adult worms, Sometimes this is evoked if an uninfected rabbit is
given a single, large does of infective larvae. It also occurs when
a rabbit with a light infection is given a large number of infective
larvae, The duration of the infection bears an inverse relationship
to the number of worms in the rabbit; adults may be expelled after a
few weeks or they may remain in the duodenum for several months,
ii, Inhibition of larval development: when a large number of infective
larvae are given to an infected rabbit, many larvae burrow into the
intestinal mucosa and remain dormant, They resume development when the
resistance of the hogst declines, These dormant larvae are not affected
by the self-cure mechanism,
ijii, Protection: if rabbite are repeatedly infected, they become
resigtant and infective larvae which are ingested are unable to establish
themselves in the intestine.

Although the principal hosts of Trichostrongylus retortaeformis

are rabbits and hares (Oryctolagus cuniculus, Lepus europaeus and Lepus

timidus), it has also been found in rodente of the genera Sciurus,
(01dham, 1961) Viscaccia and Galea (Skrjabin, Shikhobalova and Schulz,
1954), There are reports that it has been found in sheep, cattle and

goats, but the parasite observed was probably Trichostrongylus

cohibriformis (Skrjabin, Shikhobalova and Schulz, 1954),.
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Although the development of Trichostrongylus gptortaeformis

in the host has not been studied, that of several other species of the
Trichostrongylidae has been described (Theiler and Robertson, 19153
Veglia, 1915, 19243 MBnnig 19263 Alicata, 19353 Andrews, 19393
Sommerville, 1960; Haley, 1962), Development in all species gtudied
seems to follow the same pattern. Vhen infective larvae are ingested
by the host, the sheath is cast, but no obvious changes occur in their
morphology during the first 24 hours in the host, After this, larvae
grow and the number of nuclel in the intestine increases. Two very
large cells, the renette cells, start to develop and lengthen so that
they lie ventral to the anterior half of the intestine, These cells
have been called ventral or cervical glands, but the term "renette cell"
is preferable as their function is unknown. Little, if any, cell
division occurs in the genital primordium of third-gtage larvae, but its

cells are rearranged, hird-stage larvae of Haemonchus gontortus are

exceptional for they do not grow and the number of nuclei in the
intestine does not increase (Veglia, 1915).

Fourth-stage larvee grow congiderably. lany cells in the
genital primordium divide and differentiate so that immediately before
the final moult the reproductive system has its adult form.

Larvae stop growing and are quiescent for a few hours before
both the third and fourth moults. This period of inactivity is termed

a lethargus,
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It seems that the enviromment in the dvodenum is more favour-

able for Trichostrongylus retortaeformis than that in other regians of the

gut; . Bull (1953) found that 985 of the worms in a rabbit occurred in
this region, although some worms were found in the remainder of the .
small intestine and, occasionally, in the stomach, The enviromment in
the.stomach is probably also important for the parasite; Sommerville
(1957) found that infective larvae of all the trichostrongyles he
studied were stimulated to exsheath in the region of the alimentary
canal immediately anterior to that which the adults inhabit, This

suggests that Trichostrongylus retortaeformis may be stimulated to ex=~

gheath in the stomach of rabbits., Contents of the stomach and ducdenum
were therefore collected separately and examined, The contents of the
remainder of the small intestine were also examined to see if they
differed markedly from those of the duodenun,

Some information about the physicc-chemical characteristics
of the stomach and small intestine of rabbits has been published. The
hydrogen ion concentration of fluid from these regions has heen measured
(Redman, Willimott and 'okes, 19273 Beauville and Raynaud, 1963
Griffiths and Davies, 1963) and Campbell (1933) has measured the
tensions of oxygen and carbon diocide in the mucosa. The body tempera-
ture of rabbits has also been recorded (Ranitz, 1925).

The process of exsheathment has heen studied in a number of
trichostrongyles which inhabit the gut, The earlicet work was mainly
descriptive and larvae were exsheathed in a variety of unphysiological

media (Lepage, 1935a, 1935b; Looss, 1911), Attempts to exsheath larvae



10,

in natural or artificial digestive juices were not very succegaful
(Goodey, 1022; Lapage, 1935c), Crofton (1947) induced infective
larvae of Trichostrongylus retortaeformis to exsheath in solutions con-
taining hydrochloric acid and pepsin but, although 90% of the larvae
exsheathed, the process took 24-60 hovrss it seems unlikely that the
process is as slow as this in the host,

Recently, more has been lecarnt about the physiology of
exsheathment, T4 seems that the host stimulates larvae to secrete a
substance which attacks the sheath, Infective larvae of several species
exsheath if they are incubated in fluid from the gut of the host
(Poynter, 1954; Sommerville, 1954, 19573 Whitlock, Taylor and Conway,
1959). Larvae exsheath even if they are enclosed in a dialysis Bac
when they are incubated in the fluid, This indicates that the host
does not induce exsheathment by providing an enzyme, or other substance
of high molecular weight, which acts directly on the sheaths it seems
rather that the physico-chemical conditions in the gut act as a stimulus
for exsheathment, Studies of exsheathment in vitro indicate that the
main components of the stimulus are carbon dioxide or its derivatives,
the oxidation-reduction potential, hydrogen ions, temperature and salts
(Rogers, 1960; Rogers and Sommerville, 19603 Taylor and Whitlock,

1960)., It was thought that Trichostrongylus retortaeformig would re-

spond similarly to a stimulus from the host and the nature of the stimulus
was investigated.

Parasitologists usually refer to immature nematodes which have
not undergone the final moult as larvae, I have used this term al-
though,; as Hyman (1951) points out, it is erroneous, for the juveniles

do not differ markedly from adults in morphology.
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IT MATERIALS AND METHODS

2.1 ©Source of infective larvae

Throughout this investigation rabbits were infected with

Trichostrongylus retortaeformis so that three or four with patent

infections were always available, The rabbits were bred in the animal
houge and were infected when they were 8-12 weeks o0ld, They were given
approximately 2,500 larvae in 0.5 ml distilled water orally, These
were administered by means of a hypodermic syringe fitted with an inch
long, 18 gauge needle enclosed in polythene tubing. The tubing was

1 mm in diameter and projected for about 1 cm beyond the tip of the
needle,

Two weeks after the rabbits had been infected, samples of
their faeces were exauined for eggs using the method of Gordon and
Whitlock (1939)., TFor the following two weeks, faeces were collected
daily from the rabbits with patent infections and ground up with a
pestle and mortar. They were moistened with distilled water and then
incubated in glass Jars at 95° in a constant temperature room, lit by
artificial light for approximately 8 hours each day. After about a
week, infective larvae migrated up the walls of the jars and were washed
of f with distilled water twice a week, Thu.e method was based on that
of Whitlock (1942). Tigure 2,1 shows a typical culture, If great
numbers of larvae were reguired on a particular day, they were recovered
from cultures by the technique of Roberts and O'Sullivan (1950). The

jars were filled with distilled water and inverted in petri dishes con-
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Figure 2,I A typical oulture of Trichostrongylus retortaeformiss

infective larvae have migrated up the walls of the

Jar.

Soale represents 5 om.
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taining distilled water. Overnight the larvae migrated into the
petri dishes,

Infective larvae were washed with distilled water and con-
centrated to approximately 5,000 per ml, They were gtored at 5% in
McCartney bottles, The bottles were never filled completely; mor were
their caps screwed on tightly. Larvae were discarded after they had
been stored for two months and usually those used for experiments, or

to infect rabbits, had been collected during the previous week,

2.2 Recovery of parasitic larvae and adults

Various methods were tried in attempts to recover the maximum
mumber of larvae from the duodenum with the minimum associated debris,
The method described by Silverman, Poynter and Podger (1962) was useful
for recovering larvae that had been in a rabbit for 5 days or more,; but
frequently yielded very few younger larvae, Iiucinase obtained from

cultures of Vibrio cholerae was used to breal down the mucus surrounding

larvae, but unforivnately it also damaged larvae. Similarly, acid
solutions containing pepsin appeared unfavourable for the larvae.
Tinally a satisfactory method was deviged using a Vibro-mixer model ET
(Chemap AG., Mgnnedorf ~ Zurich, Switzerland). Thig shook the larvae
out of the mucosa, The duodenum was removed from the rabbit and
evaginated on a rod 25 cm long and 7 mm in diameter, It was tied to
the rod at eaoh'end and the exposed mucoga was briefly washed with 0.%%
godium chloride. The rod was then attached to the Vibro-mixer and
vibrated at maximum speed in a vertical plane, During vibration, the

rod was positioned inside a glass tube filled with Tyrode's solution at
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40°¢ (see Figure 2,2), Vibration was continued until the mucosa began
to slough off, This took about 10 minutes, By this time, the saline
in the tube contained many larvae but little debris. A sieve 2 inches
in diameter and with 100 meshes per square inch was placed on top of
another with 200 meshes per square inch and the saline was poured through.
The larvae werce retained by the sieves but most of the debris was small
cnough to pass through, Larvae which were washed off the sieves did
not seem to have been adversely affected by the treatment, Not all of
the larvae or adults in the duodenum were recovered by this method, but
it yielded enough clean larvae for most investigations, One advantage
of the method was that it took little time, the whole process taking

less than 30 minutes,.

2.3 Histological techniques

The nematodes were fixed by heat, glacial acetic acid or
acetic alcohol (1 part of glacial acetic acid and 3 parts 705> alcohol).
Aceto-carmine or aceto-orcein was used to stain specimens for examina-
tion of the reproductive system. These stains acted erratically, taking
much longer to stain some specimens than others, However, good prepara-
tions were obtained in which the nuclei were stained but not the
cytoplasm, Third-stage larvae generally became stained only slowlys
they were left in stain for at least 24 hours whereas fourth-stage larvae
or adults were stained within an hour, A 10% solution of acetic acid

was used to remove stain from the cytoplasm when necessary.
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Figure 2.2 The apparatus which was used to Tecover parasitic larvae

and adults. The duodenum of a rabbit is evaginated on

+he rod attached to the Vibro~-mixer,
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2¢4 leasuring
An ocular micrometer was calibrated and used to measure the para-
gites. The specimens. were killed by heat as this usually made them

gtraighten out,

26D Drawing.

Drawings were made of larvae whioh had been stained with either
aceto-carmine or aceto-orcein. A Wild projecting mirror was uged in con~
junction with a monocular Wild M20 microscope to project an image of the
specimen and this was traced. The magnification of images traced was
either 560 or 900 diameteif.

2.6 Photomicrography

Photomicrographs were taken with a Wild camera and M20 micro-
scope, Tiford films and developers were used. Moet photomicrographs
were taken on Pan F or Micro-neg Pan 35 mm film, but some were taken on
FP3 size 120, Filme were developed in ID2 or Hyfin.

Fluorescence photomicrographs were taken with a Leitz Orthomat
camera attached to an Ortholux microscope. Kodak High speed Ektachrome
film was used and processed by a commercial firm,

2.7 Physiological salines

Larvee and adults recovered from rabbits were usually incubated

in Tyrode's physiological saline., This contained per litre:

N.C1 8.0 g
KC1 0.2 gn
CaC].z 002 gn

MgCl2 0.2 gm
Na:HCO5 1,0 gn
NaH2P04 0,04 gm
glucose 1,0 gm

water 1000 gm



17.

If larvae were incubated in saline overnight, saline containing 1,000
units of streptomycin and penicillin per ml was used,
The modified Krebs' bicarbonate Ringer used to dilute serum

conjugated with a fluorochrome contained
183,0 ml 4.5/ NaCl
7e3 ml 5,75% KC1

5¢5 ml 6e1% CaCl,
1,8 ml 19,1% 1igS0 2=TH:0

92,7 ml 0,05M NaHCO
709,7 ml  water

3

Glass clectrodes were used to check the pH of solutions and their ogmotic
pressure was measured with a Fiske model H osmometer, The osmometer
neasured freezing points with an accuracy of + 0,001% by means of a
thermistor, It was calibrated with solutions of sodium chloride to

give readings in milliogmols,

268 Preparation of gas mixtures

Gas mixtures containing 5, 10 or 40% (vol/vol) carbon dioxide
in nitrogen were obtained commercially., These had & tolerance of up to
+ 0,055, Other mixtures were made up in the laboratory by displacing
water in a graduated flask with carbon dioxide, nitrogen or oxygen.

The apparatus used is shown in Figure 2.3.

When calculating the total concentration of carbon dioxide in
solution, it was assumed that carbonic acid ig undissociated in solutions
with a pl of 4 or below (Davis, 1961). The solubility of carbon dioxide
in solutions of hydrochloric acid was taken from graphs of Van Slyke,
Sendroy and Hastings (1928)s The concentration of dissolved gaseous
carbon dioxide and undissociated carbonic acid in bicarbonate~carbon

dioxide buffers was calculated from the formula
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—

l’nzcos 1+5 (14 BY - Top, 0+
_ _ thJl k Eﬂ Ky (Rogers, 1960)

where HZCOS = the molar concentration of undissociated carbonic acid

plus dissolved carbon dioxides
Kh = Henry's law constantj

P002 = the partial pressure of carbon dioxide in the gas phase
in mm, of mercury,
and K1 and K2 are the first and second dissociation congtants respectively,
The effect of ionic strength on the dissociation constants was neglected,

The value of rK at 3790 was taken as 6,317 (Shedlovsky and McInnes, 1935) .

2,9 TFluorescence microscopy

Rhodamine B isothyocyanate, obtained from G.Te Gurr Ltde,
London, BEngland, was conjugated with sheep serunm by a method similar to
$hat described by Nairn (1964), One volume of serum was mixed with 2
volumes of 0.5 carbonate-bicarbonate buffer, pH 9.0. Rhodamine B
ipothiocyanate was stirred into this and gtirring wag continued in a
cold roecd for 20 hours, The amount of fluorochrome added was 3 mg for
egch ml of serum, The conjugate was purified by gel filtration using
a Sephadex C-25 column, Specimens which had been treated with the
fluorochrome conjugated serum were examined most easily using a Leitz
Ortholux microscope fitted with an HBO, 200 watt mercury vapour lamp,
but satisfactory observations were algo made with a Wild M20 microscope
and mercury vapour lamp set up as described by Gray (1953)« The
rthodamine B emitted orange~yellow fluorescence when stimulated with

ultra=violet-blue light,
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2,10 Ansesthegia and surgery

Rabbits were ansesthetised with Nembutal (pentobarbitone
godium), 'The solution, which contained 60 mg per ml., was injected into
the marginal ear veins, The dose given was approximately 1 ml per kg of
body weight, but the response of irdividual rabbits varied greatly and
Wembutal was injected until either the pedal or eye reflex disappeareds
if the anaesthetic were injected until both reflexes disappeared, the
rabbit was liable to die (Croft, 1960), Anaesthesiz wae maintained by
injecting further doses of Nembutal through the ear veins, Occasionally,
during an acute operation lasting for 3~4 hours, the ear veins collapsed
and Nembutal was then injected into a camulated jugular vein,

Incisions in the peritoneum and musculature were closed with
pimple continuous sutures of chromic catgut, size 00, those in the wall
of the alimentary canal with a Lembert suture of size 0000, Initially
a continuous suture of sterile cotton was used to close skin incisions,
but the rabbits frequently removed this by geratching or biting, in
interrupted mattress suture was then used and this did not seem to
cauge irritation,

The operating table incorporated a thin gteel platz, which
was warned by a 75 watt light bulb mounted underneath it, Rabbits
were kept in a warm room until they vegained consciousness, They were
given intramuscular injections of 300,000 units of procaine penicillin
daily for three days and the wound was treated with Neosporin ointment

(Burroughs tellcome & Co.Ltd., Sydney) twice each day until it healed.,
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IIT THD DEVEIOPVENT OF PARASITIC LARVAZ IN THE HOST

3,1 Dxsheathment and moulting

The morphological changes that take place during exsheathment

of Trichostrongylus retortaeformis infective larvae are similar to those

deascribed in other species (Veglia, 19153 Lapage, 1935a3 Rogers and
Sommerville, 1960). The larvae lie loosely inside the sheath,
Frequently the excretory and ansl apertures of the sheath lie dorsal
to those of the larva (Figure 3.54, page 29 ), Vhen the larvae are
stimulated by conditions in the stomach of the host or in vitro, a
nrefractile ring" (Lapage 1935a) appears in the cuticle approximately
20 p from the anterior end. The appearance of the larvae at this
stage is shown in Figure 3,1A. The outermost layer of the cuticle
ig swollen in the region of the ring and the innermost layer becomes
thinner and eventually bresks, Finally the outer layer also breaks
and & cap of outicle is detached (Figure 3,2), While the sheath is
breaking down, the larva moves its head continually and probably
exerts some pressure on the sheath which helps to break it at the
refractile ring. As soon as the cap is cast, the larva starts to
emerge from the rest of the sheath, Frequently a second refractile
ring appears in the cuticle about 63 p from the anterior end and the
gheath between the two rings becomes distended (Figure 5.,1B) or the
whole anterior end of the sheath, including the cap, is swollen
(Figure 3,1C), The sheath, however, invariably breaks at the anterior

refractile ring.



Figure 3,1 The formation of the refractile ring,

A, Typical refractile ring.

B & C. Larvae in which two refractile rings have

formed and the cuticle between these is

gwollen,
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Pigure 3.2 The fracture of the sheath of infective larvase

A, Cuticle starting to break at the refractile ring

B Larvee starting to emerge from the sheath,
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The third moult takes place differently. Instead of the
cuticle splitting in a ring, a longitudinal split developns at the
anterior end and the larva emerges thrqugh this, as described by
Veglia (1915) and Lapage (19353) in other species of the Trichostrongy«=
lidae. Before the moult, a second cuticle forms and a space appears
between the two cuticles in the head and tail regions, By retracting
jts head and moving it from side to side, the larva gheds the lining of
the oesophagus and amphidial sacse Regular contractions also occur
in the region of the rectum which free its old lining, Finally the
third-stage cuticle splits, This moult occurs about 60 hours after
the larva has been ingested by the host,

The final moult occure after the larva has been in the host
for about 5%-days. It is preceded by similar changes to those which
occur before the third moult, but the split which appears in the cuticle
is circular. As in exsheathment, a cap of cuticle is cast (Figure 3,10C
page 35 e The adult emerges slowly from the fourth-stage cuticle, and
is probably not completely free of it until a few hours after the cap

has been cast,

3eR Change in the length of larvae

Table 3.1 gives the mean length and its standard deviation of
larvee at different times after they had been ingested, Then larvae
that had been in the host for less than 96 hours were measured, a random
sample was taken and the sex of individuals was ignored, However, once
larvee had been in a rebbit for more than 96 hours, fennles were

appreciably longer than males and the mean length of both males and
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Table 3,1 The length of Trichostrongylus retortaeformis

at different times after infection

Wo. of hours after Stage of larvae Mean length of larvae
ingestion (tam)

0 3rd 0,63 + 0,02

(exsheathed) . ’
24 3rd 0.65 + 0,05
48 3rd 0.82 + 0,08
54 zrd 0.85 + 0,15
63 Brd 0,91 + 0,06
63 4th 1,48 + 0,22
72 3rd 0,88 + 0,13
72 4th 1,78 + 0,18
84 4th 2,03 + 0,26
96 4th 2,50 + 0,21
96 4th Q 2,70 + 0,33
120 4th 2,68 + 0,32
120 4th Q 2,79 + 0,26
132 4th &7 2,70 + 0,33
132 4th Q 3,28 + 0.42
144 adult G 4,43 + 0,36
144 adult 9 5¢24 + 0,54
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FPigure 3.3 The mean length of Trichostrongylus retortaeformis
at different times after ingestion
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females was determined, Figure 3,3 shows the growth curve of larvae
in the host,

Tt gseems that larvae grow very little, if at all, for a few
nours before the third and fourth moults, but immediately after the
moults they increase emormously in length, fourth-stage larvae from
a rabbit killed 63 hours after it was infected were almost twice as
long as third-stage larvae from the same rabbit and recently moulted
adults were almost twice as long as fourth-gtage larvee about to moults,
Fxsheathment, which completes the second moult, differs from the later
moults for it is not followed quickly by a period of growth; larvae
begin to increase in length only after they have been in a rabbit for
at least 24 hours and have almost certainly been free of their sheath
for at least 20 hours, However third-stage larvae that are about to
moult are approximately 0.3 mm longer than they were immediately after

they exsheathed,

3,3 Changes in the shape of larvae

Figure 3.4 shows the structure of third-stage larvae.

Throughout development the shape of the parasite does not
change markedlys after the third moult, the excretory pore ig easgier
to detect as it lies in a depression in the cuticle and after the final
moult the head is more rounded and the cuticle behind the buccal capsule
may be inflated, The most noticeable changes are, however, those which
oceur in the tail region, These enable the different stages to be

casily distinguished, Tigure 3,54 ghowe the tail of a sheathed larva.



Figure 3.4 Third-stage 1arvee of Trichostrongylus

retortaeformis

A, Immediately after exsheathment,

B. linle after 48 hours in a rabbit,

o = coelomooytej @.Pe = excretory porej ZePe = genital
primordivms h = hypodermis;  n.Ty = NEIrve ringy
r.Ce = renette celly TeCells = renette cell nucleusy

VeNeN. = ventral nerve nucleus,
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THIRD STAGE LARVAE OF
El}& o TRICHOSTRONGYLUS RETORTAEFORMIS
\ _-n.r.
!'; j‘; A immediately after exsheathment
o.p B
\“-n “.:‘.3‘\ B male after 48 hours in a rabbit
)




Pigure 3,5 The posterior end of third-stage larvae,

A, Sheathed larva, lateral view,
B and D IDxsheathed larva, lateral view.

C and T Txsheathed larva, ventral view,

Scale represents 20 p

a = anugs} a.s. = anal aperture of gheath,
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Figure 3,6

A,
B,
Ce

D,

The posterior end of third and fourth-

gtage larvae.

Third-stage male, 48 hours after ingestion,
Third-stage female, 60 hours after ingestion,
Tourth-stage male, 66 hours after ingestion,

Fourth-stage female, 66 hours after ingestion,
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Figure 3,7 The posterior end of females,

136 hourg after ingestion,

A and B, Tourth-stage larvae

Ce Adult
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Figure 3,8 TFormation of the b'rsa and spicules
A, B and C, Development in fourth~stage larvae,

5-5% days after ingestion.

D, Young adult, 6 days after ingestion,

Scale represents 50 microns,
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The sheath continues beyond the end of the third-gtage larva and is

Yery pointed:s The tail of the third-stage larva ends in a small
spherical process (Figure 3.5B-E) which is lost at the third moult
(Figure 3.6) It ie also possible to distinguish between the sexes
before the third moult by the shape of the tail, that of males becoming
swollen ventrally as spicules start to form (Figures 3,6A and B). After
the third moult the tail of females changes 1ittle in structure (Figure
5.7). When male larvae have been in the host for 5 days bursal rays
atart to form and before the final moult the bursa is as it appears in
adults, The fourth-stage cuticle projects beyond it as a short spike

(Figure 3.8).

3.4 TDevelopment in the alimentary canal

(1) Buccal cavity and mouthparts

The buccal cavity of third-stage larvae is not well developed and
ig distinguished from the remainder of the oesophagus (more correctly
termed the pharynx) only by the cheilorhabdions and protorhabdions which
gimulate stylets (Figure 3,94), An obvious, though relatively un-
specialised, buccal cavity first appears immediately before the final
moult,

As larvae approach the third moult, vacusles appeear in the head
region (Figure 3,98 and C), These enlarge and fuse and the mouth parts
of the fourth-stage larva form, Fourth-stage larvae are characterised
by two papillae, one dorsal and one ventral to the mouth, Thege are
shed with the cuticle during the final moult and are not present in the

adult (Figures 3.9 and 3,10).



Figure 3.9

A,
B.
C.

D,

Anterior end of third and fourth-

gtage larvae.

Recently moulted third-stage
Third-gtage larva, 48 hours after ingestion
Third-stage larva, 60 hours after ingestion

TFourth-stage larva, 72 hours after ingestion
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TFigure 3,10 Anterior end of fourth-stage lervee and adult

A, Fourth-gtege larva, 123 hours after ingestion
B, Young adult
Ce Young adult casting cap of fourth-stage cuticle

Scale represents 10 y
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(ii) The_intestine

The intestine of infective larvae consists of eight dorsal

and eight ventral cells, as in other species of Trichogtrongylus
(Chitwood, 19503 Mgnnig, 1926), The intestine appears unchanged in
larvae which have been in a rabbit for 24 hours but after this the

rumber of nuclei increases, ihen larvae have been in a rabbit for 56
hours, there are about 40 nuclei, T was unable to count the number of
miclei in later stages or determine whether the intestine was a syncitium,

(iii) Movement in the alimentary canal

Pulgations were observed in the oesophagus of third=gtage larvae
that had been in a rabbit for 56 hours or longer but not in larvae which
had been in the host for 24 hours. The pulsations seemed to originate
in two regions, one immediately anterior and one posterior to the
excretory pore., The intestine also moved, propelling material in its
lumen, Very little movement was observed in the alimentary canal of
larvae which were about to moult.

(iv) Ingestion of food

It was predicted that, if larvae had been feeding in the host,
they would ingest the fluorochrome Rhodamine B isothiocyanate conjugated
alimentary tract. Larvae that had been in a rabbit for various times
were incubated at 39%: for 3 hours in Kreb's bicarbonate Ringex contain-
ing either 5 or 156 of the conjugated serum. They were then washed with
O.%% godium chloride and examined for fluorescence in ultraviolet=blue
light, Txsheathed third-stage larvae which had been stimulated in vitro

and mature adults were treated similarly and examined, Table 3,2

gummarises the results,
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Table 3.2 The ingestion of Rhodamine B_isothiocyanate

conjugated with sheep serum

No. of hours ; Stage of Concentration Dye present (+)
in the host E larvae of conjugated or absent (=)
| serum (%)
- 3rd 15 -
(exsheathed)
14 3rd 15 +
24 3xd 5 +
39 3rd 15 +
48 3rd 5 +
68 srd 15 -
68 4th 15 +
96 4th 15 +
140 4th 15 -
140 adult 15 +
8 days + mature 15 +

Larvae that had been in the host for 14 or 24 hours contained

small amounts of the fluorochromesj

it was present in the lumen of the

oegophagus but seldom in that of the intestine and the fluorescence

emitted was weak,

Dye was present in the lumen of both oesophagus and

integtine in larvae that had been in the host for more than 24 hours

except for those about to moult,

Presumably the reorganisation

occurring in the mouthparts prevented ingestion of the dyejy all the
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late third-stage larvae which did not contain the fluorochrome had
obvious vacuoles in the head, as shown in Tigure 3,9C,(page 34),
Similarly fourth-stage larvae which had formed the adult cuticle did
not contain any fluorochrome, Both fourth-stage larvae end adults
geemed to ingest the conjugated serum as soon as their head was free of
the old cuticle, Mature adults all contained some Rhodamine B, but
often it was not present throughout the alimentary canal or the
fluorescence emnitted was weak, This suggests that the worms ingested
the conjugated serum sporadically.

The intestinal cells of all_larvae ard adults examined
emitted strong green autofluorescence, This made it difficult to
determine with gertainty whether Rhodamine B had entered the cells,
but it seemed to be confined to the lumen of the alimentary tract,

Rhodamine B entered the excretory sinus and renette cells as
well as the alimentary canel of young adults. The smount which entered
these excretory organs varied, No fluorescence was emitted from the
lateral line canalse If the adults had moulted 2 or 3 hours before
they were incubated with the conjugated serum, the fluorescence emitted
from the excretory sinus and renette cells was often as bright as that
emitted from the alimentary canal (see Figure 3,11), Very little of
the fluorochrome entered the excretory sinus or renette cells during
any other stage of the life cycle, Occagsionally some entered these
structures in fourth-stage larvae or mature adults, but the fluorescence
emitted was very weak, even if the parasites were incubated in the con~

jugated serum for 12 hours.
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Figure 3,11 A young adult which was inoubated with Rhodamine B
isothioceysnate eonjugated with serum. The fluoroshrome
has entared the alimentary canal, remette cells and
exsretory sinus.

{ = intestine; r = renette eell;
s = exsretory sinus.
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Attempts were made to determine whethex the fluorochrome
entered the excretory sinus through the excretory pore or from the
intestine, Recently moulted adults were’incubated with the conjugated
gerum and examined at 15 minute intervals, The fluorochrome appeared
in the excretory system only after it had entered the anterior portion
of the intestine, This suggests that it might pass from this portion
of the alimentary tract, but there was no indication of how it did thisy
no fluorescence was emitted from the body cavity and no processes like
those which link the excretory system with the intestine in Panagrellus
redivivus (Smith, 1965) were seen,

Ligatures were tied round some adults before they were in~
cubated in the conjugated serum but, if these were tight enough to pre-
vent the Fluorochrome from getting past, they damaged the worms and all
of the region anterior to the ligature became diffusely stained,

Other adults were incubated in the fluorescent medium until
the fluorochrome had entered the intestine, They were then transferred
to 0.9 sodium chloride and exemined at intervals. It seemed as if
the intensity of the fluorescence emitted from the excretory system
increased while the parasites were in saline, but the increase was very
slight, liost of the Rhodamine B passed out of the intestine through
the anus,

It was thought that perhaps Rhodamine B passed into the renette
cells after it had been split from the serum in the intestine, Fourth=
stage larvae, recently moulted adults and mature adulte were incubated in
Kreb's bicarbonate Ringer containing Rhodamine B isothiocyanate not

conjugated with serum, The concentration of the fluorochrome wae
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approximately the same as that in the medium oontaining 15% of the con-
jugated serums The fluorochrome entered the alimentary tract of all
the specimens examined but entered the renette cells and excretory

gsinus only in recently moulted adults.

3¢5 The reproductive gystem

The genital primordium of exsheathed third-stege larvae lies
at the junction of the fourth and fifth ventral cells of the intestine,
It is made up of two germinal cells surrounded by about twelve
epithelial cells, Alicate (1935) noted thet the genital primordium at
a similar stage of development in Hyostrongylus rubidus was always
asgociated with a coelomocyte., This lay anterior to the genital
prinordium in male larvae, whereas in female larvae it wae latersl or
postexrior, A coelomocyte was noted in several larvae of

Trichostrongylus retortaeformis lying in the same position as that

described by Alicata for male larvaes o coelomocyte was seen lateral
or posterior to the genital primordium, Possibly when no coelomocyte
was seen associated with the genital primordium, the larva was a female
and the coelomocyte was in some other position where it was difficult
to detect,

(1) Development of the male genitalia

No apparent changes teke place in the genital primordium until
the larva hag been in the host for about 48 hours, After this the
primordium elongates slightly and the germinsl cells move anteriorly.

Following the third moult, the genital primordium enlarges rapidly and
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further differentiation occurs, The germinal cells which will form the
téstis become separated from the cells that form the gonoduct by three
cells that represent the future seminal vesicle. Then the larva begins
to shed its cuticle in the fimal moult, the gonoduct comnects with the
rectum and the regions of the adult reproductive system are clearly
differentiated, As mentioned previously, the bursa is fully formed and
the spicules are also developed, though not yet brown. These changes
are showm in TFigure 3,12,

(ii) Developuent of the female genitalia

The genital primordium of a female does not differ obviously
fron that of a male during the first 48 hours in the host. After this
it grows in length but, whereas in a male both germinal cells move
anteriorly, in a female only one moves anteriorly and the other moves
posteriorly. At the third moult the genital primordium lies very close
%0 the hypodernis and a connection is beginning to form at the site of
the future vulva, As in the male, the third moult is quickly followed
by enlargement of the primordivm. The epithelial and germinal cells
multiply and cells in the hypodermis become attached to the primordivm,
After the larva has been in the hogt for about 5 days, the ovaries begin
to reflex and immediately before the final moult all the structures of
the adult reproduetive system are clearly differentiated, Tigure

3.13 illustrates these changes,



Figure 3.12 Development of the male reproductive system

A, Third-stage larva after exsheatbment (male

or female).

Be Third=-gtage larve, 468 hours after ingestion,
Ce Fourth-stage larva, €66 hours after ingestion,
D, Fourth-gtage larva, 84 hours after ingestion,
B, Tourth-atage larva, 5% days after ingestion.

o = coelomocytes ed = ejaculatory ducty gc = germinal cel

int = intestiney + = testisy v8 = vesicula seminalis,
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Pigure 3,13 Development of the female reproductive system

A, Third-stage larva, 56 hours after ingestion

B, Fourth-stage larve, 66 hours after ingeation.
C. Fourth-stage larva, 72 hours after ingestions
D. Fourth-stage larva, 96 hours after ingestion.

ge = germingl celly h = hypodermisgy int = intestiney

0 = ovary; 0Jj = ovojectory w = uterusy v = vagina.
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346 The excretory system

I was ungble to interpret the exact relationship of parts of
the exoretory system; but some very obvious changes take place as the
larvae mature; The excretory ampulla (Figure 3.14) pulsates in
sheathed third-ptage larvae and those which have been exgheathed in
vitro, It ie not apparent in larvae recovered from rabbits and was
not seen pulsating in any of these,

The intestine fills the body cavity of sheathed third stage
Jarvae and those which have been in the host for up to 24 hours: After
this the renette cells appear near the bage of the oesophagus and grow
posteriorly, They lie ventrolateral to the intestine (Pigure 5.4, page
28 ) Tach of the célls has a very large nucleuss ihen steined with
aceto-carmine these appear mot only larger than the other nuclei in the
larvae, but of a different composition,  During the fourth-stage, the
renette cells continue to lengthen and become coiled with the intestine,
They always terminate anterior to the reproductive system.

The exorsgtory sinus becomes full of dense material before both
the third and fourth moults, This disappears within a few hours after
the moult and probably passes out through the excretory porej al though
this was never observed, droplets or granules were seen woving in the
sinus, suggesting that once the excretory pore was open they would be
voided, [Figure 3,15 shows the appearance of the sinus before and

after monlts,



Figure 3,14 The excretory ampulla of third-gstage larvae

a = expanded ampulla,
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Figure 3,15 The excretory pore and excretory sinus.

A, Lerva before the third moult, 66 hours after
ingestion,

B. Larva before the fourth moult, 5% days after
ingestion

C. Young adult, 5% days after ingestion,

Scale represents 20 py  ep = excretory pores
es = excretory sinus. The excretory sinus appears much

denser before a moult than after,
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3.7  Discussion

The main aim of this study was to discover what changes took
place in larvae after they had exsheathed, how gquickly these changes
occurred and whether development, once initiated, proceeded steadily.

(1) The initiation of development

Development is similar to that of Trichostrongylus

n
colubriformis and Trichostrongylus rugatus, described by lMonnig, (1926).

No apparent development occurs during the first 24 hours in the host.
During this period, physiological changes may cccur which are not
reflected in morphological changes.

The development of third-stage larvae differs from that of

Haemonchus contortus in some respects, In both species, renette cells

develop and changes take place in the head region as the mouthparts and
buccal capsule of the fourth-stage larvae are formed, but no other changes

are apparent before the third moult in Haemonchus contortus (Veglia,

19153 Sommerville, 1966) whereas third-stage larvae of Trichosfrongylus

retortaeformis grow in length, the number of nuclei in the intestine

increases and cells in the genital primordium are rearranged, If it
is correct to assume that worms which ingest serum conjugated with a
fluorochrome in vitro would feed if they were in the host, it seems

that third-stage larvae of Haemonchus contortus do not feed (Sommerville,

1966) whereas those of Trichostrongylue retortaeformis gtart to feed

when they have been in the host for only 14 hours, Poggibly growth
and development of the intestine and genital primordium take place

only after larvae have ingested food and are no longer dependent on
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reserves accunulated during the first and second stages in their life
cycle,

(ii) The influence of moulting on development

When feeding ceases before the third and fourth moults,
growth in length also ceases and the appearance of the excretory
sinus suggests that excretory products are not ejected but accumulate
until the cuticle has been shed. The very rapid increase in length
which follows these moultg may not involve much increase in the amount
of tissue in the parasites, for the intestine of larvae before the
third moult tends to be convoluted and its cells are thickj after the
moult, the intestine is straighter and its cells are thinner,
Alternatively, the increase in length may indicate a period of rapid
netabolism,

The moults seem to interrupt development of the reproductive
system relatively little, By the time that the third-stage cuticle is
shed, the germinal and epithelial cells have altered in position but
few, if any, cells have divided, Before the figal moult, the
reproductive system is essentially adult in form.

(iii) Excretion
Veinstein (1952) studied the pulsation of the excretory

ampulla in third-gtage larvae of Nippostrongylus pggg}liensis and

Ancylostona caninum. There was an inverse relationship between the

pulsation rate of the ampulla and the solute concentration of the
environment, ‘einstein concluded that the ampulla is concerned with

osmoregulation and expells excess water from the larvae when they are
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in a hypotonic environment. A brief study of the pulsation rate of

the ampulla in third-stage larvae of Trichostrongylus retortaeformis

suggested that the ampulla is concerned with osmoregulation in this
spccies also; when the larvae were placed in various concentrations

of sodium chloride, the rate of pulsation decreased as the concentration
of sodium chloride increased, The ampulla pulsated most rapidly when
the larvae were in distilled water,

Aftep the infective larvae are ingested by the host, they are
probably in a hypertonic environment, There ig evidence that several
nematode species, which live in the integtine, have body fluids glightly
hypotonic to the intestinal fluids of their host (Duval and Courtois,
19283 Schopfer, 19323 Hobson, Stevenson and Beadle, 19523 Harpur and
Popkin, 19653 Anya, 1966) , In a hypertonic enviroment larvae need not
pump out large volumes of water, This may explain why the ampulla was
not observed pulsating in larvae and adults reoovered from rabbits.

It is difficult to postulate why Rhodamine B entered the
excretory sinus and renette cells only in adults that had moulted
recently, For gome reason, the excretory pore may remain open in these
parasites and allow the fluorochrome to diffuse in, but it seems more
likely that the fluorochrome enters from the intestine, Recently
moulted adults increase in length rapidly and may have a greater metabolic
rate than any other stage. Small amounts of fluorochrome may pass from
the intestine into the excretory system in all larvae and adults, but
its concentration in regions other than the alimentary canal may be 1t0o

low for its fluorescence to be detected. The increased metabolic rate
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in adults immediately after the final moult may increase the amount of
fluorochrome which enters the excretory system and detectable amounts
accumulate in the renette cells and excretory sinus, However, the
fluorochrome entered the excretory system of young adults which were
incubated in the conjugated serum at 15°C and were presumably meta-
bolising more slowly. The fluorochrome took an hour longer to appear
in the excretory system of these adults, but the fluorescence emitted
was as strong as that emitted in adults which were incubeted at 5900.
Behrenz (1956) exposed nematodes to a variety of fluorescent
dyes, incubating the worms in golutions of the fluorochromes and also
injecting the fluorochromes into the host or into the body cavity of
the worms. Seven species of nematodes were gtudied, Two of these

were Strongyloids: a species of Oswaldocruzia, which is a member of

the Trichostrongylidae and Uncinaria stenocephala of the Tamily

Ancylostomatidae, The remaining species were Oxyuroids and lacked
renette celle,

None of the Strongyloids excreted any of the fluorochromes
through the excretory pore, Some fluorochromes entered only the
alimentary canal, others passed from this into the body cavity and were
absorbed by the walls of the renette cells and lateral canals, but did
not enter their lumina. The Oxyuroids excreted potassium salte of
fluoresoein and erythrosin via the excretory sy stem, Thege fluoro-
chromes passed from the alimentary canal through the body cavity into
the lateral canals and excretory sinus. Lissamine Rhodamine B however

entered only the alimentary canal., These results suggest that
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fluorochromes were excreted through the excretory pore ouly if they
passed intc the body cavity and were then able to pass through the walls
of the excretory system,

einstein (1960) has reviewed the literature on excretion in
nematodes and points out that the function of the so-called excretory
gystem remains uncertain, liven if some substances are excreted by
this system, others may be eliminated through the cuticle or anusj

Savel (1955) has shown that Ascaris Jumbricoides not only eliminates

undigested and partially digested material through the anus, but also
gome, if not all, products of nitrogen metabolism.

The function of renette cells is unknown. Veingtein (1960)
gsuggests that their very rapid development veflects a change in the
physiology of larvae when they become parasitic, Tnigk and Grittner
(1952) suggest that they are concerned with the elimination of products
of protein metabolism whereas the lateral lines are concerned with the
products of carbohydrate and fat metabolism,. There ig as yet little
evidence to support this hypothesis. Tt might explein why Rhodamine
B entered the renette cells rather than the lateral canals of young

adult Trichostrongylus retortaeformiss the fluorochrome was attached to

protein and, if this was broken down in the intestine of the parasite,
the Rhodamine B might be excreted by the same route as other urwanted sub-
gtences. There is however, little point in furthexr speculation until
there is stronger evidence that Rhodamine B passed from the intestine
into the excretory system of these worms and did not enter through the

excretory pore,
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IV TH? ENVIRONMENT OF THE PARASITE IN ViVOo

In the rest of this thesis, the term "small intestine" ie
uged to refer to the jejunum and ileum,
4,1 Dliethods

i, Collection of samples

Rabbits were killed by a quick blow behind the head and their
abdomens opened, Haemostats were placed at either end of the stomach
duodenum and small intestine. These regions were excised and their
contents expelled into tubes and centrifuged at 1,500 g until clear
supernatants were obtaineds  The osmotic pressure, conductivity and
content of sodium and potassium of these gupernatants were measured,
Schopfer (1952) observed that the osmotic pregsure of material from
the gut of horses changed on standing and Tollansbeo (1945) ghowed that
this could be accounted for by the activity of micro-organisms, Samples
for analysis were therefore prepared within 30 minutes of the death of
the rabbit and stored in a container of ice and salt or a refrigerator
at 5°C when not being tested, Their osmotic pressure and conductivity
were measured within 5 hours of the death of the rabbit, The samples
were then diluted by one part in two hundred and stored at -5°C until

the amount of sodium and potassium in them could be determined.
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ii, Osmotic pressure determinations

Measurements of osmotic pressure were made with a Tiske model
H ogmometer, Samples of either 2 ml or 0.2 ml can be tested with this
instrument, but whenever possible 2 ml gamples were used as it is easier
to obtain consistent results using samples of this size, Usually, the
gtomach and small intestine yielded plenty of fluid, but only small
amounts were present in the duodenum and O.2 ml samples had to be tested,
Sometimes large amounts of mucus were present in the dvodenum and small
intestine and this remnined in the supernatant, making results more
erratic as the sample tended to freeze spontaneously.

iii., Total concentration of ions

A Phillips conductivity measuring bridge model PR 9500 was
used to measure the conductivity of 0,5 ml samples in conjunction with
a type PR 9515/00 imaersion cell, The conductivity of standard solu-
tions of sodium chloride was also measured and graphs were plotted of
conductivity against concentration in milliosmols. Thé graphs were
straight lines, From these, the conductivities of material from the
alimentary canal could be read in terms of the egquivalent concentration
of sodium chloride, Care wag taken that both the samples and gtandards
were at the same temperature when their conductivities were measured.
This method gave an estimate for each sample of the partial osmotic
pressure that was due to electrolytess Obviously the estimate will not
be very accurate, for the non-electrolytes present in gut contents may
modify the behaviour of electrolytes by altering the number of particles
in the solution. Also, the estimate is based on the assumptions that

most of the conductivity will be due to sodium chloride and that
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relatively small errors will be introduced by ignoring the differences
between the conductivity of this electrolyte and that of others present
in small amounts.

To find out whether the use of the conductivity meter was
justified, Tyrode's solution and other solutions with an electrolytic
composition similar to that of gut fluids, were tested with the osmo-
meter and conductivity meter, The concentration of electrolytes
measured by the two instruments in terms of equivalent milliosmols of
sodhn chloride agreed to within 45,

ive Concentration of sodium and potasgium

To measure this an EEL fleme photometer was used

(Vogel, 1961).

4,2 Regults

Table 4.1 shows the means of the results obtained and their
gtandaxd deviations, Group A consisted of three rabbits that were
given food and water until they were killed while the three rabbits in

Group B were fasted for 1 hour before they were killed.
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Table 4.1 The composition of fluid from the alimentary canal of rabbits

- | Total Total conc, |
. | Asmetic of eleectro~ |
Group|Region [Af,"C ' presswpe | lytes equivae. Na K
meosm| lent m,o08m mmol./i. mmol./l.
Stomach|0,5554 | 299+23 4754126 33,62+11,25 | 20,6449, 69
duo~ . . 4

A denum |0,6503 | 350+20 241+10 90.,58+14,48 | 35,84+9,69
small . . .
intes~ [0.6187 | 333+15 2391;3* 102,17415,57| 19,61+4,52
tine
stomach |0,5630 | 303+22 745+81 18,8443,70 |15,78+4,01
duo- . .

B denum |0.5816 | 313+11 2551}1f 86, 96+12,22 30.4415.42*
small . " P
intes= |0,5797 512166* 227&1* 89,71+10,47 25.5810*
tine

# results obtained from 2 rabbits ohly
To test whether there was any difference between the rabbits of

group A and group B, a t test was carried out on comparisons of the mean
measurements from the two groups, The mean total ionic concentration

in the stomach was significantly greater at the 5% level of probability
in the rabbits of group B, but there were no other significant differences
between the two groups, The calculatione are given in the Appendix,
Tables 7.1, 7,2 and 7,3,

i. The influvence of food

To investigate whether the enviromment of the perasites altered
greatly when the host had not fed recently, one rabbit was killed after

it had been without food for 12 hours, The results are given in Table 4.2,
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Table 4,2 The composition of fluid in the alimentary canal of a rabbit

which had becn fasted for 12 hours

Oemotic !Total conc, of | Conc., of | Cone, of

Region pressure | electrolytes godium potagsium
M, 0SM, equivalent mmol./l. mmol./l.
m,o0sm, Nacl
stomach 286 510 34,78 21,99
dvodenum | 315 300 142,61 31,20
small "
intestine 320 245 ;ﬁﬁi?G 30,18

The only appreciable difference between this rabbit and the
others examined was the higher concentration of sodium in the duodenal
contents,

ii, The effect of a bharbiturate anaesthetic

A rabbit was given a lethal dose of Nembutal (pentoberbital
sodium), The measurements from this rabbit are given in Table 4,3
Although the conductivity of the material from the stomach was lower
than in the other rabbits examined, the anaesthetic apneared to increase
the concentration of sodium and potassium and the osmotic pressure in
this region, The amount of sodium in the duodenal contents was also

increased,
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Table 4,3 The contents of the alimentary canal of a raibit killed

with Wembutal

Osmotic | Total conc. of |Conc. of Na Conc, of X
Region pressure | electrolytes mmol./l. mmol./l.
T, O8T, equivalent
m,osm, Nacl,

Stomach 490 330 108,70 66,50

duodenum | 306 240 165,22 30,69

iii. Comparison of the stomach, duodenum and gmall intestine

The mean measurements for material from the gtomach and small
intestine were compared with those for material from the duodenum, A
t test was used to test the significance of the differences and Table
4,4 shows the calculated probabilities., The meagsurements for rabbits
from both groups A and B were pocled for these comparisonsg, The con=
centrations of sodium and potassium were gignificantly lower in the
stomach than in the duodenum but the messurements on material from the
small intestine did not differ significantly from those for contents of
the duoderum,

Table 4,4 Comparigon of mean measurements on material from different

regions of the alimentary canal

Measurement I Regions compared

small intestine

Stomach and duodenum |
{ and duodenum

osmotic pressure p >0.,10 L p >0.7

godium content 1;)<<’O.OlmEIE p > 0.4

potassium content ' p«410.05mi p = 0,05
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4,3 Discussion

ie Osmotic pressure

Measurements made with the osmometer indicated that the
osmotic pressure in the three regions gtudied remains fairly comnstant
at about 300 milliosmols. The conductivity meter readings suggested
that about 100 milliosmols of the total osmotic pressure is contributed
by non~eclectrolytes in the duodenum and small intestine, The readings
obtained for stomach contents using the conductivity meter suggested
that many more ions were present than was indicated by the osmometer,
This can probably be explained by the high concentration of hydrogen
ions in ‘the stomach, The egquivalent conductivity of hydrogen and
hydroxyl ions is very much greater than that of any other ions, the
equivalent conductivity’of hydrogen ions at 18°¢ is 314 mho. per cm
whereas that of sodium ions is 43,4 mho, per cn (Hodgman, 1961).
Alternatively the osmometer reading may be lower because of interionic
attraction or adsorption of ions by protein molecules, When a current
is passed through the fluid, some Gf these ions may be released.
Probably more than one factor is involved, but the appearance of the
discrepancy only in tests on stomach contents suggests that it is largely
due to the presence of hydrochloric acid,

Altman (1961) quotes the freezing point depression of rabbit
gerum as 0.59200. Thig suggests that the contents of the stomach,
duodenum and small intestine were approximately imotonic with serum,
Davey (1936) concluded that the contents of the stomach compartments
of sheep were isotonic with blood. Similarly, Harpuxr and Popkin (1965)

found that the intestinal contents of fasted guinea pigs were almogt
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igotonic with serum. They found however that in normally fed guinea
pigs the intestinal contents were hypertonic to serum and that the
intestinal contents of pigs were generally hypertonic to serums

although the osmolality of the contents may vary with age and diet,

the osmotic pressure of duodenal contents was approximately 320 millio=-
smols, and of fluid from the remainder of the small intestine 380
milliosmols, whereas pig serum had an osmotic pressure of 311 milliosmols.,
Tables 4,5 and 4,6 give other results which indicate that intestinal
contents are generally hypertonic to serum.

Table 4,5 The depression of the freezing point of gut contents

Aninal A %¢ Author

shegp, abomasum 0,579 | Davey, 1936

sheep, intestine | 0.82 Schopfer, (1932)

pig intestine 1.02 Schopfer, (1932)
pig, intestine 0.869 | Hobson, Stephenson and Beadle (1952)

horse, intestine | 0.69 Duval and Courtois, (1928)

horse, intestine | 0,75 Schopfer, (1932)

Table 4.6 Devresgion of the freezing point oﬁ_gprum‘ﬁﬁgtmani_l961)

Animal | A% |
isheep 0,619
lpig 0,615

ihorse i 0,564 I
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Digestive secretions are usually igotonic with plasma and
probably gut contents tend towards isotonicity., However, even if
osmotic pressure is influenced by the composition of the food, the
variation in osmotic pressure within the gut may be no greater than
that which occurs between rabbits; the rabbit that was fagted for 12
hours did not differ significantly from the others examined, Probably

Trichostrongylus retortaeformig is not obviously affected by changes in

osmotic pressure between about 270 and 370 milliosmols,

ii, The concentration of sodium and potassium

Measurements with the flame photometer indicated that the
concentrations of sodium and potassium were lower in stomach contents
than in those from the duodenum and small intestine, This probably
reflects the composition of the digestive secretions when the animal is
digesting food, Table 4,7 quotes the concentrations of sodium and
potasgiun measured by some workers in the digestive gecretions of dogs
and cats and those measured by Hobson, Stephenson and Tden (1952) in the
contents of the small intestine of pigs. The concentration of potassium
in gastric juice does not vary ereatly (Gray and Bucher, 1941 Gamble
and McIver, 1928a), but that of sodium varies with the rate of secretion
and decreases as the hydrogen ion concentration of the juice increeases
(Grossman, 1963), Gamble and licIver (1926a) found that fasting
increased the amount of sodium in gastric juice of a cat from 12,2 mmols
per litr 2«4 hours after a meal to 55.7 mmol per litr 18 hours after
feeding. The stomach contents of the rabbit which was fasted for 18
hours did not contain appreciably more sodium than those from the other

rabbits,. Either rabbits are like men and horses and secrete gastric
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juice continuously (Dukes, 1955) or 12 hours was too short a period of
fasting to cause a detectable change in sodium concentration,

It seeus probable that the concentration of sodium in the
duodenum and small intestine of a rabbit also fluctuates more than
that of potassiumg there was more variation between the rabbite
examined in the concentration of sodium than that of potassium and
fagting a rabbit for 12 hours appeared to influence the concentration
of sodium but not potassium in the duodenum,

Table 4,7 The sodium and potassium content of fluid from the

alimentary canal

e e e e . e e e e e e e —————

Animal{ Fluid Mean conc.,liean conc, | Author
! of Ne lof K !
J mmol,/1. 'mmol./l. |
Cat |pastric juice 12,17 11,5 Camble & lleIver (1928a)
Dog |gastric juice 9,57 9,49 Rosemann, (1907)
Dogi gastric juice 5248=12,8 | 763 | Gray & Bucher (1941)
1 pancreatic juice |148 7 Gamble & leIver (1928b)
" jejunal secretion | 142 Eab De DReer, Johnston &
ilson (1935)
" ileal secretion 149 Boe L "
Pig intestinal 124 R6.7 Hobson, Jtephenson &
contents Tden (1952)
wF lintestinal 277 46,8 1 "
contents

= . § . . .
concentration of sodium fell steadily during continuous
secretion of gastric juice,

* exceptionally high values recorded from two animals,
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Despite its incompleteness, this study of gut contents

indicates that third-stage larvae of Trichostrongylus retortaeformis

encounter sodium concentrations from about 15-150 ml and concentrations
of potasgium within the range 10-40 mM,

iii., General conclusions

More detailed information about the environment of

Trichostrongylus retortaeformis could be obteined from rabbits with a

permanent gastric fistula or partially exteriorised intestine,

Samples of the gut contents could then be analysed at frequent intervale
and the influence of food assessed, However, the varieble nature of
the gut contents is already apparent.

Tyrode's physiological saline is frequently used to simulate
fluids in the alimentary canal, This has an osmotic pressure of about
240 milliosmols and contains 137 mmol, per litre of sodium and 2669 mmol,
per litre of potassium, This may be improved as a medium for

Trichostrongylus retortaeformis if the amount of potassium in it is iNe

creased and the opmotic pressure not due to electrolytes ig increased
by adding rabbit serum,

The measurements obtained with Wembutal suggest that this
anaesthetic alters the nature of the fluids in the stomach and

duodenum apnreciably,



64,

V. PHYSIOLOGICAL ASPECTS OF DXSHEATHITNT

5.1 1llethods

In preliminary experiments, larvae were placed in 10-4M
hydrochloric acid in an atmosphere of carbon dioxide and nitrogen for
3 hours, No exsheathment occurred when the partial pressure was 300 mm,
of mercury or less and, although a few larvae exsheathed if they were in
an atmosphere of pure carbon dioxide, the percentage did not increase
even if the larvae were left in this for up to 18 hours. It was then
discovered that high concentrations of carbonic acid inhibit the actual
casting of the sheath; when the atmosphere of carbon dioxide and nitrogen
was replaced by air after 1 hour and the larvae were incubated for a

further B hours in 0,9%% sodium chloride over 50% exsheathed.

i. Standard procdedure

Approximately 2,500 larvae were placed in a centrifuge tube
and 10-3M hydrochloric acid and distilled water were added to give 2 ml,e
of suspension of pH 4, Carbon dioxide was bubbled through the sus-
pension for 2 minutes and the tubes were stoppered and placed in a
water bath at 5700 for 1 hour, At the end of the hour the larvae were
washed with 0.% sodium chloride, being spun at 400 g for 1 minute
between washinga., They were then incubated for a further 3 hours

at 37°C,
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ii, PBstimation of the proportion of larvae exsheathed

—— ———— i it

Estimates of the proportion of larvae that had exsheathed were
mnade by withdrawing samples with a pasteur pipette and counting the
muribers sheathed and exsheathed, If the experinment was replicated two
or three times, a hundred larvae were counted in a sample, but if the
experiment was repeated four or five times, only fifty larvae were
counted, A larva was considered exsheathed if the anterior cap of the
sheath had split off, even if the larva had not yet emerged.

iii. Replication of experiments

A1l trials and replicates in experiments to compare the effects
of particular treatments were done with larvae from the same stock and,
because Lapage (1935c) found that the age of larvae influenced their
capacity to exsheath, the replicates were done within three days., The
different treatments in an experiment were tested in a random order.

When a factor was tested for an effect on the casting of the sheath as
opposed to an effect on the gtimulus, the larvae for all the replicates

of one treatment were stimulated in the same tube end five samples were
withdrawn and treated in separate tubes with the saline that was being
investigated, Differences between replicates due to differences in

the stimulus were thus eliminated but variance between treatments due

to differences in the saline was possibly confounded with variance

caused by difference in the gtimulus, However care wag taken to stimulate
all larvae in an experiment similarly amd it is unlikely that signifi-

cant differences between treatments can be explained in terms of

differences in conditions in the stimulating med iurm,
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52 In vivo experiments

A rabbit was anaesthetised and its stomach exposed. A
cellophane sac attached to a piece of glass tubing 3.5 on long and with
a bore of 0.7 cm diameter was inserted into the stomach and secured with
a purse string suture drawn tightly round the tubing (see Tigure 5,1)
Larvae were placed in the dial -sis sac and the exposed end of the tubing
was closed with a rubber bung, At intervals, samples of larvae were
withdravn and the numbers of sheathed and exsheathed larvae were
counted, Figure 5,2 shows the results obtained from two rabbite, A
probit analysis of the mean results was carried out as described by
Finney (1947). 1In the second cycle of maximum likelihood calculations,
the slope (b = 0,0122) differed by only 0,0001 from that calculated in
the first cycle, so that a further approximation was unnecessary.

Pigure 5.3 shows the probit regression equation y = 3,935 + 0.0122 x.
The calculated time taken for 50% of the larvee to exsheath was 88
mimutess with a fiducial probability of 955, the true value may be
expected to lie between 77 and 99 minutes,

Tt was suspected that conditions in the gtomach normally
stimilated larvaec to exsheath, To find out whether larvae must pass
through the stomach if the& are to establish themselves in the duo-
denun, four rabbits were anaesthetised and the body cavity opened.
Digtilled water containing about 2,500 infective larvae wae injected
into the lumen of the duodenum about 5 cm behind the pyloris. The gite
of injection was marked by sewing a short length of sterile cotton to
the gut wall, The same operation was performed on three more rabbits,

The larvae injected into these rabbita were gtimulated beforehand in



Figure 5,1

Upper photograph dialysis sac inserted in the stomach

of a rabbit,

Lower photograph: the dialysis sac and the pipette used

to withdraw samples of larvae,

Scale repregents 5 cm,
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10-4N hydrochloric acid under an atmosphere of carbon dioxide (see
page 64 )o To check that the larvac used were infective, four rabbits
wvere infected orally with 2,500 larvae from the same stock, All the
rabbits became infectedy the times taken for eges to appear in the faeces
are given in Table 5.1,

T+ seemed as if cggs appeared in the faeces & day or two
carlier when the rabbit had been injected with gtimulated larvae, but
the differences were only slight,

Table 5,1 Duration of the prepatent period in rabbits infected by

injecting infective larvae into the duodenum

1 Rabbits infected with % Rabbits infected with
? exsheathed larvae | sheathed larvae
(days) . (days)
11 ; 21
9 i 16
11 \ 12
- F—

This experiment suggested that conditions in the duodenum
nay also stimlate larvae, however it was possible that regurgitation
occurred and that the larvae injected into the duodenum were actually
gtimlated in the ‘stomach,

Two other experiments were doue to test whether larvee oould
excheath in the duodenum, In the first experinent, larvae in distilled
water were placed in 3 cm of & alveis tubing with a diameter of approxis-

mately 1 cme The ends of the tubing were tied and it was then folded
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in two lengthwise and inserted into the duodenun of an anaesthetised
rabbit 15 cm beyond the pyloris, After the tubing had been in position
for 3 hours, it was withdrawn and the rabbit killed, Samples of larvae
were withdrawn from the tubing and examined, but none had excheathed.

In the second experiment, a rabbit was anaesthetised and
haemostats were placed 4 cm apart on the posterior part of the duodenum.
A concentrated suspension of infective larvae was injected into the
region between the haemostats and at the same time 3 cm of dtalreis tub-
ing, closed at both ends and containing larvae from the same gtock, was
jnserted into the stomach. The incision in the wall of the stomach
was then closed with sutures, The haemostats were replaced by ligatures
and the rabbit was left unaesthetised for 2 hours. At the end of this
time samples of larvae were withdrawn fronm the duodenun and the dlalysis
tubing in the stomach. The rabbit was then killed, Although 5&% of
the larvae in the stomach had exsheathed, all those examined from the
duodenun were still enclosed in sheaths, The region of the duodenum
that contained the larvae became distonded with blood and other fluid
and this probably made the environment gomewhat abnormal, However the
results from both these experiments indicate that the factors inducing

exsheathment are not present in the duodenum,

5¢3 In vitro experiments

i, TExsheathment in contents of the alinentary tract

To obtain fluid from the stomach and duodenum, & rabbit was
killed by a blow behind its head and the abdominal cavity was opened.
Haemostats were placed at either end of the stomach and duodenum and

these regions were excised. To avoid the countents of the two regions
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coming into contact with the atmosphere, the haemostat at one emd of
the stomach or duodenum was placed under pareffin oil in a centrifuge
tube before it was removed and the contents of the region were gqueezed
out., The suspensions were centrifuged at 1,500 g until clear super=-
natants were obtained and 2 ml volumes of these were withdrawn with a
hypodermic syringe containing paraffin 0il and added to larvae in about
0.1 ml of distilled water under paraffin oil, Gas mixtures containing
different proportions of carbon dioxide, oxygen and nitrogen were
bubbled gently through the fluids for 2 minutes end the tubes were then
incubated at 39°C for 3 hours, Table 5.2 shows the percentage of larvae
that exsheathed in fluid from the stomach after treatment with different

mixtures of gasses,

Table 5.2 Exsheathment of infective larvae in fluid from the stomach
- N
i mq?s mlxture used to saturéﬁ?uﬁPi_f{Pi%dgf?}/vi}z.
’ Vo gasses | 10% co,, 10% co, i 2005 co,, 120,0 co,
'. added 90% N, 105 0 5 805 0, 105 0 5
li 807 N, 700 N,
| Larvae
Il exsheathed | 59 39 69 53 60
) 50 64 60 54 74
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Larvae exsheathed in the fluid from the gtomach in all the
tubes and it appears that, if factors in the gaseous phase of the
environment are important, these were pregerved by the paraffin oil,
for none of the gas mixtures studied increased the percentage of larvae
that exsheathed.

Few larvae exsheathed in the fluid from the duodenunr even if they
were incubated in it for geveral hours. In only two tests did more than
105 exsheath; when the partial pressure of carbon dioxide in the gas
mixture bubbled through the fluid was equivalent to 152 mm of mercury,
2% of the larvae excheathed in one tube and 485 in another, This con-
centration of carbon dioxide probably lowered the pH of the fluid con~-
giderably, No larvae exsheathed in fluid from the duodenum that had
not had any carbon dioxide bubbled through it,

ii, "he relationship between the duration of the gtimunlus and

exsheathment

Assuning that larvae are carried through the stomach with the
food, it seems likely that conditions in the stomach rmst stimulate the
larvae to exsheath within 3 hours,

To find the time of stimulation necessary for exsheathnent to
occur in vitro, larvae were incubated in 10-4M hydrochloric acid under
an atmosphere or carbon dioxide for 15, 30, 45, 60 or 90 minutes, They
were then washed with saline and incubated in this as previously
described (page 64 )e The percentage of larvae that had exsheathed
was estimated 3 hours after they were placed in the etimulating medium

and the mean results are shown in TFigure Heke
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Figure 5.4 The relationship between the duration of the stimulus

in vitro and exsheathment
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An analysis of variance of the results showed that there wes

a significant difference between the treatments (see Table 5,3), A

t test on the comparisons of the means showed that, at the 55 level of

probability, stimuli of 45, 60 and 90 minutes did not differ signifi-

cantly,

A stimulus lasting for 30 minutes did not differ gignificantly

from one of 45 minutes, but differed significantly from longer stimuli

and also from a stimulus of 15 minutes,

It seemg therefore that some

larvae exsheath when they are stimulated for less than 30 minutes, but

that the stimulus must be applied for more than 45 minutes to stimilate

exsheathment of the maximum pumber of larvae,

Table 543 Analysis of variance

Source of Degrees of Sum of llean square Variance E

variation freedom squares i ratio
I

total 24 1867.7 | 77.8 E

between @

treatments 4 1320,5 330,1 12,0

within .

treatments 20 547,2 | 27.4

The duration of the stimulus did not seenm to alter the time

the larvae took subsequently to cast their sheaths (see Tigure 5.5)

iii,

The effect of carbon dioxide

Larvae were stimulated in 10-4M hydrochloric acid under

atmospheres containing carbon dioxide and nitrogen in various propor-

tions,

Tt was agsumed that a solution with a pH of 4 would contain

dissolved gaseous carbon dioxide and carbonic acid which would be largely

undigsociated,

Congequently the gas mixtures used would not alter the
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Figure 5.5 The time relations of the stimulus in vitros the
abscigsae are the number of minutes larvae were incubated
in 0.9% sodium chloride after they had been stimulated.
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pH of the solution appreciably. T'or convenience, the term oarbonic
acid will be used in this section to include both the dissolved gaseous
carbon dioxide and the undissociated acid, as the effects of these two
components could not be separated.

Gas mixtures containing 5, 10, 25, 50 and 1005 carbon dioxide
(vol/vol) and nitrogen were studied and the mean results are shown in
Figure 5.6

An analysis of the results showed that the treatments

differed significantly (see Table 5.4).

Table 5,4 Analysis of variance

Source of Degrees of Sum of ? Mean Variance I
variance freedom squares square ratio
between .

IR
treatments 4 4272,0 1068.0 75,74
within .
treatuents 5 707 14,1
total 9 _ 4342,7 | 48245 g

A t test on comparisons of the mean percentages of larvae that
exsheathed with the differemt concentrations of carbonic acid showed
that at the 5% level of probability the three greatest concentrations
did not differ significantly in their effects, A carbonic acid
concentration of 2,4 x IO'SM stimulated significantly more larvse to
exsheath than a concentration of 1.2 X IO-SM but significantly fewer

than a concentration of 6,0 x 10'5M. This indicates that increase in



78.

100 |

80

60 +

Exsheathed larvae (%)

-

1 = i ] 1

5 10 15 20 25
(H,CO,] X 10°M
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the concentration of carbonic acid stimulates an increasing number of
larvae to exsheath until a maximum nuvber are stimulated at a concentra-
tion of approximately 6.0 x lO_SM.

Cas mixtures containing carbon dioxide and oxygen were also
used to stirmulate larvae and the results were compared with those ob-
tained using mixtures of carbon dioxide and nitrogen, It seems that
a low oxygen tension is not an important part of the stimulus as the
substitution of oxygen for nitrogen did not appreciably alter the per-
centage of larvae that exsheathed,

iv, The effect of temperature

The influence of temperature on both the stimulus for exsheath~
ment and the casting of the sheath was studied. Larvae were stimulated
at various terperatures by incubating them for an hour in 10—41[hydro-
chloric acid under an atmosphere of carbon dioxide. The temperatures
studied were 15, 25, 30, 37, 40 and 50°C, The larvae were subsequently
washed and incubated in the standard way., Table 5.5 shows the percecntage
of larvae that had exsheathed after 3 hours incubation, Only larvae
that had been stimulated at either 57°¢ or 40°%¢c exsheathed, while all

the larvae stimulated at 50°C died.

Teble 5.5 The effect of temperature on the stimulus for exsheathment

T L rewperame 0 |
o q18% | =5 | so | 87 | 40
larvae 0 0 0 78 68
exsheathed | O 0 0 50 90
(%) 0 0 0 64 70
0 0 0 72 88
0 0 0 80 74
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To study the influence of temperature on the casting of the
sheath, larvae were stimulated to exsheath at 37°C and then incubated
for 3 hours at the temeratures studied in the previous experiment,
Tt seems that temperature is less important during this phase of exsheath-
ment becauge larvae cast their sheaths at all the temperatures studied
except 50°C which was again lethal,

Figure 5.7 shows the mean results and Table 5,6 the analysis

of variance,

Table 5,6 Analysis of variance

Source of i Degrees of i Sun of lean | Variance
variance | freedom squares square ratio

' |

i H
between i

7]

treatments 4 4880,7 | 1220.2 59.2
within | . i
treatments 20 ' 4115 | 20,6
total | 24 5292.2 220,5 i

A series of t tests on comparisone of the means showed that at
the 5% level of probability temperatures of 37° and 40°C did not differ
significantly in their effect but that the three lower temperatures led
to significantly fewer larvae exsheathings each increase in temperature

gignificantly increased the percentage of larvae that axsheathed,
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Ve The effect of pH

Larvae were stimvlated in solutions with a pH of 2, 3, 4 or 6
under an atmosphere containing carbon dioxide and nitrogen. Some
1arvae were stimulated in a bicarbonate buffer of pH 6 under an atmos-
phere which contained 525 (vol/vol) carbon dioxide, This gas mixture
was made up in the laboratory (see page I7). Other larvae were stimulated
in 10-4, 10-3’ or lO-ZH hydrochloric acid under an atmosphere containing
405 carbon dioxide, The bicarbonate buffer was nade up according to
Umbreit, Durris and Stauffer (1957) so that the concentration of
undissociated carbonic acid would approximately equal that in the
hydrochloric acid solutions. Tt was assumed that in the latter
golutions all the carbonic acid present would be undissociated (Davis,
1961), Sodium chloride was also added to the bicarbonate buffer so
that the concentration of chloride was approximately the same as that
in 10-4M hydrochloric acid.

The mean results and an analysis of their variance are given
in Pigure 5,8 and Table 5,7 respectively. The hydrogen ion concentra-
tion seered to be an important part of the stimulus because when the pH
was 6, very few larvae exsheathed. A series of t tests on comparisonsg
of the means showed that at the 5% level of probability the other three
concentrations of hydrogen ions differed gignificantly in their effects,

the solution of pH 3 inducing the greatest percentage of exsheathed larvae,
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Table 5,7 Analysis of Variance

Source of | Degrees of " Sum of Mean | Variance
variance | freedom squares square ! ratio
between
treatnents 3 9930, 6 3310,2 112,25 |
within ' |
treatments | 16 AV2e3 29,5

: = 0 e — ?
total 19 | 10402.9 547,5 | B

It was thought that hydrogen ion concentration might also
influence the casting of the sheath, To investigate this, larvae
were stimulated in the standard way end then washed and placed in

saline that had been brought to a pH of 4 or 6 by adding normal hydro-

chloric acid or to a pH of & by adding normal sodium hydroxide, Neutral

geline was also used, The larvae were incubated in saline for three
hours and the percentage of larvae exsheathed in the different salines
were ectimated by the usual method.

The mean results are shown in Figure 5.9 and an analysis of
their variance is given in Table 5,8, A t test on comparigons of the
means showed that at the 55 level of probability the salines with a pl
of 6 and 7 did not differ significantly, Significantly more larvee

exsheathed when the pH was 4 amnd significantly fewer when the P was 8.
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The influence of pH.on the actual gasting of the sheath; .
larvas were stimulated for 1 hou¥ and then incubated
for 3 hours in saline contgining various concentrations

of hydrogen ions.
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Table 5,8 Analysis of variance

| Source of i Degrees of i Sum of Mean Variance
variance E freedon squares square ratio
|
between ' .
treatnents S 1768.6 589,5 32,6
within
treatments 16 290,0 18,1
total | 19 | 2058.6 108,53 |

Vi The effect of reducing agents

To find out whether a low redox potential constituted part of
the stirulus for exsheathment, larvae were stimulated in a medium of pi
4 which contained hydrochloric acid and 0,05 I cysteine, They were
incubated at 37°C for an hour under an atmosphere of carbon dioxide and
were itreated subsequently in the standard way., However, comparison
with a control in which larvae were stimulated in the absence of cysteine
gave no evidence that cysteine enhanced or diminished the stimulus,

The stronger reducing agent, sodium dithionite, could not be tested at
the high concéntration of hydrogen ions needed for these experiments,

In another experiment larvae were stimulated and then half
were washed in saline to which cysteine and 1,0 N sodium hydroxide had
been added so that the saline contained 0,05 M cysteine and had a pH of
6. The remainder of the larvae were incubated in saline which had been
acidified to pH 6 with 1,0 N hydrochloric acid,

Table 5,9 shows the percentage of larvae that exsheathed in
five replicates and these indicate that a low redox potential favours

the casting of the sheath,
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Table 5,9 The influence of cysteine on the casting of the sheath

0.9 NaCl | 0,95 NaCl
o + 0,05 M cysteine
Percentage of 44 72
! exsheathed 38 76
; larvae | 44 74
| 32 64
54 84

vii, The effect of osmotic pressure

Solutions containing different amounts of sodium chloride
were made up in 10'5M hydrochloric acid and their osmolality checked,
To test whether osmotic pressure exerted an influence on the atimulus,
larvae were washed and incubated in these solutions at 37°C under an
atmosphere of carbon dioxide, After an hour, they were washed with
neutral 0,9 sodium chloride and incubated in this for a further 2 hours
before the percentage of exsheathed larvae was estinated, Some larvee
were also stimulated in a solution which countained O, ORM potassium
chloride in addition to godium chloride and had an ogmotic pressure of
100 milliosmols, It was expected that the concentration of potassium
jons in this golution was approximately equal to that in the stonach

(see page 63 )« Teble 5,10 gives the results.
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Table 5,10 The relationghip between osmotic pressure and the

stinmulus for exsheathment

. ébiafiggmw_ﬂﬂ___“_“n_ —

NaCl +| NaCl +| NaCl +| WaCl + | NaCl + Hncl

HC1 HC1 HC1 HCL KC1 +

100 300 400 750 HC1

mJosm. | m,0gm.| m.asm. meosm. | 100

m.OSMm,

exsheathed| 52 44 58 52 36 42
larvae 55 54 60 46 44 44
(%) 44 40 48 40
mean 50 46 55 46 40 3

To test whether osmotic pressure influenced the casting of
the sheath, larvae were stimulated then washed and incubated for a
further 2 hours in sclutions containing various amounts of sodium
chloride, The effect of a 100 milliosmolal solution containing
potassiun in addition to sodium was again compared with thaﬁ of 100
milliosmolal sodium chloride. Table 5,11 shows the percentage of

larvae that had exsheathed after they had been in saline for 2 hours.
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Table 5,11 The effect of osmotic pressure on the castinzg of the sheath

—— e i 4 e e o i

Solution
100mosmy |100m, oem. 300q, opm, [400 &, oam.|750m, osm.
NaCl NaCl + NaCl NaCl NaCl
KC1

exsheathed | 26 86 83 95 98
larvae 95 90 89 95 92
(%) 90 82 96 88 98
mean 70 86 89 93 96

The results do not indicate that osmotic pressure is
important either in stimulating larvae or in encouraging them to cast
their sheaths, Nor do they indicate that 0. 02 M potassium chloride
influences exsheathment,

viii, Other treatments investigated

Crofton (1947) exsheathed larvae of Trichogtrongylus

retortaeformig in hydrochloric acid containing 0.2% pepsin and Silverman

and Podger (1964) found that thie enzyme favoured exsheathment of

Dictyocaulus viviparus and Trichostrongylug colubriformisy the influence

of pepsin and trypsin on both the gtinulus and the casting of the sheath
was therefore investigated. Some larvae were incubgted in 10'41\,'1
hydrochloric acid containing 0.2% pepsin (wt/ vol) under an atmosphere

of carbon dioxides They were treated subsequently in the standard
panner, Others were stimulated normally and then incubateq for 3

hours in 0,%% sodiun chloride which contained 0.2% pepein or trypsin.

The saline which contained pepsin was brought to a pf of 3 by adding
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1.0 N hydrochloric acid, The effect of trypsin on the stimulus could
not be examined bocause its optimum pH is 7.8 and the larvae do not
exsheath when stirmlated at a pil greater than 6 (see page 82 ).

The results were compared with those from controls in which
the larvae were treated similarly but the enzymes were either abaent
or had been inactivated by heat before they were added. Under the
conditions of these experiments, there was no indication that either
enzyme influenced exsheathment,

It was thought that the enzyme carbonic anhydrase might play
a part in the response of larvae to carbon dioxides. Sodium
acetyzoleamide ("Diamox") which specificelly inhibitse the enzyne, was
neutralised with 1,0 N hydrochloric acid and added to the stimulating
mediun so that this contained 0.5 mg per ml. However no inhibition
of exsheathment was apparent when the results were compared with cone-

trols lacking sodium acet:7oleamides

5,4 Discussion

ie Exsheathnent in vitro

The results obtained in this study are sinilar to thoge
obtained with other species of the Trichostrongyloidea, Larvae
exsheath after they have been exposed to high concentrations of
undigsociated carbonic acid and hydrogen ions at temperatures in the
range 37° to 4000, but these conditions need not persist throughout
the processj when larvae are examined after they have been in such an
environment for 45 minutes, few have a refractile ring in the cuticle

but after they have been incubated for a further 2 hours in O.%% godium
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chloride over 50" have cast their sheaths, Assuuing that the process
of exsheathment in vitro is essentially the sane as that in vivo,
this supports the hypothesis that the host provides a stimulus and the
larvae produce the substance which attacks the sgheath,

Most trichostrongyloids that have been exsheathed in vitro
in physiological media have responded to carbon dioxide or its

derivativess The exceptions reported are Dictyocaulus viviparus

(Silverman and Podger, 1964) and Nematodirus battus (Christie and

Charleston, 1965), Trichostrongylus retortaefornis larvae required

relatively high concentrations of undissociated carbonic acid, cone
centrations greater than 6 x IO-SM stimulating significantly mnore
larvae than lower concentrations, The relative importance of
undissociated carbonic acid and dissolved gaseous carbon dioxide cannot
at present be assessed, but dissociated carbonic acid is unlikely to be
important in the stinuwlusj firstly, the pH of the gsolutions which
stinulated larvae was such that very little, if any, carbonic acid
would be dissociated; secondly, carbonic anhydrase does not seen to

be involved in exsheathment and this enzyme catalyses the hydroxylation
of carbon dioxide, forming bicarbomate (Davis, 1961),

Tenperature scems to be an important part of the stirulus for
no larvae exsheathed after they hed been stimulated at 30°C or lower
terperatures. Tt influenced the actual casting of the sheath less
narkedly, although a higher percentage of larvae exsheathed when the
ealine was at 37° or 40°C. Rogers and Sommerville (1960) also found
that low temperatures had a more marked effect on the stimulus than on

the subsequent casting of the sheath,
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Larvae werelsensitive to the concentration of hydrogen ions,
very few exsheathing unless this was greater than 10-6M. This was
observed even when the concentration of undissociated carbonic acid
was kept constant, indicating that pH influenced the larvae directly
rather than indirectly by altering the concentraticn of undissociated
carbonic acid. Although an increase in the concentration of hydrogen
jons favoured exsheathment, many larvae died when the pH was as low as 2.

Reducing agents influence the exsheathment of larvae of some
species, but their effect is more narked when the hydrogen ion
concentration falls and the concentration of undissociated carbonic
acid is relatively low, Rogers (1960) observed this with

i chostrongylus axei and Haemonchus contortus, while Trichostrongylus

colubriformis larvae, which are stimulated in lo"éM hydrochloric acid

containing about 5 x IO-BM undissociated carbonic acid, did not exsheath
more readily if a reducing agent was addec, Consequently it is not

surprising that Trichostrongylus retortaeformis larvae, which have

gimilar requirements to Trichostrongylus colubriformis, are not in-

fluenced by the addition of cysteine to the stirulating medium, although
a higher percentage cast their sheaths when cysteine was added to the
saline,

The experiments of Crofton (1947) indicate that peposin induces
exsheathnent but neither pepsin nor trypsin seemed to be important in
ny experiments in vitro. Also, the larvae that exsheathed in cello-
phane sacs in the stomach should not have encountered pepsin as the
nean pore size of the dialssis tubing usged was 24 R and its perneability

is unlikely to have been altered during the 3 hours it was in the stomach.
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Possibly in Crofton's experiments, the high concentration of hydrogen
jons stimulated the production of small emounts of exsheathing fluid
and this sltered the composition of the sheath, making it susceptible
to attack by pepsin, Alternatively, pepsin may be able to attack the
sheath but does 80 more slowly than exsheathing fluid.

Taylor and ihitlock (1960) found that some salts were irport-

ant in exsheathment of Haemonchus contortus. The effect of a salt

seeried to depend on its nature rather than the ogmotic pressure which
it exerted, Oxy-acid salts influenced exsheathment more than neutral
salts and it was suggested that they acted through their ability to
catalyse the reaction

H0 + €O, E=="H,00, (Roughton and Booth, 1938).

Rogers (1960) also observed that the pddition of sodium chloride

enhanced exsheathnent, particularly that of Trichogtrongylus

colubriformis. However, Trichostronzylus retortaeformig did not seen

to be sensitive to concentrations of sodium chloride tetween 100 and 750
milliosmols (approximately 0,05=0.4 Holael) and would exsheath even
when the stimulating medium was replaced with distilled water rather

than the customary 0.%5 sodium chloride.

ii, Ixsheathment in vivo
Sonmerville (1957) suggested that larvae are stimulated in the
region of the alimentary canal immediately anterior to that in which they

develop to maturity., This is true of Trichostrongylus retortaefarmis,

About 8% of the larvae in cellophane sacs implanted in a rabbit's

stomach exsheathed within 3 hours, This implies that most larvae
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ingested by the host will have been stimulated when they reach the
duodenum, However even if they pass through the stomach too rapidly
to receive an adequate stimulus, they may later re-enter ity wvery
few larvae exsheathed in fluid from the duodenum, yet when ensheathed
larvae were injected direct into the duodenum, some developed to
maturity, suggesting that they had been regurgitated into the stomach,

Little is known about the corditions in the stomach of a
rabbit, but probably the temperature and high concentrations of
hydrogen ions and undissociated carbonic acid that stimulate exsheath-
ment in vitro also induce exsheathment in vivo.  Thus, the body
temperature of a rabbit fluctuates, but probably lies within the range
37°-40°C (Yanitz, 1925), which is necessary for exsheathment in vitro.
The hydrogen ion concentration also varies but apvears always to be
greater than 10-6M (Redman, illemot and Wokes, 1927y Griffiths and
Davies, 1963; DBeauville and Raynaud, 1963), Consequently it could
form part of the stimulus.

It seems less certain that the high concentrations of un-
dissociated carbonic acid that stimulated the maximum number of larvae
in vitro occur in the stomach of a rabbity carbon dioxide tensions of
only 40~60 mm of mercury were measured by Campbell (1933), Another
indication that concentrations greater than 6 x 10-5M are not en-
countered in the stomach is that, in vitro, these concentrations
inhibit the actual casting of the sheath whereas the experiments

in vivo indicate that larvae can exsheath within the stomach, This
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may imply that some other factorr not investigated, is important in
the stimulus, Alternatively, if all other conditions are optimal,
the majority of larvae may be stimulated by lower concentrations of
carbonic acid.

Nevertheless, it is possible that the concentration of un~-
dissociated carbonic acid inoreases during coprophagys Griffiths
and Davies (1963) give evidence for the fermentation of ocarbohydrates
by the bacteria in soft pellets and consider that the fundus may be

analogous to the rumen of sheep and oattle,
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V1. CONCLUSIONS

6.1 The life cycle of nematodes

In some respects, the life cycles of nematodes resemble
those of arthropods,. In both these groups of animals, developuent is
interrupted by moults, Frequently the development of arthropods is
suspended during a dormant period, or diapause. During this, meta-
bolism is reduced and resistance to adverse climatic conditions, such
as extremes of temperature and drought, increases. Similarly, develop=-
ment is suspended in the dauer larvae of some free-living nematodes and
in the infective stage of parasitic speciesy dauer larvae and infective
eggs or larvae have small energy Trequirements and are more resistant to
the environment than earlier stages in the life cycle (Fairbairn, 1960%
Rogers and Sommerville, 1963),

The main difference between the life cycles of nematodes and
those of arthropods is that arthropods usually have a metamorphosis,
when profound changes in their morphology occur, whereas all the
postembryonic stages in the life cycle of nematodes are morphologically
gsimilar,

Metamorphosis frequently occurs when an organism leaves one
enviromment and enters a different one, Thus, many free-living animals
live in one type of enviromment as adults, but have a larvel stage
which is adapted to live in a different type of environment, The
larvae may be aquatic and the adults terrestrial, or the larvae may

live in freshwater and the adults in the sea, During metamorphosis,
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larvae loge those features of the their anatomy which were adapted to
1ife in the enviromment they are about to leave and attain the adult
morphology, better adapted to life in the second environment,

The infective stage of nematodes might be expeoted to meta-
morphose when it infects the host, for it enters a completely different
environmenty as a free-living organism, it mist be eble to resist
extremes of temperature and desiccation whereas, ingide the host,.these
harmful factors will be replaced by others such as the antibodies, anti=
enzymes and tissue responses of the host, Profound changes in the
morphology of many parasites take place when they infect the intermediate
or final hosts for example, the free-living miracidia of trematodes
loge their cilia and become immobile sporocysts when they enter the
molluscan intermediate host, No such morphological changes take place
in larvae of nematodeg when they enter the host,

Although the most obvious changes in an animal during meta-
morphosis are morphological, profound biochemical and physiological
changes probably also occur, Rogers and Sommerville (1963) have
suggested that the biochemical changes which must take place in a nema-
tode when it enters the host are comparable to those which take place
during metamorphosiss

Metamorphosis in arthropods is always associated with a moult,
The physiological metamorphosis of nematodes may also be associated with
a moult, for it seems that the moult which precedes the formation of the
infective gtage is incomplete; in some species which infect the host as
an egg, the larva is in the second gstage but is still enclosed in the

cuticle of the first-stage larva (Alicata, 1935)3 eimilarly the
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infective third-stage larva is surrounded by the sheath, which represents
the cuticle of the second-gtage larva, The moult is completed after

the nematode has entered the host,

662 The control of moulting and metamorphosis

Growth and metamorphosis seem generally to be controlled by an
endocrine system, In amphibians and teleosts, a hormone is released
from the anterior lobe of the pituitary, This stimulates the thyroid
gland to produce another hormone, to which the various tissues involved
in metamorphosis respomd, Similerly, in insects, parts of the brain
release a neurosecretion which stimulates the prothoracic glanda to
release the moulting hormone, ecdysone, Moulting in insects is also
influenced by the juvenile hormone, secreted by the corpora allata,

Vhen juvenile hormone is present in the blood, metamorphosig is inhibited
and another larval stage is formed, ‘hen the corpora allata stop
producing juvenile hormone, larvae of hemimetabolous insects moult and
become adultsy those of holometabolous insects pupate and sub ssquently
moult to become adults, Ametabolous insects do not have a marked
metamorphosis and little is known about the process which controls
moulting in them, but probably a similar system operates,

The control of growth and metamorphosis by an endocrine system
in such widely separated groups of animals as the Arthropoda and
Vertebrata suggests that development of nematodes may be influenced by
such a system, Rogers (1962) has suggested that the mechenism which
controls moulting may be analogous with that in inseets, The develop=

ment of free-living nematodes is influenced by such factors in the
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and C are different environments.
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environment as temperature and food supply but it way also be controlled
by internal secretions. Figure 6,1 shows the development of a hypo-
thetical free-living nematode,

The development of each larval stage consists of a period of
rapid growth, when some cell division and differentiation may also take
place, and then a lethargus. During the lethargus, neurosecretory
substances may be released into the tissues and induce the changes
associated with a moult, The first three moults may also be influenced
by a secretion analogous with the juvenile hormone of insects, This

would delay the onset of maturity until after the final moult,

6,5 The influence of the host on development of parasitic nematodes

In parasitio nematodes, part of the mechanism which controls
moulting may be lost when the infective stage is formed, The parasite
may rely on the host to supply the missing part. Developument will
consequently be suspended until the infective gtage has entered the
hosf.

The host may induce exsheathment of infective larvae in one of
several waysj (i) it may stimulate larvae to produce the internal
secretion which induces moultingy (ii) it may supply some missing
internal seeretion or (iii) it may act on the tissues which respond to
the internmal secretion, supplying substrates for metabolic processes or
enzymes which attack the sheath., In those species of nematodes which
infect the host as an egg, the host may induce hatching in a similar

way (sec Figure 6.2).
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Fib 6.2 Host-parasite relationships in the process of infection. The host may start infection
providing an environment (I) which stimulates the infective agent to produce, directly
or indirectly, hatching or exsheathing fluids which contain certain enzymes. There is no
evidence, as yet, to show that the host may function as in (I1) or (111).

(from Rogers, 1960)
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There is some evidence that the host influences hatching or
exsheathment of the infective stage by providing a stimulus and that
the infective stage releases the substances which attack the egg shell
or sheath (Sommerville, 1954, 19573 Rogers and Sommerville, 1957, 19603
Rogers, 1958, 1960, 19613 Fairbairn, 19603 Taylor and Whitlock, 1960),
The main components of the stimulus are dissolved carbon dioxide or its
derivatives, hydrogen ions, the oxidetion~reduction potential and
temperature,

It is unlikely that vertebrate hosts induce exwheathment Ty
replacing missing internal secretions; such substances would probably
have large molecules, yet larvae exsheath if they are enclosed in
dialysis tubing and incubated in fluid from the appropriate region of the
gut, Rogers (1960) has suggested that chemical substances which are
given off by the roots of plants may be related to the postulated
internal secretions. These substances induce moulting of some larval

stages of Paratylenchus species and hatching of Heterodera eggs.

However, some species of these plant parasites respond more readily to
substances from the roots of non-host plants than to those from host
plants, Other species do not respond at all to root diffusates,

Tt is mleo unlikely that vertebrate hosts attack the egg
membranes or sheath of the infective stage directly, Vertebrates
seldom possess chitinases and these would he needed to breek down the
shell of infective eggs, There is evidence that pepsin aids exsheath~
ment in some species (Crofton, 19473 Silverman and Podger, 1964), but

it is not necessary for exeheathment in most of the species which have
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been studied, Bird and Rogers (1956) studied the composition of
gheaths of several trichostrongyles. No information about the com-
position of the small region of sheath which is attacked during ex-
sheathment was obtained, but the remainder of the sheath was not hydro~
lysed by pepsin or trypsin and lacked the particular amino acids which
would make it susceptible to attack by these enzymes,

Dependence of the infective stage on the host for a stimulus
to hatch or exsheath would be an important adaptation to parasitisms
it would ensure that adaptations which protect larvae in their environ-
ment as free-living animals are not lost until they are in the host,.

The stimulus wmay also induce physiological or behavioural changes which
enable the larvae to become established in the host,

Rogers and Sommerville (1963) have discussed more comprehengively
the way in which development of nematodes may be controlled., TFigure
6,3 shows their model of the system which may operate in parasitic
nematodesy it is applicable to nematodes which are infective as
ensheathed, third-stage larvae.

The third and fourth moults may be controlled solely by
intrinsic mechanisms, or the larvae may rely on a stimulus from the
host, as they do for exsheathment,

Although complex substances need not be supplied by the host for
larvae to hatch or exsheath, these may be necessary for other stages in
development; growth and differentiation may be resumed only if the host

supplies substrates necessary for metabolic processee in the nematode.
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? may be replaced by
<— Stimulus from host
the host in varying degrees
l Development 5
Moult 4 Adult J
P . . A model of possible mechanisms controlling development of a parasite of which the
18 6 . 3 infective stage is an ensheathed third-stage larva. R bar S .
Hatch Production of tluid containing the upprbprin,to enzymes (and change in
the netivity of the embryo) for the rupture of the membranes of the cgg
ahell, i
Moult 1,2, 3, 4 Praduction of fuid (aml change in the hehaviour of the larva) which
vanises Dhe ruptaee of the onter euticle and escape of the larvi.
Development 1 Embryonic development culminating in the hatehing of the ey

Development 2, 3, 4 Dovelopmental changes, under o “juvenile inthuenee in tissues ad
orguns including the formation of a new enticle nnderneath the old one,

Development 5 Developmental changes in the absence of o “juvenile influenee’ and

without the formation of 1 néw euticle. . X i
'fi|—'1'\-"\ Internal systom governing the timing of moulting, the production of
| St B e

moulting thiid and the substanees enusing differentintion ete. Analagous
to the nowroseerctory  cell-prothoracie gland-corpora allata system.
Stimuli from the host may cither replace [X| or Y] or clinnge one or
both from an inactive to an active state.

(from Rogers end Sommerville, 1963)
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6.4 The response to the stimulus from the hosgt

Early experiments indicated that the infective stage releaces
hatching or cxsheathing fluid in response to the sgtimulus from the host,

The hatching fluid released by infective egge of Ascaris lumbricoides

containg an esterase, which alters the vitelline membrane of the egg,

and a chitinase which hydrolyses the hard outer shell, A protease may

also be present and aid the brealkdown of the outer shell (Rogers, 1958).
Rogers and Sommerville (1960) studied exsheathing fluid from

Haemonchus contortus and found that it contained a protein, A heat

stable cofactor, replaceable by manganese OIT magnesium ions, was
necessary Tor its activity., Exsheathing fluid from one species did not
necessarily induce exsheathuent in larvae of another species o8 readily
ag it did in larvae of its own spccieB.

Rogers (1963, 1965) identified a leucine aminopeptidese in

exsheathing fluid from Haemonchus contortus and Trichogtrongylus

colubriformis. This enzyme seens to be responsible for the breakdown
of the sheath during exsheathment, Exgheathing fluid was fractionated
on acrylanide colunns and the activity of the various fractions was
tested using sheaths, which had been digsected from infective larvae,

as substrate, The only fraction which attacked sheaths was that which
showed activity of leucine aminopeptidase. The activity of leucine
aminopeptidase was influenced by the same factorswhich are important for
the activity of exsheathing fluids thus the enzyme was released by
larvae which were stimulated to exsheath and manganese or magnesium ions

were required as a cofactor, The enzyme from Haemonchus contortus did

not attack sheaths from larvae of Trichostrongylus colubriformis and
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vice versa, 80 it seems that there may be several leucine aminopeptidases
which differ in the substrates which they attack.

Recent investigations by Davey (1966) support the hypothesis
that neurosecretions are involved in moulting.

The final larvel stage of Phocanema decipiens is found in the

muscles of fish. If an infected fish is ingested by a seal, the larvae
noult and become adults, Davey (1966) studied this moult in vitro.
He found that the excretory sinus has a cycle of production and release
of leucine aminopeptidase which is correlated with the moulting cycle.
He alsc found two groups of neurosecretory cells which underzo a cycle
of secretion during moulting. The secretion of these cells does not
influence the deposition of the new cuticle but may influence the produc-
tion and release of leucine aminopeptidasej preliminary experiments
imdicate that if larvae are ligated between the neuroseoretory cells and
the excretory sinus, leucine aminopeptidase doea not aocumulate in the
excretory sinus.

I+ seems likely that in trichostrongyles as well as Phocanens,
decipiens, leucine aminopeptidase is released from the excretory sinus.
Rogers and Sommerville (1960) found that precipitates farmed at the

excretory pore when infective larvae of Haemonchus contortus were stirulated

to exsheath and then placed in antiserum to exsheathing fluid, This
suggests that exsheathing fluid ig released through the excretory pore.

Lxperiments with laxrvae of Trichostronzylus axei which had been ligated

or irradiated with a narrow beam of ultraviolet light indicate that
exsheathing fluid is stored in the region between the base of the

oesophagus and the exoretory pore (Somnerville, 19573 Rogers and
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Sommerville, 1960)., This includes the excretory sinus.

At present there is no direct evidence that the same mechanism
which controls exsheathment operates in later moults but indirect
evidence suggests that it probably does. Soulsby, Sommerville and

Stewart (1959) found that Haemonchus contortus released antigens at the

time of the third moult which were similar to those released during
exsheathnent, This suggests that a moulting fluid, gimilar to exsheath-
ing fluid and possibly also containing leucine aminopeptidase, is
released, Preliminary experiments by Rogers (1965) irdicate that the
amount of leucine aminopeptidase present in tissues of parasitic
nematodes varies during the life cycle. Tt is often present in high

concentrations before moults other than exsheathment,

Bed The receptor for the stimulus to exsheath

Tt seems that one of the most important components of the
stimulus for exsheathment is carbon dioxide or undissociated carbonic
acid, Presumably some receptor in the infective stage regponds to
these substances, Tigsues which are sensitive to oarbon dioxide nmay
be scattered throughout the infective stage, but the experiments of
Rogers and Sommerville (1960) suggest that there is a localised receptors;
this is situated in the region between the base of the oegophagus and
the excretory pore,

Rogers (1966) has tested a model of the way in which carbon
dioxide might react with the receptor, The gtimulus is enhanced
in vitro if, in addition to carbon dioxide, reducing agents are present

in the stimulating medium, but reducing agents are less important if the



108,

medium contains high concentrations of hydrogen ions. This suggests
that the receptor is more receptive to carbon dioxide in its reduced

form and that it reacts less readily with reducing agents in the presence
of high concentrations of hydrogen ions.

Carboxyl groups can react with sulphydryl groups :

- SH + (:3; 0—»-5 - (:: - OH (Rabin and Trown, 1964)
Consequently, carbon dioxide might react with suitably placed sulphydryl
groups in infective larvae to form an -S-%-S link, This link might
form between sulphur containing amino acids in two adjacent protein
chains. In the presence of oxidising agents disulphide bonds would
tend to form and the reaction with carbon dioxide would be inhibited,

This inhibition would be reversed by reducing agents, which could
restore the sulphydryl groups.
The cuticle of nematodes is impermeable to many of the substances

commonly used as oxidising and reducing agents. Rogers used iodine as

an oxidising agent and hydrogen sulphide as a reducing agent, Exsheath-

nment of infective larvae of Haemonchus contortus and Trichostrongylus
colubriformis was inhibited vhen larvae were incubated in solutions con=-
taining 10-4M to IO-BM iodine for 10 minutes before they were incubated
in the stimulating medium, These concentrations of iodine were not
apparently toxic to the larvae, which continued to move actively.
Tnhibition was decrcased if larvae were placed in hydrogen: sulphide —

water for 10 minutes after they had been treated with iodine and before

they were stimulated to exsheath, Infective larvae of Trichostrongylus

colubriformis were more sensitive to hydrogen sulphide than larvae of

Haemonchus contortus, and the inhibition could be completely reversed,




1089,

Tnhibition of exsheathment in Haemonchus contortus was reduced further

if the stimulating medium contained 0,01 M sodium dithionite. Both
jodine amd hydrogen sulphide could have acted on the larvae in a number
of ways, It seeums probable however that both gubstances acted at the
same site, for hydrogen sulphide had little effect on larvae which had
not been treated previously with iodine, Consequently, both substances
hay have influenced exsheathment by influencing the formation of

=53=C=5 groups.

6.6 The control of development of Trichostrongylus retortaeformis

There is as yet little information about the way in which

moulting is controlled in Trichostrongylus retortaeformis. The results

obtained in this study are, however, compatible with the model of
development which has been discussed,

Tt seems that the host provides a stimulus to exsheath and
does not attach the sheath directly. The components of the stimulus
which initiates exsheathment in vitro are those which soumulate the
release of exsheathing fluid and leucine aminopeptidase in other
trichogtrongyles. Consequently exsheathing fluid is probably released

by infective larvae of Trichostrongylus retortaeformis, although no

attempt to collect it was made,

The sctual casting of the sheath took place most readily in
acid solutions with a low redox potential., These conditions would not
increase the activity of a leucine aminopeptidase. Leucine .
aminopeptidase has maximum activity when the pi is approximately 9.5 and

is unstable at a pH of 7 or less; it does not require & reducing nedium,
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However, this enzyme attacks the inner layers of the sheath, If it is

released by infective larvae of Trichostrongylus retortaeformisg, it

would probably be in a medium with quite different properties from those
of the medium surrounding the larvae, Probably the high concentration
of hydrogen ions and low redox potential, which were optimal for the
casting of the sheath, stimulated the activity of larvae, encouraging
fracture of the outer layers of the sheath rather than the breakdown
of the inner layers by an enzyme,

Carbon dioxide, or a related compound, is an important corn=
ponent of the stimulus, Prelininary experiments indicate that exsheath-
rent is inhibited by iodine and that this inhibition is reversed by

hydrogen sulphide, as in Haemonchus contortus and Trichostrongylus

colubriformis, Larvae are stimulated in media which contain high

concentrations of hydrogen ions, These nay favour the formation of
sulphydryl groups which would be reactive with carbon dioxide and meke
a reducing agent in the stimlating medium unnecegsary.

The occurrence of a lethargus before the third and fourth
moults raises hopes that these moults can be studied in vitros; after
larvae have entered a lethargus, the physico-chemical properties of the
environment are probably more important than the nutrients it contains.
Tt is hoped to study these later moults in vitro to find out whether the
environnent nust contain appropriate concentrations of undissociated
carbonic acid and hydrogen ions for larvae to release substances which
will attack the cuticle. Preliminary experiments indicate that fourth
stage larvae continue to develop in modified Tyrode's solution if they

are removed from the host when they enter the lethargus, 4 days after
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ingestion, ihen they are removed from the host, the cuticle adheres
clogely to the hypodermis and bursal rays are not apparent in male
larvae., During the following 24 hours, the cuticle becomes loose
around the larvae and bursal rays form, If the final noult is con=-
trolled by a mechanism similer to that which operates in exsheathment,
the old cuticle may not split unless the appropriate stimulus is
applied,

The substances which accunulate in the excretory sinus before
the third and fourth moults and disappear when the moult occurs may
represent excretory products, The investigations of Davey (1966) suggest
however that the substance which accumulates may be a leucine
aminopeptidase,.

In addition to relying on the host to supply a stimulus for
noulting, parasitic larvae may depend on the host to supply a stimulus
or special substance for other stages of development. The atimulus
for exsheathment does not appear to initiate growth or norphological

changes directly in Trichostrongylus retortaeformis. It may initiate

physiological or behavioural changes, or it nay influence only exsheath=
ment and some other factor may be necessary before growth and developnent
resune s, Larvae apparently start to feed after they have been in the
host for about 14 hours, but do not feed immediately after they exsheath,
Probably, during the first few hours in the host, the larvae are passing
through the stomach and burrowing into the mucosa. They may start to
feed only after they are in contact with the tissues of the hostg

experinents using radioactive tracers indicate that snall nematodes
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which are gut parasites ingest the tissues of the host rather than
pmaterial in the lumen of the gut (Rogers and Lazarus, 19493 IREsserman
and Sambell, 1951). The stimulus for exsheathment may also stimulate
larvae to burrow into the mucosa when they have escaped from the sheath,
or they may be stimulated to do this by the change in environment when
they enter the duodenun. 4s larvae do not feed when they first enter
the duodenum, any components of the environnent which stimulate larvae
must be able to pass through the cuticle, The environment in the
duodemm differs from that in the stomach in the concentration of
hydrogen ions (Redman, Willimott and Wokes, (1927) and content of sodium
and potassium (see page 58 ). The concentration of other ions, the
partial pressure of carbon dioxide and oxygen or components of the bile
or pancreatic secretions might also form part of the stimulus,.

No growth or morphological change was obgerved in larvae
until after they had started to feed. The possibility that these
changes begin when larvae no longer depend On energy resServes, accumulated
when they were second-stage larvae, has already been discussed (see
page 48 )

Figure 6,4 sumnarises the ways in which developuent of

Trichostrongylus retortaeformis may be influenced by the host.

Although it is based on very slender evidence, it suggests investigations
which might lead to a better understanding of this aspect of host-

parasite relationships.
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Infective larva

Internal secretion

\ 4
Gland (excretory sinus?)

Exsheathing fluid (leucine aminopeptidase ?)

Physiological changes

BehaViOUral’Chany

V.
Feeding

Growth and Vdevelopment

\

g .
Internal secretion

g .
Gland (excre\tory sinus ?)

\L

Moulting fluid (leucine aminopeptidase ?)

A possible sequence of events in the development of
third-stage larvae of Trichostrongylus retortaeformis

in a rabbit, -3 indicates a stimulus from the
host.

Figure 6.4
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VII  APPENDIX
To find out whether the gut contents of rabbits in group A
differed gignificantly from those of group D and whether they were

any significant differences between the contents of the stomach,

duodenun and small intestine a t test was used, based on the equation

e Uy SEp

where SEp = {88
jl?n + 1/m

ssp = _(x-0%- (-D7

n+mne-2
X = arithmetic mean of results in class X3
¥ = arithmetic mean of results in class ¥
n = number of observations in class X

and n = number of observations in class y
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Comparison of gtomach contents from rabbits of group A

with those from group B

L o : ;
iTotal osmotio Osnotic Conc, of Conc, of
? %pressure mOsn | pressure due ‘tofsodium pottassium
i i electrolytes mmol./1. mmol,/.
i i o m)sm N
1 : |
' Group B Group A|Group B|Group AljGroup AlGroup BlGroup A|Group B
278 272 670 495 20,87 |23,04 [10.23 112,79
| "
| 320 316 734 590 37,83 117,39 |22.28 [20.,46
1
| 510 308 830 340 42,17 116,09 [29.41 |14,07
£x | 908 896 2234 1425 100,87 |56.52 [61.92 47,32
2x2 omsmea | 268704 | 1676556| 705725 |13644,97|1092,14 |1466,00| 780,16
fiﬁl— 074821 | 267605 |1663585| 676875 ||3391,5911064,8411278,03 746,71
_ " i .
Z(x-i)z 963 1099 12971 | 31850 [253.38 [27.30 |187,97 |33.45
Vx 481 549 6485 15925 11126,69 13,65 93,99 (16,72
g " | .
Sx 21,92 |23.44 |80.,53 |125.80 ||11,25 [3.70 9,69 4,01
x 303 299 745 475 ||133,62 118,84 |20,64 115,78
l N R
SSp 5126 - 34 (18879 _ 4uoq  ||228208 54 5o |10452 | 5 63
| & . 4 4
\F 1
SEp pﬁéég = 7,14 ﬁ§§§£§=a4.14 éﬁ;%éié c9.21 [RS8 6
! -
X -%x. | 4 270 14,78 4,86
x_L 2 ) ;!
t 4 270 14,78 4,86
4 714 = 0096 STor = 321 lgTer = 160 |5y = 064
D |N. S, < 0,05 I, 8. N.S.
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Table 7.2 Comparison of duodenal contents from group A with those
from group B
a ) _i_l:otal ;a_ago_t-i_c: Osmotic iConc, of Conc, of
! pressure 0s i pressure due to}sodium pottassium
| electrolytes gmmol./l. mmol./l.
e ZOE ’ _
Group A'Group BiGroup AlGroup BGroup A Group B Group A EGroup B
350 300 ‘%250 | 225 86,96 69,57 125,06 [34.27
330 322 !244 240 78,26 82,61 39,39 26,60
370 316 i. 248 106,52 (108,70 [37.,08
£x 1050 938 !722 465 271,74 R60.88 [101,53 (60,87
Exz 368300 |293540 él’?3940 108225 |250383,1623480,093554,501681,99
-é'%ilz .367500 293281 1175761 108112 |24614,2022686,133436,11 |1852,28
i " |
Zi(x-;c)2§800 259 |179 113 418,98 [793.97 [118,39 29,41
Vx §400.0 129.,3 (89,3 113 209,49 (396,98 59,19 |29.41
Sx 320.0 11.4 9.5 10,6 14,48 [19.,22 [7.69 5,42
x ;350 313 241 233 90,568 86,96 (33,84 30,44
SSp (B4l . 15,5 (68 . 22 374:99 _ gz,74 128298 _ 29,66
| 4 3 4
SEp 135,53 =14,3 Fiz-;éh= 5.2 E_E.f?__&:_cé_ = 7,91 [ié-,@gg = 5.96
2 {5 4 3 { 5
%, % |57 8 ~ I3.62 5, 40
Yy ?%ZT?? R R R i 22 0,46 5 2223 =057
D EN.S. NS NeDe NS,

|
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Comparison of contents of the small intestine from rabbits

of group A with those from group B

T

lConc. of

=k

:Total osmotic |Osmotic EConc. of
ipressure mO0sm | pressure due to sodium I pottassium |
i electrolytes mol./1, rmols/1. :
L PR I = o I i RN S —
i ;Gfoup E Group B| Group A} Group B| Group A | Group B ‘Group A q59up B
:i 350 265 230 226 91,30 | 84,78 | 16,62 1_25_.58 |
:525 358 248 228 120,00 | 82,61 | 24.81 |25.58
1324 95,22 |101.74 |17.39 | |
<x l999 625 478 454 306,52 | 269,13 |58.82 |51.16
£ x° l;'553101 198389 | 114404 | 103060 | 31802.54| 24363,09 1194,17| 1308, 67
ﬁ—’é)—z 332667 | 194064 | 114242 | 103058 | 31318,17| 24143, 65 1153.26| 1308467
s(x-0)% 434 |4325 |162 o |asa,37 |219.44 40,91 | O
Tx | 217 4325 | 162 2 1242,18 |108,72 | 20.45 0
Sx E 14,7 | 65.8 [12.7 1.4 115,57 |10.,47 | 4.52 0
X 1553 312 239 227 102,17 189,71 | 19,61 25,58
S5p iz’—‘ﬁl- - o1 |32 - a0 64493 _ gg05 | Pk 213,
I 4 2 3
SEp : T2.TX6 _ 540 |POR2. - g, 62323 _ o o7 Fi’_-‘-"’:_—é - 3,37 |
. N 5 o2 J 2 M 5
SEA-J?B 1 21 ‘ 21 12,46 597
1 ,
its -5%=o.51t28—%=1.34 |t %—?@%—6=1.25 2e3L - 177 |
| P | Mo Se N, S, W, S, N, S. 'i
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Table 7.4 Comparison of stomach contents with duodenal contents
It_u—- iTotal osmotic h CE)I’T(;. _E)VZIE:L o Eon;? of -
| dgEesmee we | jeciium mioly/l. fpotispeii molu/ls
]; 1istomch If]}uodenum Stomach% Duo- IlStomach; Duo=
— ' jdemum | | denum
| é | |
| ' 280 1300 23,04 | 69,57 12,79 | 34,27
iszo 1322 17.39 82,61 20.46 26,60
1510 316 16,09 | 108,70 (14,07 | 25.06
E272 350 20,87 | 86,96 10,25 39439
316 330 37,83 | 78.26 |22.28 | 537,08
Ezoe 370 42,17 | 106,52 129,41 ;
£x i1804 1988 157,39 | 532,62 |109,24 | 162,40
£ 30 i544488 661840 |4737,12 | 48513,27|2246,16| 5436,50
'55§?? 542402, 6| 658690, 6| 4128, 60 47280:6811?88.90 5274475
2(x4£)2{2085.4 3149,4 608,52 | 1232,59 | 257.26 | 161,75
, : N
Vx la17.1  1629,9 |121,70 | 246,52 !51,45 | 40,44
Sx 120,4 25,1 11,0 15,7 742 6e4
X 1301 1331 126,25 | 88,77 118,21 | 32.48
| . o
SSp I%%Qé = 106,4 Eé%%il - 62.4 22 2106
SEp #06§4x5 - 1.9 “2é4xs s (80 g
il-iz |30 62,54 14,27
o 5% - 1.8 f10 £8:32 = 4,56 g N
P Lf>o.1o <.0,01 < 0,05




119,

Table 7.5 Conparison of contents of the duodenum with those of the

small intestine

| Total osmotic Conc. of “Conc, of
pressure e | sodivm mmol./L. pottassivm
 dnodenun; small duodenum; small duodenum| small
_“__imggﬁestine _____ intestine r_t__‘i intestine
300 % 265 69,57 84,78 54,27 25,58
322 358 82,61 82,61 26,60 25,58
316 350 108,70 | 101,74 25,06 16,62
%550 325 86,96 91,30 39,39 24,81
| 350 324 78426 120,00 37.08 17.39
| 370 106,52 | 95.22
£X I1988 1622 532,62 | 575,65 162,40 | 109,98
E_xz 661840 | 531490 48513,27| 56165,63 | 5436.,50 | 2502,85
Sg%?? 658690,6( 526176.,8 | 47280,68| 55228,82 | 5274.,75 | 2419,12
g(x—i)z 3149.4 | 5313,2 1232,59 | 936,81 161,75 | 83.73
Vx 629.9 1328,3 246,52 | 187.36 40,44 20,93
Sx 25,1 36,4 15,7 13,68 Bed 4,58
X 331 P 324 88,77 95,94 52,48 22,00
p 2888 . 2404 2282 - 29.6 Bele 9.8
SEp (2804030 _ g5,6 | E%OE o 288 25,0
. El-iz 1 7 717 10.48
¥ !ngﬁ = 0,27 b 227 w076 | Yo 3g? = 2410
fp L>o.7o > 0,40 | > 0,05
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When an analysis of variance indiceted that treatments differed
significantly in their influence on exsheathment, the least significant

difference between the mean results was calculated from the equation

w2 (21 Ly
n m

%0.05 |

M1
|
)
]

where X = arithmetic mean of results with treatment x

¥ = arithmetic mean of results with treatment y
S2 = residusl variance i.e, within classes mean squere
and
N2 .
t0.0S = the value of t with n+m-B degrees of freedom and a

probability of 0,05,
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Table 7,6 Analysis of variance of data from experiments to determine

the time relations of the stimulus

Time - minutes

T w0 & 6 | %
percentage i 18 E %O 1 56 E 50 56
of larvae | 26 b6 ! 42 i 48 46
exsheathed ’ 10 28 i 40 44 54
1 16 28 | B4 | 52 52
| 24 i 18 1 36 % 44 | 50
| 15 30 | 45 60 | 90
percentage of | 25,10 | 39,23 | 48,45 | 45,00 | 48,45
larvae exsheanthed 30,66 | 48,45 | 40,40 | 43,85 | 42.71
trangforned to 18,43 | 31,95 39,23 | 41,55 | 47,29
angles 23,58 | 31,95 | 35,67 | 46,15 | 46,15
29.35 | 25,10 | 56,87 | 41,55 | 45,00
£ x 127,1 ! 176,7 | 200,6 | 218.,1 | 229.6
Z x° 5326,0| 6556,0 | 8150,3 | 9530,5| 10652,7
. o, ;
X 25,4 | 35,3 | 40,1 | 45,6 | 45,9

Correction Factor (C.F,) ='§éx!2
In

o “
952,17 _
o= 36259, 8

Total sum of squares = £ xz - C,F,

38127.5 ~ 36259,8
= 18677 . . . . (1

Sum of squares between treatments “é:ﬁi%l%-C-F°
n
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Table 7.6 (Contd,)
2

fav]

2

= 127,1 + 17647 + 229,6 - C,F,
5 . B 5
L 152005 . . . . (2)
Sun of squares within treatments = (1) - (2)
= 547,2
Source of Degrees of i Sum of | Mean Variance
: variance freedom | squeres fguare_ﬂg ratio
' between 4 1320,5 330,1 | 12,0
treatments . p 0,001
y .
within R0 547,2 27.4 |
treatments
total 24 ' 1867.7 e
Least gignificant difference between means
- - .20 [2x27.4 |
X =y = t0.05 \J 5 = 2.09 X 5.32
e ity o e i e s s e 2% .__.:_..- v __._‘_?.__ S .- okl _.l
~__ Time (mins) ' 90 's0 145 |30 | 15 _4
% | 45,9 1456 40,1 .| ma
Difference between means =
' Time of stitmlus i
: et S
Time of stimulus| 90 i 60 i 45 30 1
ming. | ming, ming_____migg»h_J
15 mins 20,5% | 18.2% | 14,7% | 9,9" }
30 mins 10.6% | 8,3% | 4.8 - |
45 minS 5.8 3.5 - =) H
60mins | 23 | - 1 - !

¥ Qifference gignificant at 5% level of probability
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357,88

Table 7.7 Analysis of variance of data from experiments to determine
the effect of carbon dioxide on exsheathment
. Concentration of carbon dioxide (vol/vol)
Larvae | s | 100 4 250 | 50¢% 100%
exsheathed 0 7 [ oo 67 62
|
) 5 t1o ! 64 64 ! 64
Larvae sl 104 | esh | 506 1 1005 |
...... oA .. SN b AR SV oA S EEms
oxsheathed 0 15,34 47,87 54,94 51,94
transformed to 9,97 18,43 53,13 53,13 53613
angles B -
x 9,97 33,77 101,00 108,07 105,07
x° 99.4 | 575.0 | 5114.3 | 5841.2 | 5520,6
x | 4,99 | 16,89 | 50,50 | 54.04 52,54
Correction factor (C.F.) = §£x22
n
= (358,0)"
10
= 12807,8
Total sum of squares . . . . ()
= é XZ - C.F.
= 17150,5 -~ 12807.8
= 4342,7
Sum of squares between treatments . . (2)
. \R
= 5 Ex)°_ ¢ F.
n i
= 9.9:?2 “+ 53.77£ eqe + 105.072 - COF.

- e ———

2

2 2

4272.0

17150,5
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Difference significant at

Sum of squares within treatments = (1) - (?)
= 70,7
| Source of "1 Dogrees of |  Swm of | Mean | Variance |
variance ' freedon | sguares | square ratio B
betweemn 4 | 4272,0 1068,0 75474
treatments E | p 0,001
within 5 ! 70,7 14,1
treatnents i "
_total 9 | emzr aees
least significant difference between means
Fefe 1)  ZEEEL w257 x 3,76 = 9,65
concentration of 00, vol/vol ; 100 | 50 l?55“ | 107 I 55
‘ % ;_52.54_4“§4304hisqp§0 116,89 | 4,99
Difference between means
iconcentratign of CO, vol/vol | 5q%n.E—EOQEH 'zgﬁx_;iéé%:;;_?
' 5 29,05% | 47.55% | 45,51%) 11, 90%
plos 37,15% | 35,65 | 33,61"
2565 Be54 l 2,04
100% 1,50 [

5% level of probebility
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Table 7.8 Analysis of variance of date from experiments to determine

the effect of temperature on the casting of the sheath

. . 0
. = SR

s 50%] o 0
exsheathed larvae | 20 ; 30 ?2 64 } 68
) o |22 |54 70 | 76
113 E 26 68 66 % 72
(] | 20 54 68 i ?l i
12 ‘18 l42 lez 57 |
1% =% |so%  w°c |4

TN S B B - (
|

proportion of 26,57 | 33,21 | 46,15 | 53,13 | 55,55 |

larvae exgheath~i 16,43 27.97 | 47,29 56,79 60,67 ;
od traunsforned 21,13 | 30,66 | 55.55 | 54.33 | 58,05
o angles 15.54 | 26.57 | 47.29 | 55,55 | 45,57
20,27 | 25,10 | 40,40 | 51.94 | 49.02 _
s x 99.7 | 143.5 | 286,7 | 271.7 | 268.9 | 1020,5
z 52 5068.6 | 4161.2 11320.0? 14765.2 | 14616,0. 46949,0
: o9 iz | ans | sas  ses
Correction factor (C.F.) = ﬁ;zﬂ?
n .
= 1020,5°
25
= 4,656,8
Total sum of squares 5 R . . « (1)

=£ xz - C.F,

46949,0 - C,F,

5292,2
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Table 7.8 (Contd,)

Sum of squares between treatments . i . . (2
= ';f‘ i‘x 2 Lad C.F'
£ L—)-n “
= 2___0_2 + 145052 'R N + 268.92 b C.F.
5 B 5
= 4880,7

Sun of squares within treatments = (1) - (2)

= 411,5
Source of Degrees of = Sum of | Mean : Varlance |
i
] variance | freedom | squares ! square i ratio
| between 4 | 4880.7 { 1220,2 i 59,2
| treatments 1 | | p 0,001
l - |
| within | 20 1 411,5 | 20.6 i |
treatments ! \ | |
. —— . e o i ke A i 4 W I P . L. | il il S Sy gk i
total | 24 T 529242 % 220,5 |

TLeast significant difference between means

. . 20 " _ st
X =¥ =%,05 & z 20.6 _ 2,09 x 2. 88 = 6.0
| Temp, °C | 40 | 37 i 30 | 25 |15
X | 53,8 | 54,3 | 47,5 | 28,7 | 19.9°
o B I)1ffere_r~19_q'_b_§t_u_veen means .
Tetperature 57% | 40% 30° c | 25% |
e ._-_l P - ..—-—-—'-v.-——v — 3 — _,. o — T —— | —— .
15°¢ E 34,4% | 33,9%  27.4% | 8.8"
- “ il " ;
25°¢ l 25.6" i 25,1% | 18,6° |
" ‘ !
30°¢ | 7.0 i 6.5% |
0 l ! | 1 ‘
20°% 105 | . d

® Difference significant at the 5% level of probability
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Table 7,9 Analysis of variance of data from experiments to determine

the influence of pH on the stimulus for exsheathment

S IR -

T g2 | pE3 | pH4  pI6
T 81 46 | 0
E 24 76 70 0
2 38 88 60 0
| 36 88 64 | 2
42t v 1 50 16
e w3 @4 (pl6 |
% 41,55 64,16 42,71 | O
| 29.35 | 60467 i 56,79 | O
38.06 69,73 | 50,77 | O
| 36,87 69 ¢ 73 | 53,13 | 8,13
40,40 60, 67 45,00 | 14,18
2 x 186,2 325,0 248,4 | 22,3 781.9
£ 5 7026,8 21202,7| 12474,6| 267,2 | 40971.3
X 37,2 | 65,0 ¢ 49,7 4.5
Correction factor (C.F.) = _@_J_tlz
n
= 781,9°
.20
= 30568,4
Total sum of squares . . . . . (1)

= §’x2 - CoF,

40971,3 & 30568.,4

10402,9

Sum of squares between treatments . . (2)
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Table 7,9 (Contd.)

=<‘ng22 - C.F-
n

= 186.2% + 325,0 .... 22:3° - 30568.4
5 5 5
= 9930,6
Sum of squares within treatments = (1) - (2)
= 472.3
' Source of | Degrees of  Sumof | lean | Variame |
| variance freedon | squares square ratio 1
between 3 9930, 6 3310,2 112,2
treatments
within 16 472.3 29,5
treatments
| ‘total 19 (1 10402.,9 | 547.5 s

Least significant difference

F-F=40" /2 x29.5 =2,12x 3,44 = 7.3
0,05 pRAEES
Al )
{'pH T2 13 4 . 6 %
| = ior.2 65,0 1 40,7 45 |
Difference between means
o 3 | 4 2 |
|
6 6045% 45.2% | 52,7
B E RS |
|
4 1 1543 ) O
k3

Difference significant
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Table 7,10 Analysis of variance of data_from experiments to determine

the influence of pH on the casting of the sheath

| pH 4 o 6 m"r'ﬁﬂ 7 | pH 8
76 a4 E 50 i 24
larvae 58 36 38 | 28
exsheathed 66 44 34 26
(%) 78 32 56 28
76 34 44 5
(4 [Tpls | @7 | B
proportion of E 60,67 | 41,55 45,00 ; 29,33
larvae ex- 49,60 | 36,87 38,06 | Bl.9
sheathed 54,33 41,55 35,67 | 30, 66
transformed 62,03 34,45 48,45 31,95
to angles 60.67 35, 67 41,55 36,27
£ x 287.3 190,1 208.7 16002 | 846.3
% x° 16621.3 | 7271.4 | 8819.7 | 5157,4| 37869.8
x 57,5 | 38,0 | 41.7 | 3R.0
Correction factor (C,F,) = fzglz
n
= 716223.7
20
= 35811.2
Total sum of squares z " ) . (1)
= é§x2 w C P,

0

37869.8 - 35811.2

2058, 6
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Table 7,10 (Contd.)

sum of squares between treatments . . 5 . (2)

= s EX
Z - C.T,
n

- 287,32 4 190,1° ... + 160,2 - 35811.2

5 5 5
= 1768,6
Sum of squares within treatments = (1) - (2)
= 290,0
| Source of . Degrees of Sum of | Mean Variance
voriance .. Treedm squares | square | Tatio
between P 3 1768,6 589,5 32,6
treatments
|
within . 16 290,0 18,1
treatnents l
total | 10 | =08.6 | 1083 | j

Least significant difference

16 © s ooe T :
0,05 [BEA%L =212 x 2,69 = 5.7

I_"_pH 1 4 i 6 1i“~ 7 . 8 ‘\
b 57,5 38,0 ! 41,7 | 32,0

Xe-=y=1%

| pH | 4 7T |8
1 8 25,5" 9. 7" 6,0"
\ 6 19,5™ 37

7 | 15,85 | |
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