THE BIOLOGY AND RESPIRATORY PHYSIOLOGY

OF APHELENCHUS AVENAE BASTIAN 1B65

by

Aruna Hemalkantha Wilfred Mendis
B.Se, Hons., (Sri Lanka), DIC (London)
M.Sc. [Londcnj

The thesis submitted for the degree of
Doctor of Philosophy in the Faculty
of Science, University of London

Department of Zoology and Applied Entomology
Imperial College of Science and Technology
Silwood Park, Ashurst Lodge, Ascot
Berkshire

June 1881



ACKNOWLEDGEMENTS

I gratefully acknawledge the love, encoursgement
and Financial help given me by my parents - Alfric and
Sita (Ammi] Mendis - and my parents-in-law - Joe and
Laurine Perera - without which this work would not have
been possible.

I would like to thank Profassor T.R.E. Southwood,
F.A.S., and Professor M.J., Way for giving me the opportunity
to work at the Silwood Park Field Station.

I am indebted to DOr. Adrian A.F. Evans for sparking
my interest in nematode physiology with characteristic.
enthusiaém, and for his continual interest, encouragement
and excellent supervision of my project. I alsec thank him
For nominating me for and the British Council for presenting
me with an Overseas Students Fees Award.

I would like to take this opportunity to thank seversal
people, namely, Or. Dennis J. Wright and Dr. D.P. Mcmanus
for their advice, Or. John M, Palmer for allowing me the
use of the Amino Chance specttophotometer and for his
valuasle advice, DOr, J. Crawley and Or. Stephen Young for
advice on statistics and r. Kay S. Cheah for his advice
and useful comments on the results of this study,

I would also like to thank Mrs, V. Bennett for her
excellent typing of the script and her sense of humour
even under duress.

Special thanks to my cousin Carmeline Perera

for the generous loan of the typewriter.



I wish té thank my wife Anne-marie for her
financial and moral support and useful criticism of
the seript.

Finally, I would like to thank my son Jehann for
providing the "diversion" = required or otherwise -
without which this thesis may have seen the binder

much earlier.

il



I dedicate this thesis to

my wife and son



- ifx
Abstract

Three isolates of Aphelenchus avenae were

mass cultured monoxenically and assessed for bio-
physiclogical variation. Isolates E and F (from U.K.]
reproduced parthenogenetically; Isolate A (from

Malawi) reproduced amphimicticly. The oxygen comnsump-
tion rates (Qoa) of all three isolates were similar

but declined with time of harvest. Arrhenius plots

of the Q0, data (Log Qo, vs. 1/°K) showed "intersecting™
type discontinuities at different temperatures depend-

ing on isolate. .

Isolates differed also in population development
rates at 10°C to 30°C. Arrhenius plots i.e. Log
population development rate vs. 1/°K, corresponded
very closely with those obtained with the Q0, data
and probably indicates the occurrence of '"thermotypes"

within the gpecies.

Eacﬁ isolate differed in response of the Qo, of
the whole worms (cultured at 25°C) to 3 mM NaCN. The
Q0 of isoclate~F was 75-80% inhibited, Q0, of isolate-E
.waé 0-12% inhibited and that of isolate-A was 17-20%

inhibited.

The QO of isolate-A cultured at 30°C was
stimulated by 3 mM NaCN. When cultured at 25°C,
stimulation of the Q0, was observed only'Following

prolonged incubation at 30°c.



Mitochondriaml fractions of isolates A and F
utilised only succinate and &-glycerophosphate to
any significant extent. The respiratory control ratios
(RCRs) were higher for isolate-F as were the P:0 ratios.
Antimycin=A had little or no effect on the state~3 Qo,
of isolate-A but baused near complete inhibition of the
state-3 QO, of isolate-F. The ascorbate-TMPD-oxidsse
activity of isclate-A was only partially (55-85%)
inhibited by 3 mM NaCN while that of isclate-F was
completely inhibited. Salicylhydroxamic acid (SHAM)
produced 50-60% inhibition of the residual (=cyanide
insensitive) doe of isolate-A (i.e. 20-30% of total
Q0,) but carbon monoxide (CO) was required for complete

inhibition.

Spectrophotometric observations showed the presence
of cytochromes b, ¢ and a in mitochondrial fractions of
8ll isclates. Treastment with CO altered the spectra
considerably giving almost identical spectra to those

described for Moniezia expansa and Halobacterium sps.

as characteristic of cyt.0.

A. avenae probably has three potentially functional
terminal oxidases, cyt. aag; cyt. 0 and possibly an
®-glycerol-phosphate-oxidase (GPOJ]. The latter complex
linked to glycolysis, may be responsible for the
production of glycerol detected in isolates A and F by

GLC technigues,
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CHAPTER 1

General Introduction

The electron transfer sequences in parasites
has been suggested to depart from the classical-
mammalian pattern. (Bryant, 1970; Barrett, 19785)
The main source of difference, according to Bryant
(1970]), involves the suppression of an oxygen-dependent
terminal oxidase in favour of one or more alternative
pathways capable of utilizing different electran
acceptors resulting in the development of branched

electron transport sequences.

Whether this difference is directly related ts
the parasitic habit is one of the more interesting
questions helminthologists and protozoologists are
attempting to clarify, although Barrett (1976) has
suggested that the importance of oxidative processes
in the overall energy balance of helminths differ in
different ﬁarasites and may even vary between tissues
of the same parasite. Therefore in order to provide
an adequate answer to this,a more complete understanding
of barasite metabalism might be obtained by reference to
the most closely related free-living forms with which
they are presumed to have shared a common ancestor.
Although a comprehensive liferature has accumulateq on
the respiratory-electron transport systems as obtains

in parasitic helminths such as Moniezia expansa,

Ascaris and Fasciola, there is relatively little
literature on the respiratory-characteristics of

free living nematodes,



However spectra obtained from homogenates of a

fresh-water turbellarian Cura pinguis (Bryant & Fletcher

as quoted by Bryant 1970}, and the free-living

eE.al-u
nematodes Caenorhabditis briggsae (Bryant,A1SS7) and

Turbatrix aceti (Rothstein et 8l.,1870) were reported to be

similar to spectra obtaimned with M, expansa preparations °

(Bryant, 1970) suggesting that the branched system may

be more widely distributed in nature. 0n this basis
Bryant (1970) suggested that the relationship between

the branched resPiratory chain and parasitism is not
direet, and that groups of arganisms which became
successful pagasites possessed these modifications
because they were already adapted to conditions which
bore certain resemblances to the parasitic environments.
Fundamentally the intestines are special cases of a whole
class of environments in which oxygen tension or the

amount of available oxygen is low. (Bryant, 13970)

The soil enviromment with its variety of textﬁre,
Fluctuating oxygen tension, pH and humidity may well have
been the habitat that of fered the greatest challenge to
the archetypal land-base;iFreelivingnematode, acting aé
an important evolutionary "spring-board" for the
parasitic habit. For this reason it is logically the
best habitat in which to seek the predecessors of the

parasitic mode.

If the extent of geographical distribution is any

measure of evolutionary success, Apbelenchus avenae with

its cosmopolitan distribution, its wide host range and
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short generation time, would be an ideal model to employ
in order to study and gain an insight into the metabolic
processes (respiratory or otherwise) associated with

parasitic nematode species.

However the same attributes that make A. avenas
a model organism for such studies may present some
difficulties. For instance, geographically separated
populations (or isclates)] may have adapted to specific
local conditions and therefore different isolates may
not be haomogeneous in their physio-biochemical response
to an externally applied physical or chemical
constraint(s]. Indeed since the monoxenic cultures of
A. avenae may be harvested at any time between 30 and
140 days, a considerable variation in response may be

expected even within a single isolate.

In this respect the data on the oxygen consumption
rates [Qoej of whole worms of A, avenae differ consider-
ably according to Figures cited by various authors.
Cboper (1988) and Cooper and Van Gundy [1970a]_quoted
a figure of 5.6-5.8 Ml Oe/mg dry wt./hour at EBOC;

Marks (1871) quoted a rate of 10-12 ul Op/mg dry wt./
hour at 30°C; Awan (1975) obtained a mean rate between
4,84 and 4.89 Fl Oe/mg dry wt./hour. Although these
workers apparently employed different strains of -

A. avenage they however did not report the age of the
cﬁltures From which these populations were @erived.
Preliminary investigations intoc the variation of the

Q0, of mixed stages of one isclate of A. avensze (isoclate-E]



cleariy indicated =g small but noticeable drop in the 002
with age of the culture, i.e. harvest-time. Thus a
standardised routine was established for harvesting
cultures and similar assays were carried out on two
newly established isolates of A. avenae in order to
assess whether the decline of the QO2 with harvest time
was common in all isclates of A. avenae. Further studies
were carried out to assess the variation of the Q02 of
the three isolates with temperature, hyperbaric oxygen
regimes, and anaerobic-treatment in an attempt to define
the profile of the respiratory physiology of these
isolates of A.-avenae with respect to post-anaerobic
changes in the QO0,, Pasteur and Crab tree effects
(Barrett, 19768). The results of these and related

studies are presented in Chapter 4.

The response of ecologically isolated populations
of A. avenae to variations in temperature optima has been
clearly demonstrated (Evans, 1968). Investigating the
rate at which populations developed he reported that the
isolates from South Australia, Port Vincent and Western
Australia produced the greatest numbers of nematodes at
30°C whereas a Tasmanian isolate showed best development
at 25°C. Furthermore the rate of multiplication of the
Tasmanian isolate was very much slower than that of the
Western Australianand Port Vimcent iscolates at 25°C, but
was approximately the same as that of the South Australian
isolate., Preliminary observations on Melbourne, Broken-
Hill and Armidale isolateé indicatea that these .

populations developed faster at 30°C than at 25°C or 20°%C.



These observations indicated that some isolates can be
distinguished from others on the basis of biological

differences.

It has been aobserved (Evans, 1968, 1370bJ] that
temperature appears to also effect other processes such
as feeding, ovipoéition and eclosion of 3 South Australizn
isolate of A, avenae. Since these activities are all
affected by temperature the rate of development of
populations studied imn this work were analysed in terms

of the Arrhenius equation.

Evans (1968) also investigated population
composition at various temperatures for the South
Australian isolate and suggested that the A/L ratios may
be employed to compare the generation times of different
populations, or isolates cbtained from different environ-
ments. In this context studies were carried out on the
time dependent changes of the L/A ratios (as opposed to
A/L ratios employed in earlier studies by EQans, 1868)
of the three isolates of A. avenae at a range of
temperatures. These observations and related studies
on the effects of anaercbic-treatment, low temperature
regimes, and cyanide treatment, on the post-exposure
reproductive capacity of the isolates are reported in

Chapter 3.

Observations on the effects of physical Factors
such as temperature, oxygen/nitrogen regimes on the
biolegy and oxygen consumption of an orgasnism can

provide useful information comcerning its overall



physiology. However such studies have their limitations
since the observed effects are difficult to interpret
without some krnowledge of the metabolic mechanisms

which induce them.

The understanding of electron transport mechanisms
which operate in A. avenae would undoubtably contribute
towards the interpretation of biological data such as

that gathered in Chapter 3 in respect of A. avenae.

The elucidation of such electron transport
mechanisms in organisms, in general, has been advanced
by experiments. dealing with the question of whether or
to what extent certain compounds inhibit the respiration.
The results of such experiments however must be
interpreted with caution especially if entire organisms
are used. (Von Brand, 1978) Considerable differences
in sensitivity towards a given inhibitor hawe been
reported to occur in closely related species. The

oxygen uptake of Caenorhabditis briggsae (whole worms)

was only partially sensitive to cyanide and carbon
. monoxide (Bryant, Nicholas & Jantunen, 1967)] while

the state~3 respiration of Caenorhabditis elegans

mitochondria exhibited = 85% inhibition with EOAFM
KCN (Murfitt, Vogel & Sanadi, 1978). The state-3
succinate oxidation by a mitochondrial preparation of

Turbatrix aceti in contrast required 111 uM NaCN for

complete inhibition while 10 uM azide and up to 74.FM
cyanide had little effect (Rothstein, Nicheolls &

Nicholls, 1870).



In this context, the cyanide sensitivity
studies on parasitic protozoa are of particular
interest. The respiration of blood stream forms
of the pathogenic African trypanosomes is very sensitive
to arsenicals and bromoacetate, while trypanosomes of
the "Lewisi-group" are much less sensitive to such
sulfhydryl inhibitors; but exactly the opposite
pattern of sensitivity is shown by them with respect
to cyanide, the classical inhibitor of cytochrome oxidase

(Von Brand, 1979]).

Earlier work on a variety of different parasitic
Forms showed a wide variety of responses even to
classic inhibitors like cyanide (Von Brand, 1866)
indicating that different parasites possess different
respiratory mechanisms. On this basis Von Brand (1866)
separated "for convenience'" some of the data gathered.
by many workers with respect to cyanide sensitivity.
These references as quoted by Von Brand (1968]) are
summarised as follows:
 Group I Where the QOE is inhibited by both NaCN and
where tested by carbon monoxide (co).
Malarial parasites (McKee et al., 1946;
Bovarnick et al., 1946)

Fasciola, Moniezia (van Grembergen, 1844, 1949)

Litomosoides (Bueding, 194Sa)




Group.II Where the Qda is inmhibited by cysnide but
is insensitive to carbon monoxide.
Culture forms of T. cruzi (Baernstein and
Tobie, 1951)

Diphyllobothrium, Triaenophorus (Friedham &

Baer, 1933)

Larvae of Trichinella (Stannard et al.,

1938)

In the latter carbon monoxide is reported to have
brought about a distinct stimulation of the oxygen

uptake.

Group 1III Where the Qo, is not markedly inhibited by
even fairly high concentrations of cyanide
if not stimulated by it.

African pathogenic Trypanosomes

- Trichomonads

L]

Paramphistomum

Ascaris

In Paramphistomum cyanide stimulated respiration

by spproximately 100% at an oxygen tension of 160 mm Hg,
while at 760 mm Hg only very slight stimulation and even
inhibition of up to 30% was observed. (Lazarus, 1950 as

quoted by Von Brand, 1966)

Preliminary work on one isclate of A. avenae
(isolate-E) shaowed that its QD, was only marginally
sensitive to cyanide. Concentrations of up to 10 mM

cyanide produced less than 20% inhibition. However



exposure to cyanide for even very short periods
significantly affected the fecundity of adult females

of this isolate. Thus the effects of NaCN,
parachloromercuro-benzoate (pCMB), salicylhydroxamic
acid (SHAM] and carbon monoxide (CO) on the oxygen
consumption of whole worms of three different isolates
of A. avenae were assessed usinhng standardised procedures
to obtain informatiom on the respiratory mechanisms of
A. avenae, The results of these studies are presented

and discussed in Chapter 5.

Cooper and Van Gundy ({1870b) have reported that
in microaerobic and ﬁginbic environments the prinéipal
glycolytic end product in A. avenae was lactic acid
(during the fFirst 12-16 hours) after which it was ethanol.
However they reported that some ketones and glycols may
have been present in concentrations not detectable in
the tests. These substances were analysed by Cooper

et al., using gas-liquid chromatography on Porapak

columns.

About the same time Rothstein (1869] reported

that substantial amounts of labelled'glucose, trehalose

and glycerol were produced by C. briggsae from 14C-

labelled acetate. The quantity of glycerol produced

by C. briggsae incubated in "whole'" axenic liquid‘media

was greater than that produced by the worms incubated

in water.
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More recently, Madin, Crowe and Loomis {1978)
have shown that glycerol begins to appear in live
A. avenae only when masses of A. avenae in pellets
are subjected to slow drying. More specifically
glycerol synthesis began only when the water content
of the worm-pellets reached a critical level, i.e.
2.4 mg water per mg.dry weight. They reported that
glycerol synthesis occurred while lipid levels fell
probably due to operation of the glyoxylate pathway.
This pathway although well documented in micro-
organisms is not prevalent among eukaryotes although
some key enzymés have been described in nmematodes.
However glycerol originates, its presence in anhydro-
biotic A. avenae and is well documented (Madin, Crowe
E Loomis, 1978) but it is possible that A. avenae
also synthesizes glycerol during normal metabolism.
Therefore GLC analysis of exudates of A. avenae whole-
worms for volatile end products, and specifically
glycerol was undertaken, especially because there was
evidence as will be reported in Chapter 5 and Chapter
7A, that a salicylhydroxamic acid (SHAM) sensitive
oxidase viz. (X-glycerol;phosphate-oxidase complex
(GPO - apparently present in both isolates of A.avenae)
could well be involved in the production of glycerpl in
A. avenae. Similar glycerocl production involving the
GPO-complex (coupled to glycolysis) has been reported
to occur in other organisms (Grant & Fulton, 1857;
Grant, 1966 as quoted by Bowman & Flynn, 1876] and

at different rates under aerobic and anaerobic conditions,



Thus experiments were designed to assess whether this
was so in A, avenae, These investigations are reported

in Chapter 6.

The response of A. avenae to mematicides such
as ethylene-di-bromide (EDB) has demonstrated that
this halogenated.hydrocarbon reacts with heme-proteins
of the respiratory pathway and with serine residues
of esterase(s) or protease(s) causing the intoxication

and death of A. avenae (Castro & Belser, 1978).

Earlier observations by Evans and Thomason (1971)
and Evans (1973) suggested that the ability of nematodes
to survive exposure to EDB was enhanced at low temperatures
and under anaserobic conditions anmd they therefore
inferred a connection between aerobic metabolism in
the nematode and EDB toxicity. The implication by
the latter authors was that either the components of the
respiratoﬁy chain are only vulnerable when in use by the
organism or that some pﬁoduct of anaerobic metabolism

conferred protection on the treated nematodes.

.

Prior to these studies, the toxicity of different
nematicides and the differential reséonse of various
species of nematodes to them, were generally explained
in terms of cuticular-barrier effects. (Chitwood,

1952; Goring, 1857; Hollis, 1961]. Marks, Thoméson

and Castro (1968] however demonstrated that alkyl halide
nematicides readily penetrated the cuticle of various
species of both plant parasitic and free living nematodes
and established a dynahic equilibrium between the

external and internal medium.



However Marks (1971) subsequently showed that

the oxygen consumption of third stage larvae of

Caenorhabditis sp. exposed to 0.53 x 10-2M EDB

was 120% greater than in controls, but similarly
treated third and fourth stage A. avenae exhibited

a reduced oxygen éonsumption, approximating to 40%

of the controls at 30°C. Awan (1975) investigating

a U.K., isolate of A. avenae found that although EDB
caused only 27% inhibition of the oxygen consumption,
of this organism, worms pretreated with antibiotics
{100 units benzylpenicillin and 100 mg streptomycin
sulphate) were refractory to EDB, showing only 4.52%
inhibition in the presence of EDB. In view of these
conflicting reports, investigations were carried out
to assess the sensitivity of the thEee A. avenae
isolates to EDOB, and its variation with harvest time.
The synergistic effect of EDB and NaCN was also
investigated., Further the ability of A. avenae to
recover following treatment with NaCN and EDB was

alS9 investigatéd sinmce it has been suggested (Castro
& Belser, 1978) that A. avenae like all organisms
possesses an endogenous éapacity to reverse the effects
of EDB by re-reducing the iron centres of heme-proteins
back to the functional ferrous state. A comparison of
the effect of EOB and cyanide was of interest because
the mode of action of cyanide is very similar to that
of EDB (Castro & Belser, 1978). These studies are

presented in Chapter 5.
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Mitochondrial e#traction and isolation
procedures for small free living nematodes have not
met with much success,since it has been found that
high quality mitochondria could not be prepared from

small free living nematodes (such as T. aceti,

C. briggsael if the cuticle was disrupted by using
high speed sheaﬁing devices such as the Polytron-
disintegrator, Bronwill shaker or the Yeda-press
(Murfitt, Vogel & Sanadi, 1876). Manual maceration
using acid-washed, graded sand or carborundum in
mortar has so far yielded better quality miﬁochcndria
(Rothstein, 1950; Mu~fitt et al., 1876; Evans

personal communication).

However, the isolation procedures according to
the latter authors Murfitt et al. and Rothstein et al.
differ significantly. (See Chapter -7A ) Thus a
compromise isolation procedure was adopted in the

present study.

Mitochondrial fractions isoclated employing the
‘modified method were used to study the respiratory
characteristics of two different isolates of A. avenae,
the whole worms of which responded with extreme
difference to the general biocide NaCN, and the
Fumigant nematicide EOB. The respiratory control
ratios [HCHSJ, the ADP:0 ratios for the two isolates
utilizing different substrates are reported together
with the response of the mitqchondrial oxygen uptake

(Qoej to cammon respitratory inhibitors. antimycin-A,
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rotenone, sodium cyanide, salicylhydroxamic acid (SHAM)

and carbon monoxide, using polorographic techniques.

The differential response of the mitochondrial
preparations to these respiratory inhibitors suggested
the probable occurrence in both isolates of A. avenae
of a branched chain electron-~transfer sequence and
possibly a third salicylhydroxamic acid sensitive Sut
carbon monoxide/cyanide imsensitive oxidase viz.

X -glycerophosphate-oxidase (GPO]. This is discussed

in more ddtail in the Introduction to Chapters 7 and

7B. Weinmbach .and Von Brand (1970) described a glycerol-
phosphate oxidase in the mitrochondrial fractions of

Taenia taenaeformis which is similar in properties to

the oxidase evident in the A. avenae isolates examined

in the present study.

Evidence of a somewhat similar cytochrome system,
as found in these A. avenae isolates, involving a
cyanide insensitive alternate terminal oxidase
 (eytochrome-0) has been cited as one of three possibilities

by Rothstein (1870) for Turbatrix aceti, since spectro-

Scopic evidence showed the presence in that species of

a carbon monoxide binding pigment. However Rothstein et al.,
(1970) was unable to obtazin confirmatory evidence of

g in

T. aceti viz., "confirmation of this hypothesis is

the presence of cytochrome-0 and/or cytochrome aa

difficult because the classic criterion - the CO-spectrun
- cannot be observed." It was reported therefore that

the relation of the Turbatrix pigment. to the unhusual



cytochrome type pigment was not clear although it bore
some resemblance to the O-cytochrome described by

Cheah (1967) for the cestode Moniezia expansa.

Analysis of the optical difference spectra of
the mitochondriai fractions of A. avenae and the
carbon monoxide difference spectra are reported in
Chapter 7B, where evidence suggesting the presence

of cytochrome-~0 is presented.

Discussing the unusual properties of T. aceti
mitochondria especially the carbon monoxide binding
pigment, Rothstein (1970) suggested that it was
premature to draw conclusions about the oxidative

metabolism of free living mematodes in general. It

will be clear from the present study that the oxidative

metabolism of A. avenae while employing the classical
cytochrome components, also has two other potemtially
significant oxidases probably capable of terminal

electron transfer themselves.

-

15
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CHAPTER 2

General Materials and Methods

Source of isolates of Aphelenchus avenae

Of several isolates of A. avenae established
for the study of intraspecific variation in the
physioclogy and biology of this species, preliminary
work on three of these isolates indicated that
fundamental differences existed among them. The
origins of the three isolates used in the present

study were as follows.

1) Field Isolate (hereafter referred to as isolate-F)
was obtained from a grassed field at Ashurst Lodge,

Silwood Park.

2) Evans Isolate (hereafter referred to as isolate-E)

of unknown provenance, has been cultured a2t Silwood Park

since befaore 1870.

3) Amphimictic Isolate (hereafter referred to as

isolate-A)] was obtained from Rothamstead and this was

an isolate originally extracted from soil brought from

- Malawi.

Isolates-F and E were parthenogenétic and were
established from 5-10 specimens extracted from the soil

samples and identified as females of A. avense.

Preparation of A. avenae isolates for sterile culture

Following extraction from soil or non-sterile
culture individuals of A. avenae were collected in
sterile tap water. After several further passages

through tap water they were transferred to a 10%
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solution of Fenicillin/streptomycin sulphate (10,000 U
Penicillim; 10,000 pHgm streptomycin] for 1-2 hours.
After several changes in sterile distilled water (SOW)
the specimens were introduced individually into 0.0S%
aqueous Hibitane for 15 seconds and washed in SDW
before transfer onto 2-day old actively growing petri-

dish cultures of Corticium praticola with 3.8% potato

dextrose agar (POA) as substrate. The inoculum for
isolate-F consisted of 6 females and the inoculum for

isolate-A consisted of 5 females and five males.

Monoxenic culture of isolates on petri-dishes

Stock cultures of all isclates were maintained
in 8 cm petri-dishes containing sterile PDA (approx.
10 cc/plate] inoculated with the fungus Corticium

praticola, the perfect stage of RBhizoctonia solani,

by adding inoculum to the centre of the PDA plate.
These were incubated at 25°C for 48 hours before mematode

inoculum was added. When populations were well

established (i.e. had multiplied about 100 fold) 3 or 4

square blocks of agar (1.5 cm x 1.5 cm] were stacked on
a young fungal culture‘ahd incubated at 25°C to obtain
high densities of the new A. avenae cultures, .This
process of sub-culture was carried out every 10 days
For each of the 3 isolates. Maximal populations were
attained by 10 days at 25°C and were used to inoculate

the Kilner Jar mass cultures.



a,

Mass<Momnoxenic culture of A. avenae in Kilner Jars

The technique adapted for mass culture of
A. avenae was ajmodiFication of the one developed by
Evans (1970); 200 ml of oats [whole) and 150 ml of
water were autoclaved at 15 p.s.i. for 20-30 mins in
a wide mouth Kilnér jar, the lid of which was pierced
with a cotton wool plug. When cooled to room temperature

the jars were inooulated (in a sterile cabimet) with PDA

blocks containing A. avenae (and C. praticolal in high

density.

The blocks were selected from stock sub-cultures.
PDA blocks (1 cm x 1 cm) containing vigorously growing

C. praticola were also added to the jars which were then

incubated at 25°C or 30°C (as desired For experiments).
When harvested after a minimum period of 3 weeks, each

jar yielded 1-2 gms wet weight of A. avenae. The worms
form a curd on the walls of ﬁhe jars and can be washed

off by a jet‘oF water and collected in suspension.

- Preparation of whole worm suspension of A, avenae

A standardised method was used to prepare
suspensions of A, avenae for experimental use. The
nematodés'on the inside walls of the Kilmer jars were
washed off with a jet of distilled water and Filtered
under suction on Whatman-50 hardened filter paper on a
sintered glass funnel., The nematodes were rinsed
several times in sterile_distilled water, scraped off the

Filter paper using a flamed scalpel (in a filtered air
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cabiAet] and introdu;ed carefully onto a S0 H nylon
sieve supported by a perspex ring (i.e. a

miniaturised Whitehead extraction technique -~ Whitehead
& Hemming, 1865). The sieve fitted inside a 9 cm
sterile petri-~dish and therefore active nematodes
passed through the sieve and were collected in the
sterile distilled water after 12 hours at 25°C. The
nematodes were refiltered under suction, weighed and
made into suspensions containing 20 mg wet wt./ml

with sterile distilled water.

Oepending on experiments designed, the Kilner
jars could be harvested at any time from 21 days to
120-140 days as the worms do not desiccate within this

period although the food supply may be low after 56 days,

Suspensions of isoclate-F and isolate-E survived
storage at 0° - 3?0 but there was a high mortality
Following'storage at 0° - 3°C in suspensions of worms
of isolate-A so they were used as soon after harvest

as possible.

6. Calibration of oxvaen electrode for assessment of

oxygen consumption

The oxygen electrode (Rank & Co.) was calibrated
with 3.0 ml of air-saturated distilled water whichthad
been equilibrated for a minimum of 12 hours at the test
temperature. After a steady baseline was obtained, the
baseline on the polarograph recorder was set at S mV on

the scale. The calibrating water was removed and



immediately replaced‘with 3.0 mls of the test nematode
suspension held at room temperature. After the
suspension was brought to the test temperature the
electrode chamber was sealed and the polarograsphic
recording was obtained. A mercury thermometer was
used to check theitemperature of the suspension in

the electrode cuvette. The solubility of oxygen in
water at each temperature and 760 mm Hg pressure was
obtained from the International table of constants and

corrected for barometric pressure.

After assay the nematode sample was placed in a
pre-weighed foil crucible. The electrode vessel was
rinsed several times with distilled water to ensure all
nematodes were collected. Nematodes were oven-dried at
85°C For 72 howurs, then stored over phosphorus pentoxide

for 48 hours at 40°C until constant weight was achieved,
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CHAPTER 3

Biological Variation Among Three Isolates

of Aphelenchus avenae

Introduction

Aphelenchus avenae Bastian, 1863 is =8

cosmopolitan soil dwelling, mycophagous species and
therefore considEPable‘morphomethic variation occurs
within the species due to geographical location and/or
variation of environmental factors. [(Evans & Fisher,
1970a; 1970b; Fisher, 19695; Hechler, 1982]) Although
Townshend (1984].Found that A. avenae reproduced on 54
out of 59 named fungi tested, the population densities
attained after 14 days at 25°C (starting from an
inoculum of 200 nematodes) varied greatly among the
different fungus hosts. While the lowest density

observed was on Myrotherium rodium (£ 500), the highest

was on Botrytis fabae (>200,000). The highest

densities were observed on Botrytis spp. (i.e. B. fabse>.

B. cinerea> B. allii)and even on B. allii a mean
density of 50,000 was reported. Next to the 3 Botrytis
' sps. the numbers produced ([ =~ 40,000) on Corticium

praticola, the "perfect" stage of Rhizoctonia solani

were the highest while on Rhizoctonia solani (cabbage

strain] the numbers were < 25,000. However, although

no attempts were made in Townshend’s studies to correlate
‘morphometric variation to host fungus he found that the
cultures of A. avenae which he studied produced

populations exceeding 10,000 on Pythium ultimum Trow,

and Trichoderma viride Persoon ex. Fries. These results
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he reported were in contrast to those of Mankau and
Mankau (1962) who noted that their culture of A. avenae

reproduced poorly on Trichoderma viride and not at all

on P. ultimum. Thus Townshend (1964) suggested that the

differences in these observations may be due to ''strains"

of A. avenae or thgi or to both.

Individual fungi may show considerable variability
in their chemical composition both quantitative and
qualitatively. These variations may be influenced by
a number of factors such as age of culture, the character
of mycelium and sporulation and the ingredients of the
substrate (Townshend, 1964). Cultures of the same or
different fungi may be the same chronoleogical age but
different physiological ages. The relative level of
carbohydrates, nitrogenous compounds and minerals in a
substrate has its effect on the content of various
substances in the fungus which it supports. Such
differences in the chemical composition of a fungus may
in turn affect its suitability as a host for A. avenae

. (Townshend, 1964) and other mycophagous species.

Evans (1970b]) stud&ing the factors affecting
population densities of a South Australian isolate of
A. avenae showed that there were no significant
differences in the rate of population imncrease or in the
variations in the adult : larval ratios of the isolate

grown on Rhizoctonia solani - 48, growing om two

different nutrient agar substrates {(Rhizoctonia Medium -~

RM; Potato Dextrose Agar - PDA). However the average
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length of the females from RAM was significantly greater
thaﬁ on POA at 27 and 28 days in culture (at ESOC] but
were similar after 56 days in culture. This was believed
to be due to the differences in the nitrogen content of
the two media. He speculated that the final population
densities on both media were similar despite the
deficiency of nithogen in one, because in the females

the demands of egg production takes precedence over

other body tissues in the demand for nutrigpts and only
the remainder of the available nitrogen is used for
tissue building and PDA supplied less for this process
since the nematodes on PDA were smaller. It was also
shown (Evans, 1970b] that as the populations developed,
the average length of females changed at 30, 25, and 0%
and the decrease in average length was attributed to
decrease in amount of available food which occurred
sooner where population development was most rapid.

The fact that different media, age of fungus and food
supply dgring the test period did not affect the populatien
dersities of A. avenae at specific harvest times and
temperatures indicates that population growth rates would
be useful criteria in assessing differences between

isolates of A. avenaze.

In syrnonymizing all the krnown species of the genus

Aphelenchus under Aphelenchus avenae Bastian, 1863,

Goodey (1963) drew attention to the need for closer study

of various populations of Aphelenchus to determine the

extent of variation within the species. This situation
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was resolved by Goodey and Hooper (1965] who designated
a néotype of A. avenae and described the morphometric
variation showing the topotypes. Several species are
however tentatively listed as synonyons of A. avenae

due to insufficient data. For instance Aphelenchus

radicicolus (Cobb, 1913) Steinmer, 1931, is considered

to be a distinct species by Thorme (1964] and
Suryawanshi (1971) because males are more common and
funmnctional and since the post-vulval sac is more
prominent. However these two criteria have been shown
to be influernced by environmental factors (Hansen,

Buecher & Harwocod, 1870, 1872, 13873).

Evans [197Daj studying the population development
among four Australian isolates of A. avemae showed that
all isolates except a Tasmanian isolate produced greatest
numbers at 30°C while the latter produced more nmematodes
at 25°C than at the other temperatures. The low temper-
ature optimum for this isolate and the slow reproduction
rate (even at ifs optimum teﬁperature] wars explained as
. being due to the adaptation to a differemt climate.

These differences Evans (1970a) speculated, could be

due either to some property of the nematode or to the
suifability of the host fungus. Discounting the latter
(since the low "vigoﬁr" of the Tasmanian was a property
which was apparent on several different host fungi] he
ascribéd the differences in reproductior rate to metabol ic
differences inherent in the nematodes. This is the only

study of a comparative nature in the literature,



conducted to determine intraspecific variation in

A. avenae, although isolated observations such as
those of Goodey and Hooper (1865) and Hechler (1862)
which do not specify conditions used, stage of develop-
ment of the populations and the time taken to reach a
given population density are of limited value. Thus
Evans (1970a) drew attention to the need for similar
studies on a wide range of isolates of A. avenae in
order to collect information on an ecological basis

for the classification of isolates.

The ratio between numbers of adults and larvae
(A/L ratios) has been shown by Evans (1970b) to be
a useful criterion in studying the generation time
within a developing population of A. avenae since it
has a short life cycle and generation time. Fluctuation
in the A/L ratio observed by Evans is attributed to the
hatching of eggs to increase larval numbers and the
change of larvae to adults. The time between two
successive low points in the ratio, Evans (1970b)
speculated, may reflect the avérage generation time
of the nematodes in the population. The generation time
at 20°C obtaimed in this way (12 days) agreed with that
obtaimed by Goodey and Hooper (1965); by making more
frequent harvests (every 45 hours) at higher temperatures,
(Evans, 1970b) the generation time at 30°C obtained
( = 4 days]) was similar to the 6 days generation time

reported by Hechler (13882) at 28°C.



The stgdies which are reported in this section
therefore assessed thé effect of temperature on the
population development rates, and the variation of L/A
ratios of the three isolates of A.avenae. The effects
of anaerobic treatment and low temperature regimes on
the post-exposure reproductive capacity, mortality/
viability of the nemat&des from the 3 isolates wera
also investigated. The effect of larval adult numbers
and its variation in PDA containing NaCN was compared
for 2 isolates. A comparative study of this nature was
possible becausevoF the rapidity of the reproduction
{generally conéidered to be meiotic-parthenogenesis -
Triantaphyllon, 1871) at ambient temperatures between
25-30°C and also because the ageing of the fungal host
did not interfere with its suitability to sustain log-
phase populations of A. svenaze (Kondrollothis , 1974)
especially since the deéign of the experiments assumed

this factor as constant.

26
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Materials and Methods

Source of inoculum for experiments on population

dynamics

For studies on comparative growth rates of
isolates of A. avenae, inoculum was obtained from

10 day old cultures grown on Corticium praticola in

PDA at 25°C, by cutting the culture into small
segments and covering with sterile distilled water.
After 2 hours extraction, adults were selected under
x 40 magnification and removed to sterile water in a
cavity block using a nylon fibre sterilized in 0.5% .

Hibitane.

Effect of temperature on population growth rate

To compare population growth rate standardised
agar plates were prepared (modified after Evans (1970bJ)).
20 mls of PDA were added to a‘sterile petri-dish. After
setting,a small piece of inoculum cut from the advancing

edge of a mycelium of Corticium praticola, was added.

_ The. dishes were incubated at 25°C for 48 hours before

being inoculated with the test nematodes. The nematode
inoculum consisted of 5 young suface-sterilized females
in case of isclates F and E and 5 mature males in
addition to the females, in the case of isclate-A.

o o o o
Temperature treatments at 10°C, 15 C, 20 C, 25 C and
30°C were replicated so that at each temperature 6 plates
were harvested for each isolate. The plates were

harvested at 45 hours [H4SJ, 95 hours [HQSJ, 145 hours
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(H 165 hours (H 195 hours (H 240 hours

1457 16577 1957+

(H ) and 300 hours (HBODJ after inoculation, and

240

extracted and counted.

Extractions of populations at harvest

To obtain a quantitative extraction of nematodes
the method described by Evams (1370b) was used with
modification. This method was described by Evans
(1970a,b) to be superior to extractions obtained by
mechanically shaking the agar and extracting the
suspension on a modified Baermarnn funnmel. The agar
in the plates Qas cut into segments and covered with
distilled water for 24 hours. This was then rinsed
onto a wide nylon mesh (sieve size 1.5 mm square) and
slieved into a vial. The blocks of agar were rinsed
several times with a strong jet of water till ro
nematodes were seen when examined under the binocular

microscope.

Counting of extracted populations

The total number of nematodes in the suspension
was counted when fewer tham 400 were present; if there
were more, the suspension was diluted so that between
100 and 200 nematodes were counted. In this case, .
bubbles of compressed air were used to agitate the
suspension and a sample was withdrawn using a truncate
pipette. Larval and adult numbers were counted at X 50

magnification in a counting dish (Doncaster, 1862).



To diétinguish between fourth stage larvae and adults
a higher magnification was used. Since a large
number of replicates were harvested at each time,
sample populations were killed by hot acetic acid
(Seinhorst, 1962), fFixed in TAF (Goodey, 13963] and

stored in a refrigerator for counting later.

Investigation of L/A ratios at various temperatures

The relationship between numbers of adults and
numbers of larvae (expressed as L/A x 1033 and the
variation of the ratios at EDDC, 25°%¢c and 30°C were
investigated. ‘5 cm agar plates were prepared using

5 mls of POA as medium, inoculated with C. praticola.

After 48 hours 5 young adult females were added in the
case of isolates F and E and 5 males and the Females
in the case of isolate A. Harvesting was done more
frequently at 45, 85, 135, 168, 195, 215, 240, 280,
320 and 360 hours after inoculation, since overlap of
generations could distort the actual fluctuation
(Evans, 1970b]. when.counting, a correction was made
For.populations of isolate-A since these initially

contained 5 males as weli. A value of 200 for 103
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x L/A

indicated the hatch of fFirst larvae. The 3 isolates were

compared in this manner.

Investigation of changes in composition of populations

of two isclates, produced in NaCN incorporated medium

The procedure was identical to that described above

except that each plate of PDA also contained 3 mM NaCN.



The fungal host C. praticola grew unaffected in this

medium and there was no notable difference in mycelial
development rate. Nematode inocula were added as
described earlier and extracted at harvest times 45,
g5, 168, 195, 215, and 240 hours after inoculation.

Counting was as described earlier,

Effect of low~temperature treatment on population

development

Since pre;iminary studies on population develop-
ment rates and O2 consumption rates at various
temperatures indicated that the 3 isolates behaved
differently, experiments were designed to investigate
this aspect further. In one method, 8 day old petri-
dish cultures of each isolate were incubated at 0°C
(mimimum) to 3°C(maximum) for 14 days. Similar plates
were kept at 25°C as controls. In the second method,
nematodes were extracted from B day old cultures and

introduced into 3 ml of sterile distilled water in sterile

screw top glass vials and kept at 0°C to 3°C for 14 days.

Controls were maintained at ESOC.. After incubation S
females (+ 5 males in the case of Isolate-~A] from each
plate and vial were inoculated onto 5 cm petri-dishes

containing C. praticola in 5 ml PDA and the populations

were counted after 130 hours at 30°C. Six plates were

counted for each treatment and control for each isoclate.
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Effect of low temperature on percentage mortality

in antibiotic suspension

Mixed populations of the three isolates of

A. avenae were grown at 25°C For 4 days, then harvested.

Approximately 0.2 mls of a 20 mg wet wt./ml suspension
of each isolate was introduced into a glass vial
containing 5 mls of sterile tap water containing 5%
penicillin/streptomycin (prepared by adding S mls of a
stock solution containing 10,000 U penicillin and
10,000 pg streptomycin sulphate to 85 ml sterile tap
water)., The suspension contained about 300-400
nematodes. Thé vials were incubated at 0°C to 3°C

and a control group was incubated at 25°C. Every week
for 15 weeks, 6 vials were removed and 0.2 ml of 0.1%
ploxine B was added. This stained only dead nematodes
which were then counted on a Doncaster dish 12 hours
later., The percentage mortality was calculated Far the

test and control groups.

Effect of anaerobic treatment on population development

To test the effect of total anaerobic treatment on
the reproductive capacity of 2 isolates of A. avenae,
05 Free N2 was passed through bacterial filters into
quick~fit conical flasks each contaiﬁing 25 mls of.
sterile distilled water as a 5% penicillin/streptomycin
solution (prepared as described earlier). As a control
the same treatment was repeated with air, 1 ml suspensions

of A. avenae of isolates F and A were added to each flask,
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which was then made airtight and put to incubate at
25°C in a desiccator flushed with 0, free Ny. The
control flasks were kept in air at 25°C with a
Facility For continuous passage of filtered,
humidified air. After 120 hours nematode inocula

(5 Females z maleé] from the test and control flasks

were added to PDA plates containing C. praticola.

AFter incubation at 30°C for 120 hours the populations
were counted as described before. Six replicates were

counted to obtain the mean densities.

The effect of anasrobic treatment on survival/viability

A.avenae from isclates F and A were added to
sterile distilled water saturated with 0, free N, as
before and the control groups‘were treated in air-
saturated sterile distilled water. After 120 hours
50 individuals from each treatment were picked singly
onto a disc of potato dextrose agar (3 mm in diameter

x 1 mm thick) in which C. praticeola had been

established for 72 hours. The discs were cut out, by

means of a flamed cork borer, from petri-dish cultures
grown at 25°C. The discé with fungal mat were arranged
singly in each of the twelve cells of a leucocyte
migration plate (Sterilin Co.). Each plate was sealed
with wide cellotape to prevent dehydration and
contamination of the discs. A small perforation was
made in each cell to ensure gaseous exchange. The

plates were incubated for 3 weeks in the dark before
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assessing the results by counting the dead,
surviving and viable nematodes under a binocular

microscope. (See section 11 below)

11.Assessment of survival/viability/mortality

The fFinal assessment of the survival studies
was as follows. Viable females were those that had
oviposited viable eggs which eventually hatched into
larvae. Surviving females were those single-
unreproductive females which did not oviposit or
oviposited non-viable eggs from which no larvae emerged.
The dead Femalés were those found encroached by fungal
mycelium and those only whose cuticular shells were
found. The counts (out of a total of 50) were trans-
formed into percentage figures Ffor comparison of control

and test groups of the two isolates tested.
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Results

Effect of temperature on the population development

rates of the 3 isolates of A. avenae

Petri-dishes containing the 3 isolates of

A. avenae feeding on C. praticola on PDA were

incubated at 10, 15, 20, 25 and 30°C and the increase

in number of nematodes at each temperature was

determined. (Appendices 3-1.1 to 3-1.5)

At all temperatures except 10° and 15°C the
logarithmic development curve approached a sigmoid
shape for all three isolates (Figs. 1, 2, 3, 4 and 5],
The 5% confidence limits are indicated in these plots
and related t-test comparisons of population counts at

each harvest time are given in Appendices 3-2.7 to 3-2.5.

At 10°C (Fig. 1) the numbers produced at Hosg
(2 Harvest after 240 hours) differed significamtly
among the three isolates showing very long lag-phases

in the development curve up to HSS’ with densities less

than 5.00 for all three isclates. The mean densities

N

of the 3 isolates were similar up to Hgg (p>>0.05).

At 15°C the lag~phase was much shorterr than at
10°c. (Fig. 2 ). However even at this temperature the
mean densities of the 3 isolates were not significantly
different and did not exceed 6.5 at HSS’ but by H145
there were significantly fewer of isclate-A than of E
and F and this trend became more pronounced with time.

However isclate-E and F only became significantly

different at HSOD'
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Fig. 3 shows the population growth plots at
20°C. The lag-phase For isolate-A is about 40 hours
longer than that for isolates E and F. The mean
densities of the three isolates were not significantly

different at H but at all other harvest times the

45

differences were significant with isolate-F producing

the highes£ densities and isolate-A producing the

lowest density, the differences increasing with harvest

time. The time at which a density of 7.0 (i.e. two new
Was

individuals]) produced was == 50, 2= 65 and=-105 hours

for isolates F, E and A respectively.

At 25°C, the time taken to achieve a density of
7.0 was still == 100 hours for isolate-A but much less
For iscolates E and F. At 25°C there was, for the fFirst
time, a significant difference between two isolates at
H45; isolates- F and E being significantly higher than
isolate~A. This trend continued up to H240. Isolates

E and F differed significantly at Hgg, Hy,c and Houo (Fig.4)

At 30°C all 3 isolates developed rapidly (Fig. 5 ).
"It is notable that isolate-A developed similarly to
isolate-E at =ll harvest times (except HZQD] only at this
" temperature. Also of interest is the observation that at
H120 the mean density of isolate-A was not significantly
different from the density by isclate-F. This was'
observed only at this temperature and at this particular
harvest time. At all other harvest times isolate-F

differed significantly from both isolates A and E.
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1.b Arrhenius Plots of population growth rates

Vihen rates of population growth were plotted
against reciprocals of the absolute temperature (1/°K]),
the Arrhenius plots showed points of inflection at 20°C
for isclates E and F. The plot for isclate A was
different, whereas isolates E and F showed positive
log-development rates the corresponding value for
isolate-A was negative; which corresponds to a rate
of population growth of 0.675 nematodes/hour. Isolates
E and F in contr;st showed rates of +2.3542/hour and
+ 3.2417/hour which were much higher. Even at 25°C the
rate of popula&ion growth for isolate-A was lower than
that observed for the other two isolates, although they

were similar at 30°C. (Fig. 8 ) (Appendix 3-3.1)

When the Arrhenius activation energy for the
observed plots in Fig. B was calculated for each section
of the curve the following values were obtained.

Table 1 Arrhenius activation energy transitions of the
three. isclates of A.avenae (Values computed from

the Arrhenius plots of the population development
rates shown in Figure 6]

Isolate | E4° ¥ . EST 3y
10 4 15°%¢  15-80°% 20-35°¢ 25 -“43%
E* units:- calories rm::les"'1
Isolate-A|64.50x10°  21.0x10° — 106 .5x40 ——
Isolate-E |51.75x10°  122.25x10° 24.75%x10° 51.5%10°
Isolate-F |24.0x10° 123.75%10° — 32.25x10°—
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Figure: 6. Arrhenius Pleot of population growth rates

of the three isolates of A. avenae
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The E¥ value for isolates A and F were the same
since no discontinuities occurred in the plots, between
20 and 30°C. Theres were 2 points of inflection in the
Arrhenius curves for isolates A and F while 3 such
inflection points wére distinctly shown by the plot
obtained for isclate-E. Therefore 3 different E* wvalues
resulted for isolates A and F i.e. an E¥% value for
each limb following the inflections. Similarly 4

different E% values were obtained for isolate-E.

Linear regressions were computed for the ﬁlots
in two sets i.e. one for the points on the 1/°K'axis
corresponding to temperatures 10°C, 15°C and 20°C (the
First limb of the cﬁrves], the second regression for the
points on the 1/°K axis corresponding to EODC, 25°c and
30°C (comstituting the second limb) (Fig. 7 ). These
demonstrate the.probable significance of the trends
which are less apparent in Fig. 6 , because no
statistical treatment was applied to substantiate the

plots shown in Fig. 6.

The effect of temperature on the changes in the L/A

ratios with time for the 3 isolates

The ratio of number of larvae to number aof adults
showed characteristic fluctuations in all developing
populations of A. avenae and were more frequent at higher
than atilower temperatures. Figs. 8, 9 and 10, and

Appendices 3-4.1 +to 3-4.8
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Figure: 8. The changes in the ratio of larvae to acdults
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Figure: 2. Yariation in the ratio of larvze to =dults

in the three isclates of A. svenae developing.,

=t 25%°c.
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The times between successive minima, measured
from the origin of the curve to the fFirst low point
and from the latter to the adjacent minimum, if any,

and so forth are summarised in the following Table. 2.

Table 2
é Time (in hoﬁrs] between successive minima LPD
o
1 .
2 to LF’1 to LP2 etc.
e 20°c 25°¢ 30°%
A 340 152 and 188 135, 80, 65
meamn = 160 = 11.3 mean S3.33 &+ 35.85
F 280 135 and 145 215
mean = 180 z 35.3
E 295 135 anmd 185 215

mean = 140 = 7.07

At 25°C the L/A ratios of =all the isolates exhibited 2
minima within the time span of the exper iment.

The values for isolate E and A may have been better
defined if more frequent harvests were made since the
points reached at H, 5 and Hgoq may not have been the
lowest. The L/A ratios of isolate F were significantly
‘greater than the ratios fFor isolates E and A. Only
isolate-A exhibited 3 minima at BDQC,’the time between
successive minima decreasing with time and with increase
in total numbers. At 30°C the increase in number of
adults for isolates F and E was higher than for
isolate-A, where the larval numbers increased almost

exponentially while the adult numbers lagged behind.
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The L/A ratio x 503 would in theory be zero
till the First larvae hatched at which point the
ratio would be 200. The times between production of
the fFirst egg and the appearance of the first larva
For all 3 isolates at EDOC, 25°c and 30°C are given

in the Following Table. 3.

Table 3
é Time in hours between production of first egg
Z (origin of plot]) and sppearance of lst larvae
g (L/A x 10° = 200)

20°¢C | 25°¢c 30°C
A 76 ' 51 ' 27
F 69 - 70 47 38
E 70 - 71 49 34

Isolate-A showed abundant males at all temper-
stures. Males were observed in the parthenogenetic
. ' (@] .
isolates € and F only at 30 C i.e. at H138 and H215

respectively.

Changes in composition of populations of 2 isolates in

NaCN media

The increase in number of larvae and adults at
30°C was observed in isolates A and F growing on

C. praticola in PDA (controls) and compared with the

increase in numbers of larvae and adults developing

on C. praticola grown in PDA incorporated with 3mM

sodium cyanide. The results are shown in Fig. 11 and

12 and in Appendices 3-5.1 to 3-5.6. In both
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isolates the larval numbers exceeded the adult numbers
before H45, in the controls and the test groups. The
numbers of larvae in CN-PDA were significantly higher
than those observed in the controls at Hygs 3nd up to
H240 in isolate-A and at H95 up to H240 in isolate~F.
In both isolates fhe increase in numbers of adults in
CN-PDA was slower than in the controls. The dip in
adult numbers at H215 in isolate-F (Fig. 11‘] was due
to contamination of the control replicates with an

unknown fFungus and is of no significance,

The value of 6 on the y-axis i.e. the production

of the first adult in excess of those inocculated was

reached by the isolate-A controls in gppproximately 68

40

hours and in 103 hours by the test group. The correspond-

ing figures for isolate-F were 48 hours and 57 hours.
The lag-phases of the test groups are thus longer than
that of the controls, the lag phases for iscolate-F

being shorter than those for isolate-A.

‘The-effect of low temperature regime on population

development

The young non-starving adult females from the 3

isolates subjected to 0-3°C temperature regime for 14

days developed lower densities after incubation at 30°C

for 130 hours than the control females which had been
kept at 25°C for the same period before incubation.

(Fig.13A88and Appendix 3-5.1 ],
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Table 4a

Studenté 't?! test analysis of populations develobped by "non-starving"

(=Feeding) vs. “starving" (non-feeding) females kept at 25°C ambient

Feeding Non-feeding Significance
Isolate 3 Mean s.D. 3 Mean S.0.
(n=6])

F 409.0 * 18.90 356.0 ? 13.80 p <o.001 K
{(17.8) (14.5) A

A 370.0 2 es.89 a52.0 T 45.32 $ > 0.05 Ns
(27.0] (17.2]) A

E 384.83 * 20.60 335.0 * 15.03 0.001<@:<@.o1 o
(21.7) (15.8) A

The confidence interval (o= 0.05, for 5 degrees of freedom two-tailed)] is
indicated in parenthesis.

Significant values of related 't’

test (one~tailed] is indicated.
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Student t-test showed that for isolate-F the differences
in numbers between control and test groups were not
significant but for isolates E and A the differences

were significant.

When the nematodes of isolates F, A and E were
subjected to the low temperature regime for the same
duration, but suspended in distilled water (i.e. in a
starving state where the worms had no access to an
exogenous food supply] they developed populations of

L

356.0 © 5.63, 352.0 -~ 16.32 and 335.0 T 15.03 while

the corresponding numbers for the control groups was.
378.0 = 16.43, 221.50 = 11.50 and 326.0 + 17.26. The
differences were significant only for isolate-A.
Therefore, isolate-A showed reduced fecundity following
treatment in both the starving and non-starving state.

In the case of isolate-E the differences were significant
only in the presence of a food supply. The fecundity of

isolate-F was unaffected by low temperature in both

starving and non-starving states.

The effect of starvation at 25°C and 0-3°C on the

populations developed by females of the 3 isolates

The populations developed by starving females
at an ambient temperature of 25°C were significantly
lower than the populations developeq by non-starving
females kept at the same temperatures in the case of

isolates F and E but not in isolate A. (Table 4az).



Teble 4b Students 't’ test analysis oF p;pulations developed by "non-starving"

(-Feeding) vS. starving (non=-Feeding) Females kept at ambient of 0-3°C

Feeding Non-feeding Significance
Isolate Mean S.D. Mean s.0.
(n=6) '

F 384.0 Z e7.71 378.0 ¥ 16.43 p > 0.05 NS
(29.2) (17.3) _

A 263.17 * 15.09 221.50 t 11.80 p < 0.001 ok
(15.9) (12.1)

E 326.0 2 14.45 326.0 ¥ 17.26 p > 0.05 NS

The confidence interval (X =

indicated in parenthesis.

Significent values of related ’t’

test (one-tailed) is indicated.

0.05, for 5§ degrees of freedom two-tailed) is
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In contrast, starving females of isolate-A
subjécted to 0-3°C For 14 dsys showed population
densities which were significantly lower than the
populations developed by ncn-starving females sub jected
to the same temperature regime, while in isolates F and
E, the correspondiné results were not significantly

different (Table 4b].

The effect of low temperature on percentage mortality

of isolates A and F

Preliminary observations indicated that the mematodes
of isolate-A were very susceptible to reFrigeration (at
temperatures between‘C-BOCJ while isolates E and F eould
be stored in suspension for periods of up to 4 weeks and
revived with little or no loss of original numbers. The
results of an experiment designed to test this are shown
in Fig. 14 and in Appendix 3-7.1 to 3-7.3. The correspond-
ing angularly transformed data and students '+t! tesf
analysis of the r;sults are'giyen in Appendices 3-7.4 to
3-7.5. Isolate-A showed z higher mean hcrtality when
compared with isolate-F and after 24 déys these results
were statistically significant. The differences obtained

for the controls maintained at 25°C were not significant.

The mortalities for isolate-F following 105 days
at 25°9C and 0-3°C were not statistically significant at
the 5% level. In contrast the corresponding figures

for isolate~A were highly significant.
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The effect of anaerocbic treatment on population

development

The mean populations developed by 5 females of
each isolate after 120 hours in oxygen free N2 at 25°C
was compared with those incubated for the same period
in air saturated distilled water (controls). The
differences between the control and test groups were

not statistically significant (Appendix 3-8.1 and Fig.15)

The effect of anaerobic treatment on the viability/

survival/mortality of individusl nematodes of the

3 isolates

Each of 50 young adult females treated in air
saturated distilled water (controls) and oxygen-free-
nitrogen saturated distilled water were individually

plated onto discs of C. praticola and PDA in leucocyte

migration plates and assessed after 3 weeks at 25°c.
No significant effects of this treatment were seen in

any isolate (Fig. 16 and Appendix 3-8.1 to 3-8.3)

#
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Figure: 15 The population growth (at 30°c) of the three

isolates of A.

avenae following anaerobic

treatment
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-

Figure: 18 The effect of anaerobic treatment on the

mortality/viability/survival of individual

females of the three isolates of A.avenae
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Discussion

Isolate~F multiplied fastest at all temperatures,
isolate~-A developed slowest while isolate~E was inter-

mediate between them .

At 30°C however, isoclate-A developed as rapidly
as isolate-E at all harvest times. Unusually isolate-A
produced similar numbers as those produced by isolate-F

at H These observations suggest that isclate-A,

120°
although slower to develop at ambient temperatures below
25°C has a similar capacity to the two parthencogenetic
isolates for reproduction at 30°C and is probably adapted
to reproduce with the grestest efficiency at temperatures
above 30°C. 1Isoclate-A results may alsc be influenced by
time requirement to find a mate. When density gets
higher, mating is quicker. Population growth at temper-

atures above 30°C was not studied as the agar substrate

dried too quickly.

The theoretical implications of Arrhenius equation
is discussed by Lyons, Kumamota and Raison (1874], but
for practical purposes, the changes in E* values observed
signify the occurrence of a phase chaﬁge {of unit
membrane molecular components) which provides for the
exclusive functioning of only orne of two transition
-states éway from the intersection temperature and is
Further evidence of differential response of the isolates
to temperature., These transition states may represent
the operation QF two or more ispenzymes [free or membrane

bound] which are temperature sensitive.
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These data therefore indicate that certain phase
changes occurred in isolates E and F at 15°C which
equip them with a higher efficiency for reproduction.
A similar transition occurs in isolate-A only at 20°¢
(5°C above that for isolates E and F) above which
temperature its réprodqctive efficiency is far greater

than below it.

These 3 isolates therefore represent distinct
"thermotypes! within the species A. avenae; isolates
E and F exhibit temperature optima for population
growth between 15 and 25°C whereas isolate-A shows
adaptation to temperatures above the temperature optima
shown by isolates E and F. These differences in the
reproductive rates can only be attributed to pecular-
ities in the isolates probably reflecting inherent

metabolic differences between isolates.

These results are similar to those observed for
4 Australian isolstes by Evans (1970a) where he showed
that the optimum temperature (25°c) for population growth
for a Tasmanian isolate was lower than the optimum (30°c)

observed for 3 Mainland isolates.

Long lag-phases were observed in the population
growth curves at low temperatures. This may be du; to
one or more of several factors which are temperature
dependant and are known to be positively cotrrelated
functions of temperature. Examples of such Factors
are the rate of prchction of eggs within individual

femzales, the rate of oviposition, the rate of embryonic
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development within the egg prior to hatch, the process
of Hatching itself and in the case of isolate-A, the
process of gametogenesis, the behavioural processes
leading up to location of mate, copulation and the

amphimixis of gametes.

Evans (19705) suggested that temperature affected
all different nematade functions to different extents,
citing as evidence the report of Taylor (1882) that
embryonic development was fastest =zt 36°C. Thus Evans
(1970b) concluded that population development will be

regulated by the rate of the slowest process.

However Fisher (1969) has shown that adverse
conditions slowed down the rate of egg-laying but not
the total number of progeny produced (about 225 per
female (Hechler, 1982;. Goodey and Hooper (1965] found
that at 20°C well fFed females oviposited at the rate of
3 per hour. Their data however is not directly comparable
with those in this study sincg they used different isolates
of A. avenae: Assuming that an ambient temperature of 410°C

is sub optimal, it nevertheless allows some development.

L/A ratios give useful information regarding
generation times (GT) within a population as 3 whole.
They can be counted with care as populations develop
and saQe many individual counts being averaged out.
The Eatios show fluctuations which reflect change in
composition of the larval and adult numbers as one

generation completes its life-cycle.
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Goodey and Hooper (1965) gave the generation
time at 20°C as 11-12 days for their isolate of '
A. avenae. The generation times obtained for isolates
A, F and E at 20°C in the present study were 340 hrs
C
C

14-16 days), 280 hrs (= 11.66 days) and 295 hrs

12.28 days), which agree with that of Goodey and

Hooper.,

Similarly the generation times at 25°C obtained
in this study for isolates A, F and E were 6,687 days
(= 180 il 11.3 hours), 5.83 days ( = 140 z 7.07 hours])
and 6.67 days (= 160 Z 35.3 hours). The generation
times at 30°C For isclate-A was 3.88 days (= 93.33 %~ 35.85
hours) and for isclates F and E 8,85 days (= 215 hours].
The GT for isclate-A agrees closely with those obtained
by Evamns (1870b) for a South Australian isolate (about

4 days at SOOC], but is Faster than Hechler's [1962)

estimate of ''about 6 days at 28",

Isolate-A showed significantly longer generation
times at‘lower témpehatures and shorter generation time
(= GT) at BO?C. Furthermore the GT calculated from 4
different low points showed that it decreased with
increasing density. This perhaps was because the
probability.oF location of mates was increased at higher

densities (Fig. 10 ) for this amphimictic population.

The point at which L/A plots exceed 200 on the
vertical axis when measured on the time scale would be
an estimate of the time required for the hatching of

the First larva (etJ. The e, declined with increasing
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temperature for all 3 isolates. The values at 30°C
corﬁespond with 28~30 hours hatching time observed at
36°C by Taylor (1962). The short time acquired by
isolate-A For hatching at 30°C probably reflects its
adaptation to highef ambient tempeFatuhes and is further
evidence fFor the presence of "thermotypes'" within the

species,

The incorporation of NaCN in the agar substrate
seems to interfere with the ability of the larvae to
moult, since large numbers of larvae were observed in
such cultures. The growth of Fungus was mot physically
affected. NaCN was effective in reducing the adult
numbers of isolates‘A and F with respect to the controls.
This suggests that NaCN probably interferes with
biolcgical processes even with isolate-A whose oxygen
consumption rate [QDEJ was insensitive to NaCN {See

Chapter 5J).

Isolate-F.tolerated a temperature regime of
0-3°C fFor 14 days with or without food with no apparent
effect on its reproduction and appears better adapted
to survive low ambient temperatures than isclates E and
A whose reproduction was depressed after exposure to

identical low temperature regimes.

-Isolate-E in contrast to isolate-A survived near
Freeéing temperatures better in the starving state than
in the non-starving state, since starved females of
this isolate multiplied as well as contrals starved

at 25°C. This may have been due to the quicker induction
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of cryptobiosis in response to lack of food and low
temﬁerature. On the other hand metabolic differences
in neutral lipid mobilization amang the isolates in

response to stress may also be involved.

However the sbility of isolate-F to survive low
temperatures for egtended periods suggests that the
survival of indiviauals of this isolate is either due
to tolerance (passive survival) or possibly altered
metabolism (active survival). In this respect Barrett
(1968) reported that animals which live at higher
temperatures have lipids with a higher melting-point
than animals which live at low temperature and that
the melting-point of the lipids could be raised by
increasing the degree of saturation and/or increasing
the chain length of the fatty acids., ‘'Cold-hardiness’
of a species or a strain within a species may therefore
be an inherent property of the species or strain which
is determined genetically. Thus it may be interesting
to analyse the iipidAconstituénts of these isclates.

. The isolates of A. avenae studied here, especially
isolate-F which is probably tolerant of low temper-
atures, may prove to be different in their lipid

composition.

' The observations on the mortality of isolates A
and F following extended periods at low temperatures
conf irmed observations from other experiments as to
the poor capacity of isolate~A to survive such regimes,

The mortality of isolate-A was significantly higher <than
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that of isolate-F after 21 days at 0-3°c. This is
Further evidence that isoclate-A is a distinct
thermotype of A. avenae differing markedly in the

ability to survive low temperatures.

The three isolates tested here were homogernous
in so far as tolefance to anaerobic conditions were
concerned. Following 120 hours of anoxia, females
of all 3 isolates reproduced with equal vigour upon
return to Ffavourable conditioms since the numbers
developed by treated nematades although lower, were
not significantly different from those produced by
controls kept in air saturated media. Cooper and
Van Gundy (1970a) wbrking with a Californian isoclate
of A. avenae reported that oxygen stress for longer
than 120 hours produced a state of cryptobiosis from
which 90-95% of the individuals recovered after 90 days.
However no information was reported on the reproductive
capacity of A. avenae allowed to recover after being
subjectéd to 120 hr of anoxia. In discussing their
observations, Cooper and Van Gundy (18970a) suggested
that the ability of many soil inhabiting nematodes to
survive oxygen-stress for extended periods indicates
that their survival is due either to tolerance or

altered metabolism.

Observations in Chapter 4 suggested that all 3
isolates behaved as regulators since the ambient
oxygen-tension did not seem to affect the oxygen

consumption of the three isolates. This observation
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and those ‘reported in this Chapter indicate that in
these three isolates of A. avenae there is potential
for altered metabolism in response to oxygen-stress
especially because the survival/viability and mortality
of the individuals éF the three isblates were not
affected to any significant extent by amoxic periods

for up to 120 hours.
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CHAPTER 4

The effect of physical factors on the rESpiratéry

physiology of three isolates of A. avenae

Introduction

In studying intraspecific variation especially
among a species with wide host and/or geographical
distribution, protein and isoenzyme mepping are useful
but sub ject to limitations. To clarify the magnitude
of physiological differences, information of a wider
range needs to be considered. Comprehending this need,
various workers, notably de Connick (1962) and Evans
(1970a,b) expressed the value of experimental agproach
in the elucidation of interspecific and more importantly,

intraspecific variation.

The degree of intraspecific variability is likely
to be most pronounced in species which possess the
capacity to colonize a wide range of eeological and
environmental habitats. In this respect, A. avenae
with its cosmopolitan distribution and wide host range
would be an ideal Spécies for such an assessment.

Besides the extreme morphological variation (Goodey and
Hoopef, 1965; Evans and Fisher, 1970) gel-electrophoresis
patterns, even between marpholégically similar populations,
differed siéniFicantly for geographically isclated strains
of A. avenae (Evans, 1871). Also in thié respect the dats
on tﬁe oxygen consumption (qoal of A. avenae differs
considerably according to author. Cooper and Van Gundy
(1968) quote a Figure of 5.6 - 5.8 Fl/mg dry‘wt./hour at

28°C; Marks (1871 10-12 )..1/}ng dry wt./hour at 30°C
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varying between 7.42 Fl/mg dry wt./hour minimum to
12,85 Fl/mg dry wt./hour maximum; Awan (18975)
obtained a mean rate between 4.64 -~ 4,88 Fl/mg dry wt./

hou at 25°C (range 3.5 to 6.5 pl/mg dry wt./haur]).

However these workers did not repaort the aée of
the cultures From.which these populations were derived.
Earlier studies inaicated that the QO, was lowered as
the age of the mass culture (i.e. harvest time)
increased. Therefore a standard method was used for
the harvesting and extraction of nematodes from mass
cultures of the three isolates to assess whether the

QDZ varied with harvest time.

The increase of the Qo, with temperature is well
documented in literature For many organisms, and parasites
respond similarly to free living invertebratesv (von
Brand, 1973), The QUa of most living systems increases
with increasing temperatufe until a maximum is reached
beyond which it deélines rap;dly ("reversal point" of
Von Brand, 1979) because subcellular components of the
" organisms are damaged, The temperature allowing
maximal QO, is variable and depends on the "living
congitions" of the parasite (Von Brand, 1978). The
"reversal points" of the Q0, have been reported to be
higher in larval nematodes, the adult stages of which
inhabit warm blooded hosts.  The Q0, of Cgoperia
punctata increases between 15 and ap°c (Eckert, 1867)

and that of Strongyloides ratti between 10 and 37°C

(Barrett, 196Sb). For Panagrellus redivivus the plot




of loé Qo, vs. tempefature resulted in two lines which
intersected at 20°C. The increase in Q0, per increment
of temperature was greater below 20°C than above and
this temperature corresponded to the maximum frequency
of wave propogation and change in the respiratory
quotient (Santmyer,18956). He stated that "metabolic
energy consumed in motion reaches a saturation level

at 20-25°C and metabolic energy produced at higher

temperatures becomes increasingly inefficient.®

The temperature relationships can be expressed
in various ways. The Q10 was used in earlier literasture

and was calculated according to the formula:

10
o=ty
Qg = ;g z1 : 222 :: :1
1 2 2 2

and it may be calculated from any two temperature

intervals.

More recently the formula originally derived by
Svante Arrhenius (18889] has been employed to express the
exponential increase of reaction rates with temperature

according to the formula:
E X _ 21
K2 = K x e 2 T T

-E 1 " K - Rate of reaction
A - Gas constant

E - Arrhenius
activation energy

The expectation for biological systems from Arrhenius

theory is a linear relationship from Freezing at or below
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0°C to denaturation at or above 40°C (Lyons, Raison &
Kumamoto, 1874). However plots of log Q0, vs. the
reciprocal of the absolute temperature for most organisms,
parasitic or free living, rarely yields a straight line
but more often two "bisecting lines" result (Von Brand,
1378) in contrast to the '"reversal point" mentioned
easrlier., In earlier literature such points of inter-
section were assumed to represent the transition of one

"master reaction" to amnother aone.

The biological significance of these observations
has been realised (Lyons, Raison & Kumamoto, 1874; Lyons
s Haison,_1970). Lyons et al. (1874) refer to these
'bisections’ as discontinuities (non-intersecting dis-
continuities and intersecting discontinuities have been
described) and the points of intersection i.e. the points
of inflection of the two limbs, correspond to celliular
and/or subcelluler membrane phase transitions occurring
within an organism with response to temperature. The
method is based on the.observation that the respiratory
enzymes of mitochondria undergo a change in canFormatioﬁ
at the same temperature at which associated membranes

undergo = phase transition. Investigations have shaown

4 such bisecting lines for Ascaris lumbricoides (Kruger,
1940a). Replotting of Q0, data for a variety of

parasites, (Strigomonas fasciculsta, Trypanosoma cruzi,

Ancylostoma caninum and Eustrongylides ignotus) von Brand,

(1979) found that intersection points invariably fell within

33 and 34 units on the ﬁemperature axis (units not given) and
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except for A. zaninum the E values at lower temperature

were less than E values for higher temperatures.

Evans (1970a,b) found that temperature sppeared
to affect the processes of A. avenae (South Australian
isolate) such as feeding and egg laying and suggested
that this could be a reflection of the effect of
temperature on the'physiology of A. avenae. Therefore,
investigations were carried out on the whole-worms of
3 isolates of A. avenae to verify the effect of ambient

temperature on the rates of oxygen consumption.

Among aerobic organisms there are, broaély, two
types of response to varying oxygen tensions.
"Conformers'" have QOE dependent on the extermnal oxygen
tension, and the critical point at which their
respiration begins to decline is high. Parasitic
helminths and free living animals such as actinians are
represented in this group. The QU2 of organisms belong-
ing to the second group shows no such dependence on the
external oxygen tension, and the QD, remains unchanged
over a wide range of tensions, that is, the critical
point at which their QO0, begins to decline is low.

This group, referred to as the "regulators" (Bryant,
Nicholas and Jantunen, 19687) comprises those organisms
with oFganisations facilitating oxygen uptake, and/or
oxygen distribution within the body (Von Brand, 1878).
The mechanisms inveolved may vary. Small animals may
have surface/mass ratios so favowrable to aiFFusinn so
és to maintain maximal oxygen influx even at low oxygen

tensions.
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To the latter group belang parasitic protozoa
and some small helminths such as the larvae of

Trichinella spiralis, the eggs of Diphyllobothrium

latum, eggs of Ascaris lumbricoides.

However Von Brand (1873) suggested that the
division discussed above is not absolute as transitional
cases do occur. Nevertheless Bryant et al. (1967) made
a futher generalisation that "regulators" possess some
well defined respiratory pigments whose properties in
terms of oxygen affinity/loading are similar to those
of the organism as a whole and cited haemocyanins,
haemoglobin and cytochromes as examples of such pigments

and described Caenorhabditis briggsae as a regulator.

Cooper and Van Gundy (1970) found that the
exposure of A. avenae to pure nitrogen {N;) for periods
longer than B hrs necessitated progressively longer
times before initial oxygen consumption was resumed;
after 14 hrs of exposure to pure NE’ unstarved A. avenae

( €16 hrs out of culture) and Caenorhabditis sp. both

exhibited a small post-a@naerobic oxygen debt. Hpwever

16-20 hrs non-feeding A. avenae (or Caenorhabditis Sp. )

exhibited no post-anaerobic rise in the Qo, (Cooper et =l.,
1970). They also cbserved that although B0 hrs of

angerobiosis killed Casenorhabditis sp., A. avenae endued

identical treatment for 15 days without decreased
viability. A. avense was suggested to have entered a
state of cryptobiosis after 120 hrs in pure nitrogen

but the normal aoe of such A. avenae was resumed withinm



24 hrs of exposure to air. Therefore polarocgraphic
assays of the behaviour of the Q0. of 3 isolates of
A. avenae were conducted following exposure to
anaercbic and hyperbaric oxygen regimes to assess
whether the isolates differed in their response to

variation in the oxygen tension of the external medium.

58



Materials and Methods

Effect of harvest time on the Q0. of 3 iscolates of

A. avenae
—

Mixed populations from 3 isolates of A. avenae
grown under identical conditieons in a 25° C.T. room
were harvested at 40, SO, 60, 70, 80, 100 and 140 days
from mass cultures in Kilmner jars. Active nematodes
were extracted at each harvest and made into
suspensions containing approximately 20 mg wet wt. QF
nematodes per ml of sterile distilled water ([see General

Materials and Methods).

The oxygen electrode was calibrated with water
which had been equilibrated for 24 hours at 30°C and
the nematode suspenslion was assayed as described in

the General Materials and Methods.

Following assay, the dry-weight of the nematode
sample was obtained as described in General Materials

and Methods.

The effect of temperature onm the Q0. of the 3 isclates

of A. avenae

Mixed popu;atigns of A, avenaze from the 3 isolates
were harvested at 42 days from Kilner j;r monoxenic
cultures grown synchronously under identical conditions
at 25°C. The harvested nematodes were washed, extracted
and made into standard suspensions of 20 mg wet wt./ml

as described in General Materials and Methods.
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Suspensions of the 3 isolates were assayed at
15°, 20°, 250, 30° and 35°C, after equilibration at
the test temperature in the electrode vessel i.e.
without pre-incubation. The O,-electrode was
calibrated as described in General Materials and
Methods. The aséays were replicated six times at
each temperature for each isolate and 3 indepeﬁdant
batches of worms from the 3 isolates were used. 0Ory
weights were aobtained as described in General Materials
and Methods. Calibration was checked frequently for
each temperature above 20°C and at temperatures lower
than 20°C the calibration was checked between each run

as the assays required a longer time,

The effect of hyperbaric O, and N, on the QO, of the

3 isolates of A. avenae

Suspensions of A. avenae containing 20 mg wet
wt./ml were prepared as described earlier. (See
Genmeral Materials and Methods) 3 ml of suspension were
dispensed into each of 6 sterile Quick-Fit tubes, The
tubes were closed with air-tight rubber bungs which
had ports through which air from an aquarium pump was
passed through an in-line Whatman Grade 10 mini-
disposable (bacterial) Filter for 15 mins. Each of
the six samples was then assayed in the polsrograph
to obtain the zero time Q02. AFfer assay each 3 ml
sample was withdrawn with a Pasteur pipette and re-

introduced into the tubes to which the rubber bungs
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were refitted and air bubbled in continuously for 12
hours while being shaken at 80 oscillations per minute,
in a water bath at 25°C. The above method was repeated
twice using Oa-Free-N2 and pure 02’ The samples were

assayed again after 12 howrs exposure to air, Oe-Free-Na
and pure D2 respéctivqu in order to obtain the Qoa

of the nematodes following anaerocbic and hyperbaric
oxygen treatments. The experiment was repeated twice

for each isolate of A. avenae from different batches

of mass cultures.
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Results

The effect of harvest time on the 002

The three isolates of A. avenae showed similar
Qo, figures at 50 days harvest [HSD) from mass
cultures (Fig. 17 and Appendices 4-1.1 to 4-1.3]).
Isolate~F exhibifed a gradual drop in the QOE between
HSO and Hgg which was almost linear. This was confirmed
by the linear regression which showed a negative
gradient. Analysis of variance showed that this

drop in rate with time was significant (F = 7.3,

p £0.001).

Qo, of isolate-A fFluctuated between 60 and S0
days harvest (Fig. 17{a) and Appendix 4-1.3) but
these values were not significant, although the F-value
obtained from the analysis of variance showed that the
decline of QO, with harvest time was a significant trend,
(p < 0.001) confirming again the linear regression
(r = 0.79) and the negative gradient (m = - 0.003)

obtained for this isoclate.

Although isclate-E (Figure 17(c) and Appendix
4-1.1) exhibited the least gradient for the regression
QO2 vs., harvest time, the slope was still a negative
one (m = - D.0005) with a regression coéFFicient
approaching 0.15, the lowest for the 3 isolates.,
(r = - 0.168 when compared to -0.7390 and -~.736 for
isolates A and F). Analysis of variance showed that

the decline was significant (p£0.01). However, in
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none of the isolates was the drop in rates between

H and H significant (p<0.D5).

40 70

Effect of temperature on the QO,

The Qoe of all 3 isolates increased linearly
with temperature [%ig. 18 and Appendices 4-2.1 to
4-2,3). Linear regressions of Q0, on time for
isolate-A showed the highest gradient m = + 0.2732 nm
Oa/mg dry wt./min/ °C); isolate-E was intermediate in
magnitude (m = + 0.2104); and isolate-F showed the

lowest response to increasing temperatue (m = + O.EQSSJ.

However, Arrhenius plots for isolate-E and F
showed points of inflexion in the region of 25°C and
isolate~A exhibited a similar inflexion point well below
20°C (Fig. 19) i.e. 341.2 x 10"> on the 1/°K axis.

The latter plot remained linear between 20°C and 35°C
although rate AF increase of QOZ per unit rise in
temperature was lower at temperatures above 20°C than

below. In the case of isolates E and F the corresponding

values were lower at temperatures above 25°C than below.

The Arrhenius plots of the Qoaldata of all three
isolates did not exhibit the expected linear relationship.
Instead, distinct inflexion points of the type described
as "intersecting-discontinuities" (Lyons et al., 1973)
were observed (Fig. 19). These inflexion points were at
the junction of two slepes of varying gradient and
represent dual activation energy states. Thus two

o,
Arrhenius activation energy (E™) values i.e. one value



634

Figure: 18 The effect of temperature on the QGE of three

isolates of A. avenae of identical culture age
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for each slope was calculated for each isolate and

these values are given in the following table (Table S).

Table § Activation energy as computed from the

Arrhenius plots of oxygen consumption rates
. X -1
for the 3-isolates [lets jor E¥:- cals. mole ]

Isolate E1 Transition E2
Point

g* o e¥ o
A 15-.20°C , below 20%C 20,25,30535 c

2.100 x 10 12-465 % |O

e* e*

15,20,25°C o 2s,30,35°C

€ ' = 25%%

1.387 x 10°

E*
15,20,25°C
a = 25

1.650 x 10

3.375 x 10°

e*
2s5,30,35°C

3.385 x 10°

A transition from a higher activation emergy to a lower
one with temperature increase occurred in isolate-A;
whereas the transition occurs at a higher temperature
for the 2 parthenogengtic isolates. Isclate-A had the
highest activation energy of all the 3 isclates at

temperature below 159C and the highest E* above 25°C.

At 25°C the log QDe for isolate~A was lower <than
the log QO0, of the other two isolates. But at 35°C,
isolate-A had the highest log QO2 and isclate-E had the
lowest log Qo,. At 30°C all 3 isolates had abproximately
similar log 002 values. In fact this was the point at

which the Arrhenius plots for the 3 isolates intersected

one another, the log Qo, of isclate E, A and F being

0.8, 0.73 and 0.74 on the vertical axis.



65

Isclate-A had the greatest difference between
log 002 values aobserved among the 3 isolates with isolate

E showing least differences.

Effect of hyperbaric N, on the ao,
Following 24 hogrs in total anaerocbic medium the
002 of all 3 isolates declined but only in isolate-F
were these differences significant. (Fig. 20 and
Appendix 4-3.1] The Q0, of isolate-F declined from
+ +

a zero-time rate of 5.31 - 0.22 to 4.52 - Q.30 nm 02

-1 min~'. This was the largest decrease in the QO

mg mi1 ‘ 2
(p <0.05) among the 3 isalstes subsequent to anaerocbic
treatment at 25°C. The QD2 of isolate-A declined
(p>0.05) from 5.40 ~ 0.18 to 5.18 + 0.31; o, of
isolate-E declined from 5.20 % 0.20 to 4.78 ¥ 0.28
{(p>0.05). 1In contrast the Qo, of contrel groups

for isolates E and F incubated for 12 howrs in air
saturated sterile distilled water increased whereas

isolate-A decreased, but none of these changes were

statistically significant (p>0.05).

The effect of hyperbaric 02 on the QDE

Following 12 hours exposure in o*ygen saturated
water at 25°C, the Q0, of isolates A and F increased
little but not significantly (Fig. 21 an& Appendix 4-4.,1%F,
Control groups of isolates F and E increased slightly but

not significantly while that of isolate-A decreased.



Figure: 20 (facing page)

A - QD2 of test group at zero time.

B - Q0, of test group following treatment in 100% N for

24 hours.

2

c - QOE of control group following 24 hours in air-saturated

medium.

D - QD2 of control group at zero time.

Standard deviation indicated in figure.

Details given in Appendix 4-3.1
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Figure: 21 (Facing page)

A - QO2 of test group at zero time.

B - QD2 of test group following hyperbaric 02 treatment

for 24 hours.

C - QOE of control group following 24 hour treatment in

air-saturated medium.

D -~ Q0, of contral group at zero time.

2

Standard deviation indicated in figure.

Details given in Appendix 4-4.1
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Figure: 21, Tha effroct of ky-scrbaric C,_on the C0, of

three innlntes of A avenae (incubated fFor 24 tiours at ESOC.}.
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Discussion

The oxygen consumption rates [QGEJ of the 3
isolates of A. avenae (extracted subseguent to different

periods in monoxenic culture with Corticium praticolal

were maximal at 30-60 days and declined very slowly but
significantly with later times of hatrvest. Isclate-A
showed the steepest gradient for the regressions when
compared with isolates E and F. Nematodes from older
cultures appeared smaller and the body contents were
less dense compared to young cultures. Exhaustion of

the food supply is the likely cause.

Evans (1970b) reported a progressive decrease in
average length as population density increased. Whether
the change in morphometry is related to the observed

decline is debatable but a correlation may exist.

It therefore appears that the age of the culture
may give some information relatiné to the food supply in
thé culture and indirectly the physiological condition
of the nematodes which is also likely tn be reflected
‘in ﬁoa. Thus differences in age of cul-ture might account
for variations in QO from Cooper (1968), Cooper and
Van Gundy (1970), and Awan (1975) whereas the figures
similar to those from Marks et al. (1871) were observed
with only isolate-F investigated in this.study and only
in suspensions incqbated at 30°C for 24 hours. (See

Chapter v].
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Phase transitions in biological membranes in
response to temperature have been determined by a
variety of techniques and assays, including X-ray
diffraction, differential calorimetry, enzymatic.
activity and electron spin resonance spectroscopy.
Polarographic meésurement of mitochondrial oxidation
has also been successfully used to indirectly determine
the appearance of membrane phase changes in response
to temperature. The method is based on the observation
that membrane bound respiratory enzymes in organisms
undergo conformation change at the same temperature .
at which aectivation energy changes are observed.

Ven Brand {1879)
emphasises that these observations do not explain the
nature of the temperature dependancy of an organism but

are descriptive,

When investigating the change in Qo, with
temperature the nematode samples were not incubated for
long periods at the test temperature prior to assay.
Barrett (1969b) found that the temperature induced

maximal respiration of Strongylocides ratti larwvae was

sustained only for a short time, the rate declining at
the same temperature on prolonged incubation. The effec+t
of prolonged incubation of the isolates at high tehper-
atures will be reported in Chapter V. Therefore, at

this stage it was thought that a sudden and rapid change
to the test temperature would give a better indication

of any changes brought on by purely thermal effects as
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opposed to chemically induced effects that could occur
due to re-assimilation of excreted metabolites (e.g.
ethanol] known to occur in A. avenae (Cooper and

Van Gundy, 1971).

When the Arrhenius plots for Qo, obtained for the
3 isolates were compared, it was clear that the two
parthenogetic isolates (i.e. isolates E and F]) showed
"intersecting-type discontinuities" around 25°C; the
gradient above 25°C was less than the gradient below
the point of inflextion. Besides indicating transitions
in the Arrhenius activation energy these intersections
suggest that these 2 isolates were adapted toc temperatures
of 25°C or below with Q0. optima around 25°C. Isolate-A
on the other hand showed an "intersecting-type
discontinuity" below 20°C but the E* value below 20°C
was greater than the E* value above 20°C (Table 53],
which indicates that this isolate has possibly adapted
to relatively higher ambient teﬁperatures than the two
parthenogenetic isolates. These changes in the magnitude
of E* are significant since they can be explained by the
occurrence of a phase-change which provides for the
exclusive funetioning qF only one of the twa transition
states at any temperature away from the intersection
temperature., The high ratio of males in isolate-A may
be related to higher temperatures to which this isolate
is apparently adapted. Population development rates
observed for the 3 isolates [Chapter 3 ] agree closely

with the Q0, data reported here.
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There was ho stétistically significant decline
in the QO, of isclates A and E following exposure to
pure N, for a period of 12 hours at 25°C. But isolste-
F showed a significant (p<0.05) decrease in the Qo,
following similar treatment. The behaviour of the
latter isolate agrees with the observations by Cooper
and Van Gundy (1870) aithough the drop in the Qo, of
isolates A and E only indicated a trend in these <two

isolates (p>0.05]).

Cooper EETEl' (1870) used standard Warburg
techniques and found that A. avenae exposed to pure
N2 longer than B hours required longer times to regain
the original QDe, but even after 16 hours they recovered
within 0.5 hours. In my studies suspensions of A.avenae
were transferred directly toc the polarograph-chamber in
the same bathing solution after treatment and the QO2
was assessed after 15 minutes of equilibration to the
assay temperéture of 30°C. The method used by Cooper
et al. (1871) involved removal oF.a/S of the post-
exposure bathing solution and dilution with 1 ml sterile
water and 1 ml anti-bacterial/anti-fungal mixture. This
latter procedure may have removed and/or diluted metabolic
end products excreting into the bathing media during the
period of anaerobic treatment. The assessment of the
effect of a treatment is best done while the organism
is in the same environmental situation rafher than in

an altered medium.



It was slso reported (Cooper et al., 1870)
that "“unstarved" (i.e. 16 houws non-feeding) A. avenae

and Caenorhabditis sp. exhibited a slight post-

anaerobic oxygen debt but "starved" (16-20 hours non-
Feeding) populaticns showed no such phenomenon.

These cbservationé agree with those obtained in the
present study since none of the 3 isolates tested
exhibited any increase in the Qo, relative to zero

time rates. This may be because the test nematodes

were more than 12 hours out of culture at the beginning
of the experiment (due to use of a standardized harvest/
extraction method - General Materials and Methods, pagelé]
and thus may have been in the "starving" period,

specified by Cooper et al. (1870).

The incubation temperature for control and test
groups in this study was 25°C, the same temperature at
which the mass-monoxenic cultures of the 3 isolates were
grown. However, incubation at 30°C produced significant
variations in the Qﬂa-which were peculisr to each isolate
(see Chapter V). 1In contrast the isolate of A. avenae
used by Cooper et al. (1970) was grown at room
temperature which apparently varied between 23°C and
27°C and the QOa rates were assayed at 27°c. This
difference in the incubation temperature may have
contributed to the post-anaerobic Q0, reported by

Cooper et al. (1870).



Many free living and parasitic species
accumulate an "oxygen debt" during an anaerobic
period which is "paid-off" in an increased QO, during
the post-anaerobic period, (Vorn Brand, 19739) and it
is often suggested that metabolism of accumulated
anaercbic metabolites [lactate; ethanol, succinate
and others) is the causative factor. The end products
accumulated in the tissues would be degraded
oxidatively or partially resynthesized into carbo-
hydrates during the post anaerobic phase. The fact

that some helminths such as N. brasiliensis show an

oxygen debt while some others do not may be due to
their propensity to excrete the end products of
anaerobic metabolism (Von Brand, 18978). Furthermore,
there is no clear correlation between the presence or
magnitude of an oxygen debt, and either the ability to
survive anoxia or the extent of oxygen lack during
anaerobiosis tAtkinson, 18973]). According to Rogers
(1882) and Von Brand (1966, 1968), species of nematodes
differ in their metabolic responses to the absence of
oxygen and the extent of excretion of anaerobic by-

products.

It is possible that such differences as dicussed
above exist between the 3 ispolates of A. avenae
investigated here and this may explain why no post-
anaerobic increase in the Q0, were observed in these

isclates.,



The Qo, of the three isolates were not
influenced to any significant degree by hyperbaric
levels of oxygen in the bathing medium and suggested

that the 3 isolates of A. avenae all behave as

"regulators" independant of the external oxygen tension,

until a critical’oxygen tension is reached. These
observations are similar to those obtained by Bryant
et al. (1967) for the free-living bacteriophagous

nematode Caenorhabditis briggae, the Qo, of which

increased with oxygen tension until =~ 5% 0, beyond
which point there was little change even in an oxygen
saturated medium. Nicholas and Jantunen (1964) have

shown that Caenorhabditis sp. can withstand a maximum

of 24-48 hours anoxia without dying whereas A. avenae
{Cooper et al., 1970) can survive anoxia up to 60 days
and regain initial Q0, when returned to an aerobic

state.



73
CHAPTER 5

The effect of chemical agents on the

respiratory oxygen consumption of

A. avenae isolates A, F and E

Introduction

In a study of the respiratory physiology of

Caenorhabditis briggsae, (Bryant, Nicholas B Jantunen

1867) it was reported that cyanide caused nearly 70%

inhibition of the oxygen consumption rate [002] of this
free living mematode. Interestingly the effect was not
a permanent inhibition since only 14% inhibition of the
QOa Qés observed following the removal of the inhibitor,

They also observed that C. briggsae "survived for 7-10

days in cyanide with reduced activity before dying."

No work has been reported on the effect of this

biocide (sodium cyanide-NaCN) on the rate of oxygen

consumption of Aphelenchus avenae. Furthermore a
comprehensive investigation of the respiratory physiology
of any organism would be incomplete without the assessment
of the effect of cyaﬁide -~ the classical inhibitor of
'cytbchrome oxidase viz. cytochrome 2ag. ThéFeFore studies
were carried out to assess the effect of NaCN on the.QD2

of three different eco-strains (isolates) of Aphelenchus

avenae to ascertain whether any uniformity of response

could be discerned.

and RBelser
On the basis of radioc tracer studies,CastrcK(1978]

postulated that in A. avenze, the two primary modes of
intoxication induced by the alkyl halide nematicide

ethylene- di-bromide (EDB) are a direct reaction of the



halide with an Fe-II centre in the respiratory sequence
and/or the substitution of a serine at the active site

of an esterase or protease.

While suggesting that the most sensitive sites
to such attack by EDB should be a terminal oxidase,
or an oxygen transporting protein, he also pointed
out that A. avenae, like most other organisms undoubtably
possesses an endogencus capacity to re-reduce the Fe-III
in haem-proteins to the functional Fe-I1 state. Thus

and Belser

Castro,{1978) envisaged the oxidative destruction by
an alkyl halide biocide as representing a gradual

flooding out of available Fe-II sites in competition

with any endogenous reductant.

Therefore, the assessment of cyanide sensitivity
of the QO2 of A, avenae was of further interest since
one of the two primary modes of action of the fumigant
neméticide'EDB appearé to be very similar to the effect
cyanide has on cytochrome-oxidase viz. nucleophillic
attack of the Fe-II centres of the haem group. A comparison
of the effect of cyanide and E0OB on the Qo, of A. avenae
was thus carried out. Further, the ability of whole worms
to recover normal Qoa Following NaCN and EDB treatment
were also investigated with the aim of aséessing whether
A. avenae has any capacity to negate the-oxidant-eéFect

EDB has on its haem-proteins.

Evans (1973) and Evans and Thomason (1871)
observed that the ability of nematodes to survive exposure

to EDB was enhanced at low temperature$s and under anaercbie
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conditions, and suggested a connection between aerobic
metabolism in the nematode and EDB toxicity. The
implication by these authors was that either the
components of the respiratory chain are only
vulnerable when in use by the organism, or that some
product of anaerobic metabolism confers protection on
them. Thus the effect of NaCN on the QO0, of A. avenae
(whole worms) subjected to hyperbaric oxygen and

anaerobic conditions were assessed.

Marks (1971) studied the gross effects of EDB
on nematode metabolism by monitoring the respiratory’

responses of A. avenae and Caenorhabditis sp. to EOB8.

He reported that EDB had a stimulatory effect om the

Q0, of third stage larvase of Caenorhabditis sp.,

conforming with observations on EOB treated cockroaches

(Mar ikawa, 13964).

However in marked contrast Marks (1871) reported
that the Qo, of A. avenae was "mot significantly
inFiuenced" by the presence of EDB within the temper-
‘ature range of 10° and 30°C. Since EDB penetrates both
these organisms quite readily heASpeculated that the
difference in the respiratory response probably indicated

basic physiological differences between these two species.

Awan (1975) in a similar study on A. avenae
reported that EDB (1000 ppm) caused an immédiate
depression of 21.8% of the Q0, of A. avenze, while
halothane depressed the QOe only by 17%. These observ=

ations by Awan (1975] are contradictory to those of
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Marks'!' (1971) fFinding that the 002 of A. avenae was

refractory to EOB8.

However these differences in the response of
the QDe of A. avenae to EDB observed by these authors
may have been due teo differing metabolic states of
the nematodes during the studies or due to genuine

intraspecific differences of the Aphelenchus avenae

strains investigated, since Awan (1875) studied a
strain isclated in the U.K. and Marks (1971) a strain

isolated in the U.,S.

Therefore the effects of EDB and cyanide were
assessed, with reference to the age of the cultures

from which the worms were harvested.

The response of the A. avenae isolates to other
respiratory inhibitors such as salicylhydroxamic acid
(SHAM), parachloromercuribenzoate {(p-CMB], carbon
monoxide (CO) were also investigated, im order to obtain
information on the respiratory physiology of A. avenae

whole worms.
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Materials and Methods

The effect of culture age on the cyanide sensitivity of

the Qo, of three isolates of A. avenae

A. avenae were hérvested from cultures of the
3 isolates at 40, 50, 80, 70, 80, 120 and 140 days
after inoculation as described in Chapter 2 and extracted
for a standard 12 hr period. Suspensions containing 20 mg
wet wt./ml were prepared and assayed in the oxygen
electrode at 30°C.NaCN (agueous) was injected via
capillary port (using micro-syringe) into the assay
chamber to give a final concentration of 3 mM. Assay
volume was 3.0 ml. Six replicates were assayed for each
batch; and 3 batches from the same harvest time wére
assessed. Following assay the nematodes weré pipetted
out into pre-weighed Foil crucibles, dried (see Chapter
2) and dry weight assessed. Correction was made for the
weight of cyanide containmed in 10 ml of a 1 M solution

since the worms were dried in cyanide medium.

The +recovery of isolate-F (mass cultured at 25°C]

following cyanide treatment

2.a The recovery (at 30°C)of isolate-F (acclimatized

to 30°C) following initial exposure to 6 mM cyanide

A. avenae [isolate-F) from 40 day old mass cultures
were harvested in sterile distilled water and extracted
for 12 hours and prepared into suSpensicné (20 mg/ml]).
10-12 ml fractions of the suSpensioﬁ were dispensed into

sterile quick fFit tubes (1.5 cm diameter) and incubated
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at 3060 in shaker bath t70 oscillations per minute)

for 24 hours. B8-10 such tubes were incubated, each
afforded 3-4 replicates. Following this period of
acclimatization, the QO0, of the suspensions (3.0 mls)
were assayed in the oxygen~electrode at 30°c. 2o Fl
of a 1M NaCN solution wereinjected (effective concen-
tration of 6 mM cyanide] and trace recording obtained
for 10 minutes. Each sample of mematodes was subject
to cyanide (6 mM) for 15 minutes at the assay temper-
ature (30°C). Following this standard 15 minutes period
of exposure, each 3 mls sample was carefully withdrawn
From the polarégraph chamber gsing a clean Pasteur
pipette, chamber washed to remove all nematodes. The
treated worms were filtered dropwise on a Whatman No.{
hardened filter paper (to remove all cyanidel under
suction, washed by the dropwise addition of distilled
water onto the nematode deposit to further remove all
traces of cyanide, and resuspended in 3.0 mls of sterile
distilled water. Treated and washed samples of worms
were kept in separate.quick Fit tubes, and were re-
’inc;bated at 30°C in shaker bath. Control group of
nematodes were similarly acclimatized to 30°C, assayed,
but were not treated with cyanide. These were also
subject to the Filter/wash}regime identical to the test
group and resuspended in 3.0 ml batches iﬁ quick fit
tubes. Three to four such tubes from control and test
groups were removed at 1, 3, 4, 6, 8 and 24 hours and

again assayed at 30°C in the'De-electrode, and the QD2
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recordad; 6 mM cyanide was applied and the trace
obtained again to assess the sensitivity following
recovery from the fFirst exposure to cyanide,

2.b The recovery (at 23°C) of . isolate~F {acclimatized to 23°C

following initial exposure to 6 mM cyanide

The method employed was identical to the earlier
experiment (2.a) except that the suspensions of the
nematodes were acclimatized to 23°C (instead of 30°C)
for 24 hours priqr to experiment proper. The‘QU2
recordings with and without 6 mM cyanide were obtained
at 30°C. Cyanide treatment was for a 15 min (standard]
period at 30°C. Following filtration and washing the
worms were re-suspended in sterile distilled water as
before, but were incubated at 239C during recovery
periods of 2, 4, 6, 8, 24 and 48 hours. Contral groups

were similarly assayed.

2.c The recovery (at 30°C) of isolate-F {acclimatized

to 239C) Following initisl exposure to 6 mM cyanide

In this instance, the procedure was similar to 2.3
and 2.b except that Foliowing washing and resuspension of
the treated and control groups of nematodes, they were
incubated in quick fit tubes (4 replicates each for each
recovery time period) at 30°C for recoveEy i.e. a3
temperature higher by 7°C to the temperature they were
acclimatized to prior to zero time assays. The sensitivity

of the worms (to a second application of 6 mM cyanide)
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after 1, 3, 4, 6, B and 24 hour periods of recovery

were assessed.

The variation of the Q0, of the 3 isolates of

A. avenae following incubation at 30°C

e —————————
t— ————

Forty day éld cultures of A. avenae from the
3 isolates grown at 25°C were harvested as described
in the General Materials and Methods. Suspensions
containing 20 mg wet wt./ml of whole worms were
dispensed into a series of sterile quick fit tubes.
ODne group of tgbes were kept at room temperature [ESDGJ
in a shaker bath while the second group was incubated
in a water bath set at 30°C. Each tube afforded 3
replicate assays. The temperature of the nematades
suspensions within each tube took approximately 40
mins, to equilibrate to the temperature of the water
bath. Therefore the timing of the incubation period
commenced when the temperature of the nematode suspension
attained 30°C, which was measured using a mercury thermo-
meter. The assay temperature was 30°c. The experiment
was repeated twice on worms of the 3 isolates from two

different batches.

The effect of prolonged cyanidé treatment on the QO,, of

the whole worms of iéolates A and F ﬁass culturedvat 25°¢

Forty day aold A. avenae mass cultures grown at
25°C were harvested, extracted and made into suspensions

(20 mg wet wt./ml) as described im Chapter 2. 10-12 ml
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fractions of the suspensions were dispensed into
sterile quick fit tubes. 6-10 such tubes were incubated
in shaker bath at 30°C, after zero time Q0, were

recorded. This was the control group.

To the second group of suspensions in quick fFit

- tubes, a 1M solution of sodium cyanide was added (via

micro syringe) so that a 6 mM final concentration
prevailed in the volume of suspension contained within
the tube., The latter group of nematodes were thus
incubated in a 6 mM solution of NaCN. After =zero time
sensitivity to 8 mM cyanide was assessed, the test group
was also incubated at 30°C in shaker bath. Tubes From
both control and test groups were removed at 1, 2, 4, S,
8, 24 and 48 hours and their oxygen consumption rates
were assayed in the oxygen electrode at 30°C. The effect
of Further 6 mM NaCN applications on the Q02 of both
control groups and eyanide treated groups were assessed
by injecting 15Pl of a 1M solution of NaCN. Both
isolates A and F were separately tested in this manner,
to assess the éFFect of long term treatment of the

isolates with NaCN.

The response of whole worms of isolates A and F mass

cultured at 30°C to NaCN

5.a The response of worms harvested from 31-35 &ay old

("young") cultures

Mass cultures of isolates A and F were grown at
the higher temperature of 30°C. The harvest, extraction

techniques were as described in Chapter 2. The‘QU2 was



measured on the oxygen electrode and the response

to the application of 20 pyl of NaCN was assessed.

Both isolates A end F were tested. 2 different
batches of cultures were assayed, each was replicated»

6 times.

5.b The response of worms harvested from 55 day old

{("old"] cultures

Harvest, extraction as described in Chapter 2.
The QDa was assessed 1IN oxygen electrode and the 20 Fl
1M cyanide applied to assess response to NaCN. Worms
from 3 different batches of cultures were assessed.

Each batch was replicated 6 times.,

The response of whole worms of isolates A snd F (mass

cultured at 30°C) to 1000 ppm Ethylene-di-bromide

Worms harvested from "young' (21-35 days after
inoculastion) and "old" (55-60 days after imoculation)
mass cultures were extracted for the standard 12 hour
period, made into suspensions and were assayed in the
0, electrode. EDB in ethanolic solution was applied
to 3.0 mls tvolume of suspensions used for each assay)
of the assay sample of nematodes te give an effective
final concentration of 1000ppm.A 600,000 ppm solution
of EDB was prepared and 5 Fl of such a2 solution was
applied to 3 mls of assay sample. Since the EDB was
in ethanolic solution the effect of 5 Fl of ethanol on
the Q05 of the nematode §u5pensions was assessed prior

to each experiment,
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The recovery of isolate F following short term treat-

maent with EOB

Whole worms of isolate F cultured at 30°C, were
harvested, extracted from 40 day old mass cultures at
25°C (room temperature) in the standard manner [Chaptef
2) and the suspensions were assayed in the 0, electrade.
5 Pl of stock EDB solution (500,000 ppm) was applied
and the response was assessed at 30°C. The suspensions
were not pre-incubated at 30°C. The polarogrsphic
recordings were obtained (six assays) for 10-15 mins.
(in the presence and absence of EDB) following which
the assayed nematodes were kept in the 1000 hpm ED8
solution for a total period of 30 wmins. ThereéFter
they were assayed agein in the polarograph. After the
second assay they were filtered dropwise through a
Whatman No.1 hardened filter paper under suction QH
a millipore fumnel and washed by the dropwise addition
of distilled water and resuspended in 3 mls of sterile
distilled water, introduced into quick fit tubes and
allowed to recover at 25°C in a shaker bath. The Qo,
of the washed nematodes were assessed after a period
of 24 hours, and the effect of s second application of
1000 ppm EDB on the post recovery Q0, of the nematodes

was obtained.

The effect of hyperbaric oxygen on the Q0, of A.avenae

isolates A and F (cultured at QQOCJ and the response

to NaCN

Worms from both isolates were.harvested at 40

days, extracted (standard 12 hours) and made into
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suspensions (20 mg wet wt./ml). B8 mls samples of

the suspensions were dispensed into quick fit tubes
and put to incubate at 30°9C in a shaker bath. One
group (6 tubes) was treated with 100% oxygen prior

to dispensation into the tubes, by bubbling 100% oxygen
at 25 ec/min For.1 hogr. The tubes containing B mls
suspensions of the worms were fitted with air tight
rubber btings through which 2 disposable type hypo-
dermic needles were inserted and acted as inlets and
outlets; through the inlet 100% oxygen [(humidified)
was bubbled continuously for 24 hours (10 cc per min).
The control g;oup was similarly bubbled with humidified
air filtered through a bacterial filter. After 24 hrs

both groups were assayed in the 05 electrode and the

response to 65 mM NalN was assessed.

The effect of 100% N2 treatment an the 002 of isolates

A and F (cultured at 30°C) and responée to NaCN

Whole worms suspensions (20 mg/ml]) were prepared
from 40 day old mass cultures of isolates A and F grown
at 30°C. 10. ml.aliquots of the suspens ions were
introduced into quick fit tubes and six such tubes
were incubated at 30°C water bath with Facility pFepared
for the continucus passage of filtered humidified air
(10 ec/min) through the suspensions (control group).

The test groub was treated with 0,-free-N, for 1 hour,
divided into quick fit tubes, flushed with Ny For a

further 30 mins, sealed, and put in a desiccator
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Flushed 3 times with N _. The sealed desiccator was
kept at 30°C in a controfﬁtemperatuﬁe cabinet. After
24 hrs the 3.0 ml samples were introduced into the

02 electrode chamber and 002 and response to 6 mM

NaCN assegsed.

The concerted effect of NaCN and EDB on the Qoa gf

isolate A cultured at 30°C

Mixed populations of isolate A grown af 30°c
were harvested between 27 and 35 days after inoculation
and subject to 12 hours extraction. Suspensions of the
worms were prepared and 3.0 ml aliquots were assayed
in the O, electrode and the response to § mM NaCN and

1000 ppm EDB were ascertained.

The effect of salicylhydroxamic acid (SHAM], p-chloro-

mercuri-benzoate and carbon monoxide on the QD, of

isolaté A

Mixed populations of isolate A harvested from
very young (27-35 day old) cultures were prepared into
suspensions (20 mg wet wt./ml) and the immediate effect -
of 3 mM SHAM, 3 mM pCMBron the QO of the whole worms
were assessed. A saturated solution (at 25°C) of
CO was prepared and 20 Fl of such a solutionvwas applied
via micro syringe into the 0, electrode.chamber to assess
the effect of carbon monoxide on the Q0,. The fFinal
effective concentration of CO in 3 mls of assay-
suspension was 298 hm/ml. A second method was employed

to assess the effect of CO on whole worms since the



concentration of CO in 20 Pl of a saturated solution
of CO (at 25°C) would be further diluted in the assay
sample contained in the polarograph chamber. Thus

3.0 ml samples of isolate A whole worm suspensions
were gassed for 3 minutes (flow rate 20 cc/min) with
co (B.D.H.) (aFtér the normal 002 was recorded) re-
introduced into the electrode chamber, re-sealed to
obtain the Qo, in the presence of CO (effective
concentration = 45‘Fmoles mi~1). The trace recording
was obtained for 7-10 minutes, after which the samples
were pipetted out into pre-weighed foil crucibles and
dried in an oven (as described in Chapter 2) to obtain

the dry welights.

12.The response of A,avenae isolate A, cultured under

continous~{forcedl~sir-Flow conditions to the biocides

NaCN, EDB.and p-CMB

The normal mass-monoxenic culture of A. avenae

is carried out in 500 cc Kilner jars which are sealed
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except for a cotton wool plug to facilitate air exchange.

Under these circumstances the sccumulation of carbon

dioxide and other volatile by-products by both the

fungus-host and the nematode may have secondary effects.

Thus a system for the continuous aeration of the
culture jars was devised. To the metal lids of the

jars were attached two glass tubes A[S mm diameter)

using an inert adhesive. Sterile, humid air was passed

through one inlet into the jars and exited via the



secand tube, so that any gases produced in the
culture were quickly removed. The cultures were
incubated at 30°C and the worms were harvested at
35 days, extracted for standard 12 hour period and
suspensions prepared and the QO assessed in the
oxygen electrode. The effects of 6 mM NaCN, 3 mM
p-CMB and 1000 ppm EDB were assessed as described

earlier.
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Results

The effect of cyanide on the Qo, of the isalates

The response of the whole worms of the 3 isolates
to 3 mM NaCN and the variation of the response with
harvest time (Zage of cultures) is shown in Figs. 22,
23 and 24 and in the Appendix Tables 5-1.1 to 5-1.3,
There were basic differences among the isclates in the
degree of inhibition of the Q0. produced upon the
immediate application of cyanide. Isolate F exhibited
a very high sensitivity which varied between 74-78%
depending on harvest time. This variation was not
significant (p> 0.005) between any two harvest times
though the nematodes extracted from very old cultures
(i.e.>> 80 days) appeared more sensitive than those
Froﬁ cultures of intermediate age. Isolate A was less
sensitive to identical concentrations of cyanide
compared to isolate F, showing in a majority of aases
inhibition in the range of 17-20% although a2 few
replicates showed total imsensitivity of the Q0; to
cyanide. The most sensitive were the populations
extracted from 120 day old cultures. Isolate E
exhibited the least degree of inhibition with cyanide
in that most samples showed no response at ali to 3 mM
NaCN and the range varied From 0-12% inhibition; as
with isolates A and F the higher sensitivity was observed
in worms derived from cultures = S0 days.in age. In
all three isolates the nematodes harvested from older
cultures {(i.e.> 80-90 days) appeared relatively more

sensitive to NaCN (within the range observed for each
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Figure: 22. The effect of 3mM NaCM on the rate of oxygen

consumption (Q0.) of isolate-A whole worms

2
cultured at ESDC.
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Figure: 23. The effect of 3mM NaCN on the rate of oxygen
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Figure: 24, The effect of 3mM NaCN on the rate of oxygen

consumption [Qoal of isolate-E whole worms

cultured at 25°¢.
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isolate) than those harvested from younger (30-45
days old) cultures. The differences however were
not significant (p» 0.05). 1In all three isolates
the waorms harvested from older cultures appeared
to be smaller snd somatic contents relatively less
dense compared fo those harvested from younger

cultures,

The recovery of isolate F following NaCN treatment

2.a ARecovery at 23°C of worms acclimatised to 23°C

Results are shown in Fig. 25 and Appendix
5-2.1. The Qo, of isolate F acclimatised for 24 hours
to 23°C was 5.03 ~ 0.15 and 3 mM NaCN caused 78.88%
inhibition of the Q0,. The cyanide insensitive Qo,
was -089 = 0.16. Thislwas taken to be the general
zerd time sensitivity of all control groups to cyanide.
Initial treatment with 3 mM NaCN produced 74-80%
inhibition of the QO0, of test groups. Followiﬁg
initial exposure, for 15 minutes, the removal of
the biccide by washing and re-suspension of the treated
worms for 1, 2, 4, 6, 8 and 24 hours aﬁ 23°C showed the

-

gradual increase of the ’residual’ Q0, from 1.21 - 0.12

after 1 hour recovery; through 3.17 2 0.114 after B

2 0.19 after 24 hours recerry;

hour recovery to S5.15
following the same periods of recovery, the immedicte
inhibition obtéined with 3 mM NaCN was 41%, 45% and
76% respectively [Fig.'EBA‘and Appendix 5-2.2).

Control groups subjected to the identical washing



-1 -1

Q02 in nmoe.mg dry wt

min.

Figure: 25. The recovery (at 23°C) aof the QO2 of A. avenae - isolate-fF - whole worms

Following cyanide treatment. (Nematodes acclimatized to 23°C.)

. B — QD2 of whole worms at zero-tiﬁe
— Cantrol Groups: . . )
A — QO2 of whole worms following incubation at 23°C
i : A at various
W, 3 time intervals.
P S ST N - e

e o-__---L----lME""““" - L 4 B

0 2 4 B 8 24 48
r—

I |
' I/ . J :
: : , : I?’f/”f cC — QD? of test nematodes at zero-time

=

‘0 - B 6 - 8 | 24
"Hours incubated at 23°C. '

L 4 ) .
.The Mean - S.0. (n=6] is indicated in the figure.

: _ . S Test Groups: _ c g : S
- ’ . 0o— QO2 of test fematodes following various
I T ’ L periods of recovery after treatment with
n }_‘.——' —1 , : eyanide (EmM]). B
’ s ’ , IR -

4B

vEs



90

regime, resuspension and incubation at 23°C showed

an increase in the QO2 from 4.95 % o.o8 {after 1 hr)

to 5.46 2 0.10 (after 24 hrs) and the per cent
inhibition by 3 mM NaCN remained around 76-81%.
Almost full restitution (96%) of the zero time Qo,

was achieved by the NaCN treated nematode.

2.b The recovery at 30°C of worms acclimatised at 30°C

Fig. 26 and Appendix 5-3.1 show the results
obtained. The QO, of isolate F acclimatised for 24 hrs
at 30°C varied between 7.81 % 0.16 — 8.10 % 0.33,
which was gr;ater by approximately 50-60% of the Qo,
of isolate F acclimatised to 23°C. This rise in the
QD2 following incubation at 30°C was characteristic of
isolate F, However 3 mM NaCN caused 74-81% inhibition
of this increased Q0,, and this was the variation in
cyanide sensitivity of the control groups at zero time
(Appendix 5-3.2). Initiagl treatment with 3 mM NaCN
caused 74-80% inhibition of the QO0, of the "test-groups®.
When washed and resuspended for 1, 6 and 24 hours for
recovery, the Q05 increased with recovery_time and

exhibited Q0ys of 1.72 = 0.16, 4.05 % 0.13 and

7.76 = 0.09 respectively, showing a steady reactivation
of the original zero time QO0,. However following B hr
recovery from fFirst exposure to cyanidé, the sensitivity
of the Q0, to a further 3 mM NaCN was approximately 50%
(Fig. 28 b) but after 24 hours recovery (at 30°C) the

worms had acquired near zero time sensitivity, i.e.
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almost the same sensitivity exhibited by control
groups, suggesting that almost complete reactivation
of the cyanide sensitive Qo, was achieved within 24

hours following removal of the inhibitor.

2.c The recovery (at 309C) of isolate F (acclimatised

to 23°C)
Fig. 27 and Appendix 5-4.1 and 5-4.2 shows the
results obtained. The mean QO2 after 24 hrs incubation

was 5.21 £ 0.12 and 3 mM NaCN caused 76-80% inhibitiom

and the mean QOZ in cysnide was 1.10 T 0.12. After
first exposure, the treated samples washed and re-
suspended for 1, 6 and 24 hrs at 30°C showed Q0,s of

1.20 ¥ 0.12, 3.31 £ 0.11 and 7.81 % 0.22 respectively.

Although the initial zero time @0, of 5.25 = 0.15 was
not attained even after 8 hour recovery, following 24
hour recovery (at 30°C) the Q0, was approximately 50%
greater than the zero time rates. The Q0, of the

controls (after 24 hrs at 30°C) were 7.95 Z o.23

compared to 7.81 I 0.22 of the samples exposed to

NaCN and allowed 24 hrs recovery. However on the

second application of 3 mM NaCN, (to the worms which
were exposed to cyanide once) the per cent inhibition
exhibited after 1, 8 and 24 hrs after recovery was 2= 40%,
50 and 74% respectively (Fig. 28 c) indicating the
complete reactivation of the cyanide seﬁsitive Qoo

of the worms after removal of the inhibitor. It is

interesting to note that after 8 hours recovery the

Q0, was approximately 15% lower than the zero time rate
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Figure: 28 CA). The variation in cyanide sensitivity

of isolate-F whole worms following an

initial treatment with cyanide.

~ Worms acclimatized toEBOC.prior to experiment.
~ Initial treatment - 15 mins. in 6mM NaCN.
Recovery at 23°C (room temperature).

G0, of untreated controls in broken lines (for reference)

2

Figure: 28(B). The varistion in cyanide sensitivity

of isolate-F whole worms fFollowing an

initial trestment with cysnide.

Worms ascclimatized to 30°C. prior to experiment.
Initial treatment - 15 mins. in BmM NaGN.
Recovery at 30°¢c.

QO2 of untreated controls in broken lines.

Figure: 28(C). The variation in cyanide sensitivity

off isolate-F whole worms following an

initial trestment with cyanide.

o
Worms acclimatized to 23 C. prior to experimemnt,
Initial treatment - 15 mins. in 8mM NaCN,
Recovery at 30°¢c.

Q0. of untreated controls in broken lines.

2

© : - Mean % Inhibition of test groups (by BmM NaCN)
after recovery from initiazl trestment with NaCN,

[l : - Mean % Inhibition of Control Groups (previously

untreated) by BmM NaCN :

J

- Mean Q02 of Control Groups at test times 1i.e.
following incubation at the specific test

temperature for various periods.,.
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exhibited by the same group and the per cent
inhibition achieved was 50.03%. This suggests

that isolate-F can recover nearly 85% of its original
Q0, within 8 hours of removal of the inhibitor but
that it does so by.regaining only'SD% of its cyanide
sensitive Q0. In fact suspensions of A. avenae,
isolate-F kept for 3 hours in 3 mM NaCN were able

to recover their normal Qo, after washing and re-
suspension for 24 hours in distilled water. However
after 24 hours intoxication in 3 mM NaCN the worms

were unable to recover and showed zero QDa.

The effect of prolonged incubation at 30°C on the

A0, of whole worms of isolates A, F and E

The results obtained are shown in Fig. 28
and in Appendices S5-5.1 and 5-5.2. The control groups
of nematodes incubated at room temperature i.e. 23°C
(in sterile quick fFit tubes in a shaker bath] showed
little increase over a period of 8 hrs. The Q0, at
24 hrs and 48 hrs was not significantly different from

the zero time 002.

However when the nematodes from the 3 isolates
weée incubated under identical conditions but at the
higher temperature of SDOC, diFFerencesAwere observed
among the 3 isolates. The QO0, of isolate E incréased
littleAup to 8 hrs (Fig. 29) but after 24 and 48 hrs

at 30°C the 002 of isolate E was significantly different

from the zero time and control groups (p <0.05). The
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Figure 29 The effect of incubstion st 30°C on the Q0,

of whole worms of isolates A, F and E -

Controls incubated at 23°C (Room Templ.

(All incubations conducted in sterile-distilled wat

Isolate-A (cultured at 25°C)
Isolate-F (cultured at 25°C)

Isolate-E (cultured at 25°C)

— Controls incubated at 23°C (Room temperature)
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Q0, of isolate F whole worms increased by 70-74%

(p<0.01). In marked contrast the Q0, of isolate A
(cultured at 25°C) decreased dramatically by 50-60%
and the difference from the zero time Q0, and that

of the controls was significant ( p<0.01).

The effect of prolonged treatment with NaCN of

isolate F and A (cultured at 25°C)

The effect of prolonged incubation of whole
~worms of isclate F in suspension containing 6 mM NaCN,
for various periods of time is shown in Fig. 30 and in

Appendix 5-5.1.

Incubation in cyanide for periods longer than
2.5 hours depressed the QO0, significantly (p<.0.001]
beyond that produced by the immediate application of

NaCN. At 24 hours, the QD, of the controls was 7.80 =

0.6 compared to 0.47 2 0.12 For those incubated in 6 mM

cyanide for 24 hours although the application of 6 mM

cyanide reduced the rate only to 1.65 z 0.18, in controls,

Incubation at 30°C of controls for 24, 48 and 168 hrs

increased the QO, to 7.80 - .6, 7.65 ~ .18, and 6.84 =

«15 respectively from a zero time rate of 5.31 ? o.23.

This increase in Q0 was peculiar to isolate F,

However, cyanide application depressed the rate to

1.65 = 0.18, 1.44 = 0.31 and 1.15 I 0.32 respectively

while the Qo, of worms kept continuously in 68 mM

cyanide for 24, 48 and 168 hours was D.47 = .12,

0.35 2 0.06 and 0.0 respectively.
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The effect of short term and long term cyanide (6mM) treatment on the QO

Figure 30
of A. avenae isolate-F. Whole worms incubated for various periods at 30°C
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In Fig. 31 and in Appendices 5-6.1 to 56,3
a éomparison is made between the effect of prolonged
tregtment of isolate A whole worms with 6 mM NaCN
and the immediate effect of 6 mM NaCN on isolate A
worms incubated in.sterile distilled water for
similar long periods at 30°C. At zero time little
or no response {0.56% inhibition) was observed with
6 mM cyanide. The zero time rate was 5.30 z 0.14,
However incubation at 30°C increased the sensitivity
up to 8 hours, from 5.32% inhibition {(after 2 hours
at 30°C) to 35.03% (after 8 hours)at 30°C. Although
as expected, gradual increase in the Q0, of controls
from a zero time rate of 5.30 = 0.14 to a rate of
5.85 X 0.19 at B hours {at 30°C incubation) was
observed, the Qo, after 24 hours in distilled water
at (30°C) had dropped to 2.64 ~ 0.11 (i.e. a % decrease
of 61.4%) but the response of the worms exhibiting
this lowered QDE to 6 mM NaCN was a dramatic iﬁstant-
aneous stimulation of the Qo, (Fig. 33) by excess of
100%. (Appendix 5-6.1). This increased QDy in cyanide
was not significsntly different (p>0.05) to the Qo
originally shown at zero time. The decreased Qo,
observed at 24 hrs was approximately 50% of the zero
time rate§ of the controls, and this decreased rate
was maintained up to 48 hours and 168 hours (Fig. 32
and Appendices 5-6.2 to 5-6.3) and the response to

cyanide was an immediate stimulation (== 100%) of the

‘002. (Appendix 5-6.2) This stimulatory effect of



Figure 31 The effect of short term and long term NaCN (EmM) treatment on the QO

of A. avenme isclate-A. Whole worms incubated for prolonged periods at
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NaCN was peculiar to iéolate A and was exhibited aonly
if standard suspensions of whole worms of iscolate A
were incubated for periods greater than 20-24 hrs

at an ambient temperature of 30°Cc, i.e. = temperature
5°C greater than the notmal temperature (259C) at

which this isolate was mass cultured. However as

will be described later, isclate A cultured at 30°C,
exhibited a stimulation of the QO, without prior
incubation at 30°C. Isolate F whether cultured at

25 or 30°C did not show at any time a positive response

to cyanide as exhibited by isolate A.

The response of worms harvested from "“young' (21-35

days cld) and "old" (>55 days old) cultures of

isolates A and F (cultured at 30°C) to sodium cyanide

Mixed cultures of isolate A harvested between
21-35 days from mass cultures grown at 30°C showed a
stimulation of the norhal Q0> fFrom 5.84 Z 0.21 to 7.87
z 0.24, i.e. a mean per cent increase in the Qo, of
32.49% (Table 6). Identical populations of worms
harvested from old cultures frequently exhibited no
response at all to B mM NaCN although occasionally a
slight stimulation of the QO, was observed: thus a

mean per cent stimulation of 1.48% was recorded for

older cultures of isolate A (Table 6).

The response of worms from isolate F harvested

betﬁeen 21-35 days showed mean Qo, inhibition of

74.51% (i.e. a reduction of the QO, From 5.42 % 0.21 —



Table: B

The response of whole worms of isolates A and F (mass

cultured at BOOC.) to 5mM NaCN.

1. Response of worms at 21-35 days harvest,

Normal QOE CIO2 in
5.94 X 0,21 7.87 £
p<0.001
Normal QD2 Q02 im
5.78 2 0.18 1.47 2

p<p.001

Isolate-A

8mM NaCN

0.24

Isolate-F

6mM NalCN

0.14

2. Response of worms at 55days harvest.

' Isdlate—A

Normal QO2 QOE im
5.39 2 0.18 5,31 2
Not significant
Nofma{ QD2 QOE in
5.47 X 0.21 1,43 2
p<@.001
All values are the means

Results of related "t"-test conparison given in Table.

EmM NaCN

0.11

Isolate~F

EmM NaTN
0.19
2 s.0. (n=6)

Qo, units: - anE/mg. dry wt./min,

% Difference

(+) 32.49
(range 28% -

% Difference

(-] 74.51
(range 72% -

% Oifference

(+) 1.48

% Difference

(-] 73.85
(range 68% -

95A

in QDE,

37.2%)

inm QO2

77%3

in QO2

in QO2

78%)



1.43 % 0.19) while those harvested from older cultures

showed mean 002 inhibition in the range of 68-78%
with a mean inhibition of 73.85%. There was no
significant difference in the response of "young"

and "old" populations of isolate F to sodium cyanide.
p

The response of whole worms of isolates A and F to EOB

Mixed populations of isolate A grown at 30°C
harvested at 21-35 days exhibited a mean stimulation
of the Q0, by approximately 27% (Table 7] wupon
immediate app}ication of 1000 ppm EDB, and there was
no.lag—period, i.e. the respiratory response was
instantaneous. The Q0, in the presence of 1000 ppm EDB
was significantly higher (p<<0.001) than the normal

rate of controls.

However the response of mixed populations
harvested from older cultures (between 55-85 days) of
isolate A exhibited mo response whatsoever to identical
concentrations of EDB and the Q0, remained unaffected

(Table 7).

In contrast, the QO0, of mixed.populations of
isolate F harvested From 21-35 day old cultures were
inhibited 213 to 31.8% (mean of 28.55%]‘by 1000 ppm
EDB., There was'nc significant difference in the |
response of worms isolated from "young" or "old"
cultures of isolate F. The application of 1000 ppm
ethanol did not alter the Q0, of either group of

worms (p>0.05).



Table: 7 ‘
The response of whole worms of isolates A and F (mass

cultured at 30°C.) to 1000ppm EOB.

1. Response of worms harvested between 21-35 days.

Isolate~A
Normal* 002 QOe‘in 1000ppm EOB % Difference
s.91 2 0.14 7.49 I 0.18 (+) 26.81%
(Range 23% =
p<0.001
Isolate-F
Normal™ QO, Qo, in 1000ppm EOE % Difference
5.69 2 0.21 4,17 £ 0.15 (-] 25.55%
(Range 21.3%
p<0.001

2. Response of worms harvested after 55 days.

Isolate-=A
Normal™ Q05 Qo, in 1000ppm EDB % Difference
5.34 2 0.18 5.34 I 0.18 0

Not significant

i.e. no response to EOB

Isolate=F
Normal™ Qo, Qo, in 1000ppm EOB % Difference
5.33 2 0.22 4.01 7 o0.12 (-] 25.50%

- 96A

in Qoe'

31.1%)

in QOZ

- 3118%]

in CIO2

im QD2

[Hange 21.16%-30.73%)

p{0.001

All values are the means ? s.o. (nh=6]

Related "t"-test comparison of results given in Table.

% The normal QDe was unaffected by Sul. of ethanol.
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The recovery of isolate F following short term EOB

treatment

The Qo, of ;solate F mixed populations (harvested
at 40 days) was significantly reduced upon immediate
application of EOB (p<0.001 as can be seen from Tablé B8].
Although the QO2 of the same samples showed a further
reduction in the QOé when exposed to 1000 ppm EOB for
30 mins, the reduction in rate was not statistically
significant (Table 8). Following removal of EOB by
washing and filtration and subsequent re-suspension
in sterile distilled water for 24 hrs to fFacilitate
recovery, the QDerF the worms was not significantly
different from the original QO2 observed. However
the worms were less sensitive to a secoéd application
of EOB after the 24 hr recovery period following first
exposure. The per cent inhibition observed on the
second application of EDOB varied between 0-7% with a mean
inhibition of 2.85%; the mean QDE in EDB was
significantly different to the post-recovery Qo,

(Table 8). The QO2 of worms kept in S‘fd of ethanol,
washed and assayed 24 hhs after re-suspensiaon in
distilled water was unaltered (p=>0.05) from the

normal QDE'

The-eFFect of hyperbaric oxggén on the response of

isolates A and F to NaCN

The 002 of the controls of isolate A did not

differ significantly from those exposed to 100% oxygen



The recovery of  isolate-F at 25°C following short-term treatment with EDB

Table 8
(Results are means = S.D. : = 6)
Normal 3 RO, immediately Qo, Following Qo after a0, of "recovereq"
Qo after applica- washing and norms in 1000 ppm
2 expsoure to EDB PP
tion of 1000 ppm recovery for EDB (i.e. response
. (1000 ppm) for
EOB 30 mins 24 hrs to a second
: application of EDB)
I II III 1v \
5.38 4,14 3.80 5.11 4,98
+ + + -+ +
0.14 0.21 0.27 0.24 0.24
VII VIII XI
Mean 23.17% 29.21% 2.85%

% Inhibition
(Relative to
normal Qua)

{Relative to
normal QDE)

(Relative to Paost-
recovery QO0,)
(Range 0 -7.1%)

0y units: nmoa/mg dry wt./min

I v II p<0.001 11
I v 1Iv p>0.05 (NS) I1T
VIT v VIII p<0.05 VIII

Aelated ’t?! test analysis of the above data
(Percentages ware sngulerly transformed fFor analysis)

v III

p>0.05 (NS)
v V p>0.05 (NS)

I v
II v

ITI<{p 0.001
IV < p 0.001

*The QOa of worms kept in 5 pl ethanol, washed and assayed 24 hrs after resuspension in distilled water

was unaltered from the normal 002

NS 1= Not significent.

V46



saturated medium fFor 24 hrs (Table 8). The response
of both groups to 6 mM NaCN was a stimulation of the
QDE in the range of 21-25% and there was no difference
of the 002 of either the controls or the oxygen

treated worms in cyanide (p=0.05).

The suspensions of isolate F (Table 10)
incubated in air saturated media (i.e. controls)

exhibited an increase of the QO2 from 5.40 2 0.14 at

zero time to 6.23 £ 0.21 (which was characteristic of
this isoclate) which was significant. (p<0.001).

However the QO, of the controls was inhibited by 78.15%
(mean % inhibition) while the worms exposed to hyper-
baric oxygen environments showed a much reduced
sensitivity (per cent inhibition of 56.8%] to 6 mM

NaCN. This reduction in cyanide sensitivity as reflected

by the QDE imnhibition was statistically significant

(Table 10).

The effect of anaerobic treatment on the response of

isolates A and F to NaCN

Incubation of sterile whole worm suspensions of
isolate A in 100% nitrogenated medium for 24 hrs at 30°C
reduced the QO2 (Fig. 34) but the reduction was not
statistically significanmt (p>0.05). The worms
sub jected to the anaerobic period showed no response
to 6 mM NaCN and the QD2 was unaffected. The Qo, of
controls (incubated for 24 hrs in air saturated water)
exhibited the characteristi§ stimula@ion of the Q0.

with 6 mM NaCN.



Table 9 The effect of hyperbaric oxygen on the QDa of isolate-A (cultured at SOOC]

and the response to 6 mM NaCN

Qop of Controls Qo_ of ’test’ Q0_, of 'test’ Q0. of controls
at zero time grgup at zero group after in"air sat. water
time 24 hrs in 100% after 24 hrs., st
0, at 30°% 30° C
I IX 111 1v
5.40 5.41 5.53 5.38
* + + : &+
0.14 0.14 0.17 0.21
Qo, in v VI VII VIII
’ + - + +
_ 0.16 0.18 0.22 0.23
Mean % ,
change in (+)24.15% (+)23.80% (+)21.50% (+)24.51%
Qo
2

‘ARelated °'t’kXest analysis of above deata

IIT v IV p > 0.05 (NS)
VII & VIII p>>0.05 (NS)

ves



Table 10 The effect of hyperbaric oxygen (100%]) on the Qo, of isolate-F (cultured at

SOOCJ and the response to NaCN

(QD2 units = anZ/mg dry wt/min.)

A0, of controls
at zero tima

a0, of ’test’
groups at zero
time

Qﬂa of 'test’

group after

24 hrs. in 100%

hD of controls in
alr saturated
water after 24 hrs

o, at 30°C at 30°C
A B Cc D
5.40 5.43 5,84 6.23
+ + + +
0.14 0.14 0.47 0.21
E F G H
Qo, in 1.37 1.01 2.52 1.36
3mM NaCN = z M M
0.16 0.18 0.22 g.23
I o K L
Mean % .
change in =74.,52% -81.38% -56,B0% -78,15%
Qo,
% change «72,36% -78.54% -48.70% -74,32%
to to to to
Range. -76,91% -83.61% =-58.32% -80.16%
Related ?t' test analysis of the above data (percentages were angularly transformed for statistical
treatment) )
B v ¢ ,001<p<0.01 c v o .001pl0.01 G v H p<do.oo1
K v L p<0.001 F v @ p<o.001

|88



Figure:- 34

Zero time 002 of test samples,

Zero time QOZ of control samples{

N,
O
—

Q02 of test samples following anaerobic

treatment. at 30°C For 24 hours. -

QD2 of control samples following incubatiaon

at 30°C inm air saturated agqueous medium.
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The Qo, of isolate F (Fig. 35) whole worm
suspension incubated in 0,-free (100%) nitrogenated
medium was reduced significantly compared to that of
controls incubated in air saturated medium. The QO
of the controls in air was 40-50% greater than the
zero time QO2 of the same samples (p<0.001). However

the serisitivity to cyanide was not significantly

different in the two groups {Fig. 35, Appendix 5-7.1).

Following exposure to 24 hrs anaerobic period,
the sensitivity of isolate F to cyanide was significantly
reduced (Fig..35) in that only a mean per cent inhibitior
of 44.12% was observed and the Qoa in cyanide was

significantly higher than in air-treated controls.

10.The combined effect of EDB and NzCN on isolate A and

F cultured at 30°C

The effect of 1000 ppm EDB and 8 mM NaCN
(individually) on the Qo of isolate F harvested from
30 day old cultures was inhibitory (Table 11). However
the application of a mixture of 10 Fl of 1M NaCN and
5 ul of 600,000 ppm stock solution of EDB proeduced

almost complete inhibition of the Q0, of isolate F.

The effect of both these biocides per. se. on
suspensions of isolate A was stimulatory (Figs. 53
and 36A ; Table 12). However the application of EDS
(1000 ppm) after 6 mM NaCN produced an inhibition
(Fig. 368) of the Q0, of between 19.4 and.ES.B% (mean

of 23.8%) which was relative to the increased Qogz



The concertad effect of EDB and NaCN on the QOE of isolate-F whole worms

Table 11
extracted from 30 day old cultures [CDa units = nmoe/mg dry wt/min)
All values are the Means : S.0., Nn =6
The hormal Q02 of the test nematodes for all assays was 5.54 2 0.14 (A)
Qo, in % . Qo, in % Qo, in %
6mM Na&aCN Inhibition 1050 ppm Inhibition 1060 ppm Inhibition
EDB EOB +
6mM NaCN
(B) Mean ‘ (ed Mean , (o) Mean
1.45 73.85% 3.96 28.31% 0.30 | 94.47%
p z z
0.12 0,47 0,26
Range Range Range
71.B1%=76.41% 24.15%=-30.61% 91.09%-~100%
Q0, units = analmg dry wt./min. Related 't' test analysis of the above data
(A) v (B) - p<0.001 (B v (D) - pdo.oo1
(A) v (c) - p<o.001 (c) v (D) ~ p<lo.001
(A v (o) - p<Lo.001

V56



Figure:- 35

T :- Zero time QDE of test samples,

C:-~ Zero time Q0. of control samples.

2

T ¢~ QDE of test samples Following anaerobic

treatmeﬁt at SOOC for 24 howrs.

C :~ QO8 of control samples following incubation

o, - . .
at 30 C in =ir saturated agueocus medium.
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The =fFect of anaersbic treatment {of sterile vwhole-worm

suspensions]) of isolate-F (cultured at 30°C.J} on the Qc,

and resoonze to NalM {(3mM].
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Table 12 The concerted effect of EOB and NaCN on the'QD2 of isolate-A (cultured at 30°C)
whole-worms harvested from 25 day old cultures. (Qoa units = nmoa/mg dry wt/min)

i
i

Effect of NaCN g Effect of EOB Effect of EOB Effect of EDB + NaCN
| after NaCN (Simul. mpplication)
Q0, in 6mM % Mean change| QO0, in % Change in | QO, % Mean change QDa % Change
NaCN in Qo, 1080 ppm Q0, Mean in Qo,
|
1
z Range z Range i : . Range i z Range
0.34 38.3 - 47.1 ana 1403 - alog l 0.28 19.4 - 26-3 ;0.14 80.8 - 85.32
(8] (cl BN Y (e} | |
|

(F) (6) i (M) (1

.A = The normal QUE of the. test nematodes for all assays was 5.85 z 0.24 (Mean z S.0.)

(+) ‘ Stimulation of the QO
(=) Inhibition of the Qo,
Related ’t? test analysis of the above data

2

(A) v (B) - p<o.001 (F} v (H) p<o.00L
(A v (D) - p<o.001 (A) v (F) p<0.001
(D) v (E) - p<O0.001 () v (F) p<o.00L

Js6



THe effect of sal icylhydroxamic acid (SHAM) p-chloroﬁercuri——benzoate

Table 13

(p-CMB] and carbon_ monoxide (C€O) on the Q0, of isolate-A (cultured at

30°C and harvested at 25 days)

* The normal QD2 of the test nemtaodes was 5.92 ? o0.32 (Mean : 8.0; (n=6)

* Qo, units:- nmne/mg dry wt./min.

Carbon monoxide (in presence of daylight]
25 Pl of & n o 100% CO treated
_ saturated sol . for 3
SHAM (3mM) . . p~-CMB at 250¢ minutes

a0, (immediately 4,98 Q.63 3.95 2.81
af ter + * + +
application) 0.31 0.31 0.60 0.67
Mean
% Inhibition 15.63% 88.31% 30.85% 52.77%
of QDE . .

% Inhibition 11.36% - 17.81%

Range

79.3% ~ 92.72%

28.87% b 43071% 42-25% - 63.30%

% Related 't' test proved =all velues, (except Q0, observed for the 2 treatments with CO,
significant at 0.01 <P <0.05) to be significantly different at p <0.001.

% The percentages were angularly transformed for statistieal treatment.
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produced by NaCN (Fig. 36 b). When both biocides

were applied simultaneously as a mixture, an immediate
mean inhibition of 62.10% was observed. Neither
biocide produced any inhibitory effect on isolate A
when applied independently of each other. (Fig. 33

and 36 A).

The effect of SHAM, p-CMB and CO on the Q05 of whole

worms of isolate A

3 mM salicylhydroxamic acid brought about a small
but significant inhibition of the QO0, [11.36% to
17.81%) of isolate A. (Table 13). 3mM parachloro-
mercuribenzoate was the only single compound which
per se inhibited the Q0, of isolate A by 88-80%.
25 fl of a saturated solution of carbon monoxide (at
25°C] produced 30-31% inhibition of the GO0, of isolate A
in the presence of diffused light. Carbon monoxide
(saturated assay medium] inhibited the Q0, of isclate A

only by 52.77% in diffused light. (Table 13)

Similar results were obtained for isclate F
(cultured at 30°C; harvested at 27 days] the QOp of
which Qas only 14-15% depressed by SHAM (3 mM) and only
48.42% inhibited by carbon monoxide.4[Table 14},
p-CMB however caused 86-87% inhibition of the QO0, of

isolate F as well.
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Figure: 36A The effect of 3000 ppm EDB on the QO, of

isolate~-A whole worms

3mls. suspension {(isolate-A)]

20mg./ml.

|

AN

‘260 ana/ml.

calibraticn_
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Figure: 36B The effect of EDB (3000 ppm) on the Q0, of

A.avenae, isolate-A whole worms following

EmM NaCN application

seab———i

02"= 250 nmoles/ml.

AN\

calibra+tion

, 13 mls., of
suspension

20 mg.wet wt./ml
86.6 nmoles




Table 14

and harvested at. 27 days)
% The normal QDa of the test nematodes was $5.68 - 0.30 (h = 6)

* QDa units: -

+

anE/mg dry wt/min

Ths effect of SHAM, p-CMB and CO on the QO, of isolate-F (cultured at 30°C

INHIBITORS

Carbon Monoxide 100% CO

SHAM (3mM) p-CMB " treated at 25°C for ‘3 mins.
Q0, immedistely 4.85 0.75 2.82
after + + +
application - - -
. 0.26 0.32 0.54
Mean %
Inhibition 14.59% 86.65% 48.427%

% Inhibition
Ranga

12.15% - 16.01%

77.28% -~ 94.31%

40.01% -~ 59.61%

% Related 't!?
normal ana;

test proved oll QDE values

significantly different at [p<<0.05) from

% Percentages were angularly transformed for statistical treatment.

30014



Table 15 The response of the Q0, of isclate-A (whole~worms) cultured under

continuous ventilation to the spplication of NaCN, EDB and p-CMB

(Nematodes harvested at 27 days)
% The normal OO0, of the test nematodes was 5.87 2 0.32
*'QUe units:- nm0, mg dry wt™1 mi.n"l

INHIBITORS

NaCN {3mM) EOB 1000 ppm p-CMB (3mM)
QOE ' + . | ' -
Immediately 4.07 Y 0.18 4.38 ~ 0.14 0.77 - 0.18
after
application
Mean %
Inhibition (-] + 30.54 + 25.35 - B6.74
or
Range .
% Inhibition (=) +28.9 to +38.3 421.9 to +27.3 ~74.61 to 94.71
or :
% Stimulation (+) (+28.1 to‘137.2] (+23 to +31.3) 4 (-79.3 to 92.72)

% The figures in parenthesis are those observed for whole-worms of isolate-A mass cultured
in normal Kilner jars and harvested at 27 days.

% All percentages were angularly transformed before statistical treatment,

% Related 't' test showed no significant difference between the response of nematodes
cultured under the two different conditions.
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12. The response of isolate-A (whole worms) cultured

under continuous ventilation to the biocides NaCN,

EDB and p-CMB

The response of A.avenae isolate-~-A mass cul tured
in the usual Kilneé jars under coﬁtinuous air flow
conditions, to the general biocides NaCN; p-CMB and
the nematicide EDB is given in Table 15. The response
of the nematodes cultured under these conditions did
not differ significantly from the response exhibited

by isolate-A grown in cotton wool plugged Kilner jars.
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Discussion

| The differential sensitivity of the three
isolates to 3 mM sodium cyanide suggests sub-specific
metabolic diFFerenpes among these‘ecologically
isolated populations of A. avenae. It is unlikely
that permeabilitylcharacteristics or cuticular-barrier
effects were the dause of these differences in
susceptibility to cyanide because of the trapidity of
the response of the QD2 observed ?n the polarographic
recordings, with whole worms. This was substantiated
by the results with mitochondrial preparations as will
be presented in Chapter 7 and therefore it is suggested
that this differential inhibition of the Q02 of the 3
isolates may be considered a reflection of the different
dependencies of the individuals of these isolates on the
classical cytochrome oxidase., The high sensitivity of
the QO, of isolate F to NaCN is possibly an indication
of the predominantly ecyt. aag mediated terminal oxidation
operati;e in this isolate, with or without a low potential
for alternate sequences of electron transfer, dependent
or independent of cytochromes. On the other hand the
relative insensitivity of the Qo of isolates E and A
to identicgl concentrations of NaCN may be due to one
of the. following. A) the operation of a single éyanide
insensitive terminal oxidase which remains unaffected
by concentrations of NaCN which wholly imhibit cyt. 3aq
i.e. the presence of an alternative terminal oxidase

such as cyt. 0; BJ] the ability to switch over rapidly
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from the classical sequence to an alternate sequence
- the two being independent of each other; C) the
simultaneous operatiomn of a bramnched-chain respiratory
electron transfer sequence where one functions sub-
optimally until NaCN inhibits one sequence enabling
the other to take over electron transfer; 0} the
presence of cytochrome ihdependent electron transfer
to oxygen such as sequences invelving & -glycero-
phosphate-oxidase linked glycolysis  (Evans & Brown,
1973) or some other non-haem-iron-protein (Bendall &
‘Bonner, 1971) or EJ) the direct reduction of certain
TCA intermediates - such as fumarate - other than
involving oxygen. Cyt. 0 has been recorded occurring
with cyt. aa, in prokaryotic organisms such as

Halobacterium sps. (Cheah 1968, 1870), and im eukaryotic

organisms such as Ascaris (Cheah, 1976) Moniezia expansa

(Cheah, 1968). However in eukaryotic organisms which
possess two terminal oxidases cytochrome 2a5 and
cytochrome 0, the relative insensitivity of the Qo,

to cyanide is due to the fact that cyt. 0 is unihibited
at concentrations of cyande (0.1 mM to 3 mM) which wholly

inhibit cyt. aa, (Ray & Cross, 1972).

The recovery (after washing and resuspension) of
isolate F following short term exposure to cyanide may
be due to the ability for reactivation of the cyanide
sensitive oxidase. The increased cyanide sensitivity
(70-73% imhibition) oF the whole worms after 24 hr

recovery period compared to the cyanide sensitivity
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(=50% inhibition) of worms allowed only B hr
reéovery per iod substantiates this hypothesis,
assuming that little or no further synthesis of

the oxidase occurs'during recovery. Similar observ-

ations on Caenorhabditis briggsae (Bryant, Nicholas

8 Jantunen, 1987J.showed that high concentrations

of cyanide were réquired to produce a 70% inhibition

of respiration. Furthermore 10™%M NaCN was "not Fatal

to the worms for at least one week.'" However the effects

of the removal of cyanide on the Qo of C. briggsae

were not reported. Experiments with carbon monoxide
(CO) produced 16% inhibition of the Q05 inm light and
55% inhibition in the dark; the inhibitory effect was
"apparently not fatal as worms in a CO atmaosphere
maintained themselves without reproduction for 3 weeks
or more and apparently recovered after the inhibitor
Qas removed." Bryant et al. (1967) stated that the
residual respiration rate in the presence of CO may be
due to én alternative carbon monoxide resistant pathway

which was sufficient to keep C. briggsae alive. 0On this

basis he stated that the terminal oxidase in C, briggsae

was probably not of the classicsl cytochrome oxidase
tyﬁe but may be more similar to the cytochrome-b
observed in parasitic helminths.v (Cheah, 41969, 1970]).
A. avenae isolate F, however, recovered from inhibition
by NaCN equally well at 23°C and 30°C; temperature
therefore had little or no effect on the rate of re-

activation of the cyanide sensitive oxidase, in this

isolate which was very susceptible to cyanide.



The slow but steady increase in the QD2
observed when suspensions of isolate F were incubated
.at 300C was linmear up to 24 hrs and was more or less
constant up toc 48 hr. The temperature induced maximal
Qo, (at 24 hrs) waé 30-40% higher than the Qo, at
B hrs. This increase was peculiar to isolate F and
may be due to the production and assimilation of
secondary metabolic end products such as organic acids.
Cooper and Van Gundy (1870b) showed that succinate
production in A. avenae occurred under aerobic/micro-
aerobi¢/anaerubic conditions. Barrett (1978) pointed
out the occurrence of glycolysis under azercbic
conditions nmot only in parasitic helminths but also
in certain mammalian tissues (such as red blood cells

and the retina of eye)] as well. This persistence of
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anaerobic metabolism in parasitic-helminths {gerobically)

could be due to either peculiarities in the regulatory
mechanisms of their catabolic pathways or the inability
to reduce the Flux through the glycolytic system during
aerobic periods. (Barrett, 1876). If this is also
possible for some free living forms, the persistence of
anaerobic metabolism in isoclates oF‘A. avenae under
aerrobic conditions is a possibility and hence lactic-
acid and éthanol production which Cooper et al. (1970b)
found only under anserobic conditions could alsé
contribute to the increase in the QO0, observed in

isolate F following incubation at higher temperatures.
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The prolonged incubation of suspensions of
isolate F in cyanide caused a continued decrease
in the Qo, which wés directly proportional to the
time incubated in 6 mM NaCN. This may be due to
any of the following affects:s a) the gradual
inhibition of the alternate terminal oxidase
responsible for thé residual QO, b) the unspecific
inhibition of one or more enzyme complexes by cyanide
or c) the retardation of the reactivation of the
cyanide-binding-cxidase'[probably cyt. 333] due to
the continuous permeation of cyanide to the iron
centres of the cytochrome-oxidase. O0Of these, [(a) is

most probable.

Cytochrome-0 is the alternate terminal oxidase,
s ince cyt. 0 is partially sensitive to cyanide although
much higher concentratioms than those which imhibit
cytochrome aas are required for the complete inhibition

of cyt.0.

In contrast to the results obtained ﬁith isoclate F
| the QD, of isolate A increased (at 30°C) up to B hrs,

but the QO, after 24 hrs at 30°C was 61-62% lower than
that at 8 hr. This arnomalous behaviour was peculiar

to suspensions of isolate A and interpretation is
diFFicht. However Barrett (196Sb]) reported that

although the respiration of Strongyleoides ratti larvae

increased between 10 and 37°C, the temperature-induced
maximal respiration which was sustained only for a

short period, declined if the larvae were incubated
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for longer periods at the higher temperatures [37°C) .
Voﬁ Brand (1973) refers to these observations but
states that the underlying mechanism has not been
elucidated. Consiqering the observations made in

the present study it is possible to speculate as to
the mechanisms which effect this in A. avenae. The
maximal QD2 of isélate A (observed at 8 hrs at 30°C)
was spproximately 35% inhibited by 6§ mM NaCN. In
marked contrast the lowered QD, (observed at 24 hrs
at 30°C) was stimulated 100% or moré by 6 mM NaCN,
Similar stimulatory effects of cyanide have been reported
by other workers. Von Brand (1973) quoting work by

Lazarus (1950) and Rathbone, (1955) pointed out that

the QO2 of Paramphistomum cervi is strongly enhanced
by cyanide and that the succinate oxidatiomn by cellular
fraction of Ascaris was doubled under the influence of

KCN. Cheah (1966) reported that preparations of

Moniezia expansa exhibited stimulation of the Q05 in
cyanide, and later (Cheah, 1967b) demonstrated the
presence of 2 terminal oxidases, cyt. 33z and cyt. O

in M. expansa, and showed that cyt. 0 was a source of

hydrogen peraxide. On this basis he concluded that

thé stimulation of the QO0, brought about by cyanide

was due to the removal by cyanide of inhibitions imposed
on certain flavoproteins due to the accumulation of
hydrogen pqroxide [Haﬂé). Singer and Kearney (1956)
described a similar effect in mammalian succinic

‘dehydrogenase (SDH). Cheah (1976) showed that the



cyanide stimulation of succinate oxidation in Ascaris
prebarations did not occur in the presence of added
catalase. It was concluded (Cheah, 1976) that in the
absence of added catalase, the H202 formed as a

normal by-product Sy cyt.0 during.terminal oxidation,
caused the oxidation of sulphydryl groups in the SDH-
complex to di-sulphide 1linkages, bringing about the
inactivation of the latter complex which . in turn
affected the decline in the measured Q0,. Under these
conditions, cyanide brought about g stimulation of the
Qo, by relieving the iﬁhibition imposed on the SDH-
complex, by re-reducing the di-sulphide linkages

(formed by HEDEJ to the natural -SH state.

Barrett (1876), reviewing bicenergetics in

helminths, substantiated these observations in stating
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that the "cyanide stimulation may be due to the removal

of inhibition of the flavoprotein enzymes by virtue of
the cyanide ions' carbonyl-combining or metal chelating
properties or the more Favoufable redox-potentials of
the cyanochromogens for oxidation". Another.possible
explanation for the stimulatory action of cyanide
according to Barrett (1976) in that when the classical
cytbchrome.sequence is blocked (by cyanide]), the drop

in ATP. production. causes an increased flux through the

alternate oxidase in order to compensate for the increase

in the ratio of ADP:ATP, and this demands a greater Oo

consumption.
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However an alternate explanation is possible,
i.e. if it is presumed that the mitochondrial
membrane proteins and lipids are equally susceptible

to attack by H 02 produced by cyt.0 (since the latter

2
is also membrane bound), the oxidation of -SH groups

of membraner-profeins and perhaps the epoxide fFormation
of the unsaturafed lipid components would invariably
alter the tertiary conformation of the membrane,

causing changes in the innate physico-chemical state

of the whole membrane. This could in turn directly
affect the permeability properties of the mitochondrial
membranes , thgs reducing the in-flow of oxidisable
substrates to the electron-transport chain and therefore
accounting for the lowered (P consumption. Cyanide
could, as suggested by Cheah (18758), re-reduce the

membrane-protein di-sulphide linkages and return the

membrane to status guo.

The decline in the Qo, of isolate-A whole worms
on prolonged incubation at 30°C could also be explained
employing a similar postulation. The fluid-crystalline
phase of the mitochondrial membranes (Lyons et =3l., 1870)
can be easily altered by heat-stress because the
physical state, especially of the lipid components,
are temperature dependent, and membrame-phase trarsitions
have been demonstrated to occur in response to temperature
(Lyons, 1870, 1973]). Therefore changes in the lipo-
protein complexes could be expected to occur in response

to temperature and such changes.could slter the
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permeability of the mitochondrial membranes to
oxidisable substrates and thus account for the

reduced QOZ'

In view of these observations, it is suggested
that the declire in the Q0 of isolate-A whole worms
on prolonged incubation at 30°C is probably due either
to a) the reduced permeability of mitochondrial
membramnes induced by sustained high temperatures or

b]) due to the accumulation in the whole worms of an

[

njurious metabelite viz. H50, which in turn causes
the inhibition of other enzymes-complexes directly or
indirectly connected with oxidative metabeolism, or

c) due to a combination of both a and b.

However, as will be presented in Chapter 78, the
mitochondrial fractions and the soluble fractions of
isolate-A and F. both showed the presence of catalase,
i.e. hydrogen-peroxide-oxido reductase activity, Thus,
it seems unlikely that H202 actually accumulates to
any appreciable degree. Nevertheless under in vitro
conditions and high incubation temperatures it is
possible that the catalase activity becomes sub-optimal
or that the activity of cyt.0 increases to an extent
where labile groups in the catalase enzyme itself is
attacked by the increased generation of HEOE' These
can be verified in future studies by assessing the catalase
activity at various temperatures. The difference spectra

of mitochondria at high temperatures may show whether

cyt.0 is more active under different temperatures; the



use of specific inhibitors in combination with 0, .
electrode studies may be employed to indirectly

assess the activity of cyt.0 at various temperatures.

The mass culture of isolate-A at increased
temperatures ( :>30°C] apparently produces populations
of this isolate wﬁich exhibit stimulation of the QD2 in
the presence of cyénide. This could be due to the
following— a) the degree to which cyt.0 mediates in
terminal oxidation increases at higher temperatures
b) the redox potential of cyt.0 becomes more favourable
for oxidation at temperatures asbave 30°C c) the cyt.aaq
becomes saturated at higher temperatures allowing

electron flow to be directed to cyt.O.

However, the fFact that older cultures exhibited
little if any stimulation of the Q0, with cyamide
could be because the onset of low food supply in the
cultures had triggered metsbolic changes asscciated
with starvationrand perhaps incipient cryptobiosis.
This may not however explain the unchanged cyanide
sensitivity of populations from 'young?! and *old’
cultures of isolate-F,unless it is presumed that
Fundamental metabolic differences between the <two

isolates exist.

The fact thst EOB (1000 ppm] produced approxi-
matély 17% stimulation of the QOZ of young cultures of

isolate-A is of interest because Marks (1971) observed

similar stimulatory effects of EDB on Caenorhabditis sp.

and Morikawa (1964) reported similar effects on the

111
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respiéatory Oé uptake of American cockroeaches.

However Marks (1971J.reported that the strain of

A. avenae he examined exhibited no such stimulataory
effects in response to 0.52M EDB, but in fact,
depressed the Q0, of A. avenae by 30-40%. Awan

(1975) reported approximately 27% inhibition of the
Qo, of A. avenae with 1000 ppm EDB. These latter
results agree with the effect of EDB on A. avenae,
isolate-F, which showed 21-26% inhibition of the Qo,
with 1000 ppm EO0OB., However the stimulatery effect

of EOB on isolaté-A and the inhibitory effect on
isolate~F probébly indicates basic physiolegical
differences between these two isolates of A. avenae.
Evans and Thomason (1971) reported that low dosages

of EDB (10 ppm) sometimes increased the viability of
A. avenae, whether such biological data can be
correlated.with observations on the response of oxygen
consumption rates im EDB is debatable, though a relation-
ship cannot be denied. Thus further experiments using

low EDB dosages is necessary to clarify this further.

The ability of worms of isolate-F to recover
their original Qoe‘aFter'BD mins exposure to 1000 ppm
EQB agrees with Castro’s (1977) suggestion that most
organisms possess an endogenous capacity to re-reduce
the iron in haemoproteins to the functional Fe-I1 state
since he postulated that EDB interacts with Fe-II
porphyrins by oxidisihg them to Fe<~III porphyrins.

However the sensitivity to EDB of the worms oF.isolate-F
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Following washing and resuspension in water was much
reduced showing mean inhibition of 2-3%. This again
was similar to observatioms by Marks {(1971)] on

Caenorhabditis sp., where he found that the re-

exposure to a second treatment of EDB, of EOB treated/

washed Caenorhabditis L.,s exhibited a Qo, 100% higher

3

than those kept in water after First exposure and

washing.

The effect of simultaneous aspplication of 1000 ppm
EDB and 3mM NaCN produced near complete inhibition of the
QO2 of isolate-F and the response was immediate with no
lag-phase. This indicates that EDB and NaCN act
synergistically on the processes leading up to respir-
atory oxygen uptake, since the inhibition produced by
the combination of the two biocides was greater than
that produced by either per se. The QD2 of isolate-A
was only 63% inhibited (by NaCN and EDB).suggesting
that this isolate is less sensitive to these agents.
However in order to assess these different responses
elicited by isolates, further work.is necessary in otrder
to know the extent of variability which occurs within

a single isolate.

Hyperbaric 0o treatment of isolate-A had little
effect on the Q0, or the stimulatory effect of cyénide.
However the reduction in cyanide sensitivity of isoclate-F
Following hyperbaric 0Oz treatment-suggests that the
normally cyanide sensitive oxidase(s) functions below

maximum capacity at high Oz-tensions.. This may be
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because at higher 05 tensions the competition between

cyt.0 and cyt.aa., favours cyt.0 resulting in reduced

3
terminal oxidation mediated by cyt.aag.

The failure of cyanide to stimulate the QO2 of
anaerobically treated isolate~A suggests thatAthe
effect of cyanide is specifically dependent on some
process for which molecular oxygen is reguired. The
presence of cyt.Q would explain this observation, since
in the absence of oxygerm no hydraogen peraxide Formation
would occur and thus no depression of flavoprotein
enzymes would occur and thus cyanide would not bring
about 8 stimulation of the QOE' Cheah (1968b]
postulated that in the absence of 0, fumarate accepts
electrons from cytochrome.0. Whether this occurs in
isolate-A is not known but succimate production by
A. avenae (Cooper & Van Gundy, 1870b) suggests this
as a strong possibility. The lack of any response in
isolate~-A, following anaerobic treatment, to cyanide
may mean that the metabolism under anaerobic conditions
isjindependent of cytochromes and is probably glycelytice,
a conclusion arrived at also by Cooper and Van Gundy

(1870b].

The reduced QO, of isolate-F following anaerobic
treatment suggests that isolate-F behaves as =z tyéical
"regulator" with regard to external (ambient] oxygen
ténsion. The reduced cyanide sensitivity of post-
anaerobic isolate-F is probably because the classical

oxidase cyt.aas is operating sub-~optimally since under
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anaerobic conditions glycolytic (i.e. fermentative)
metabolism is bound to predomimnate for some time
after return to oxygen, supporting the suggestions

by Cooper and Van Gundy (1870b]).

Lowered rates of 0, consumption are not always.
the result of thé blockage of a component of the
respiratory chain since the inhibition can alse occur
due to the prevention of reactions leading to the
Formation of the main substrate of the respiratory
chain, reduced NAD. Inhibitors such as iodoacetate,
arsenicals, and para-chloro-mercuribenzoate (p-CMB)
attack enzymes depending for their asctivity on Functional
sulphydryl groups (Vom Brand, 1978). Trypanoscmes of
the Lewisi group (T. lewisi and T. cruzi) are extremely
sensitive to cyanide (80-100% inhibition to 3mM) but
are much less sensitive (10-55% inhibition] to even
weak sulphydryl inhibitors such as bromoacetate {Von
Brand, 1979, quoting von Brand § Tobie, 1948). The
Evansi group on the other hand showed an increased
Qo, with 10-2M KCN, but were highly sensitive (> S0%
inhibition) to 1mM bromoacetate (Von Brand, 1873]),
Because of these ﬁeportsrthe effect of p-CMB, = potent
sulphydryl inhibitor, was tested on isolste-A. p-CMB
was the only compound which singly inhibited 89-390% of
the Q02 of whole waorms of isolate-~A. Thus the behaviour
of whole worms of isoclate-A resembles those of the
members of the Evansi sub-group of trypancsomes, with

regard to the response to NaCN and sulphydryl inhibitors.
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It has been krnown for & long time that cyanides

prohote germination of many kinds of seeds. (Roberts,
1968). Thus cyanide resistant respiratory activity

has been implicated in germinating seeds (Hendricks

8 Tayloééon, 18723; Bendall and Bonner (1971) reported
that a fFlavin containing ron-haem Iron protein (nNhIP)
was involved in the cyanide resistant system. Such
systems (in mung beans and skunk cabbage mitochondris)
were inhibited'by aryl-hydroxamates and to a lesser
extent by thioccyanates [Schonbaum §& Bornner, 1971).
Derivatives of hydroxamic‘acid have been used in
resolving the multiple-oxidase systems in trypanosomes.
Hill and Cross (1873) showed that salicyl hydroxamic
acid (SHAM]) inhibited cyanide insensitive respiration
in trypanosomes and the site of inhibition was thought
to be between cyt.b and cyt.0. However Opperdoes and
Borst (1978) and Hill {1978) have shown that SHAM is

a specific imhibitor of the o -glycerophosphate-oxidase

(GPO) complex.

SHAM (3mM) caused 11-18% inhibition of the QD2
of whole worms of isolate-A; if it is assumed that SHAM
is a specific inhibitor of the GPO complex, then it is
poséible that isolates A and F have potential GPO
capacity. But the GP0O complex in trypanosomes is not
inhibited by CO, cyanide, azide, or antimycin A, unlike
the GPO of mammalian brain mitochondria and insect fFlight

muscle.
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There seem to be no effects on respiratory.
metabolism which can be attributed to the higher
concentration of gases like carbondioxide (Cozl.
Isolate~A cultures grown under continuous ventillation
in Kilner jars proauced the same étimulatory respanses
of the QO, in response to NaCN and EDB and a similar
great sensitivity to p-CMB, suggesting that Fixation
of external gaseous CO2 is not a necessity for isclate-A
in eliciting these peculiarly characteristic responses

to biocides.



CHAPTER B

Analysis of metabolic end-products secreted by

whole-worms of A. avenae isclates ‘A and F

Introduction

Caenorhabditis briggsae released a large variety

of 14

c raqio labelled products especially amino acids
following incubatiqn with various radio labelled
substrates (Rothstein, 1963; 1965). It was later

shown that large amounts of labelled glucose, trehalose

and glycerol were produced from 140 scetate, by

C. briggsae (Rothstein, 19689). O0Of these glycerol was

the major radioactive product if C. briggsae was

incubated with 2 14C acetate in "whole (axenic) medium™,

whereas incubation in water produced wery little
glycerol, glucose andtehalose being the major products

(Rothstein, 1968). Turbatrix aceti and Panaghellus

redivivus behaved similarly when incubated in water,
but in "whole medium" other neutral products, "presumably
sugars, were produced in addition to glycerol"

(Rothstein, 1969]).

In microaerobic and anaerobic environments the
primcipal glycolytic end products in A. avense were
lactic acid (during the First 12-16 hrs) after which it
was ethanol. (Cooper § Van Gundy, 1970bJ. Incubation
solutiéns of whale-~worms and homogenates were analysed
for organic acids, alcohols, glycols and ketones by
Cooper et al. (1970b) and it was reported that under
anaerobic conditions, incubates contained ethanal which

increased to an equilibrium at 40 hours and thereafter
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decreased; no acetiec =2cid, or acetaldehyde precursors
of ethanol were detected under aerobic or anaerobic

conditions. Under aerobic conditions Caenorhabditis sp.

produced acetaldehyde (during the first 12-16 hours)
which decreased to.non-detectablevlevels after 30 hours,
following which ohly ethanol was detected. Ethanol in
the medium came to equilibrium with the homogenates in

34 hours.

Cooper and Van Gundy (1870b) reported the detection
of an unidentified 4-carbon alcohol which accounted for
5-10% of catabolized glycogen and also stated that some
ketones and glycols may have been present in concentrations
not detectable in tHe tests. Alcohols C1'CS’ aldehydes
01-051 glycols and ketones were analyzed using gas-liquid

chromatography (GLC) using Porapak-Q-columns. {[Cooper

t al., 1970b)

Investigating the metabolic changes during induction
of and hecovery_From anhydrobiosis in A. avenae, Madin,
Crowe and Loomis (1878) reported that trehalose and

‘dycerol increased dramatically during desiccation.
Slycerol began to inérease in A. avenae after 24 hours.
of slow-drying at 87% R.H. They reported a coincidence
between the onset of glycerol and trehalose synthesis
and the increased ability to survive exposure to dry air.
The water content of A. avenae "pellets" at the onset of
glycercl and trehalose synthesis was 2.4 mg water/mg dry
wt. Survival (du%ing,desiccation) was a linear function

of water, trehalose and glycerol content when nematode
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water content is below 2.5 mg water/mg dry wt., - a
value close to 2.4 mg/mg dry wt. at which glycerol

appears in drying worms (Madin et =l., 1879]).

The changes on re-hydration.were essentially
the reverse of those seen during dehydration. Glycogen
was resynthesized thle trehalose and glycercl contents
in the worms decliﬁed and the glycerol which appeared
in the water surrounding the worms declined slowly for
the next 20 hours. Madir et al. (1979) pointed out
that although "considerable heterogeneity existea
between individual worms" the correlation between
glycerol and trehalose contents in the worms and
survival of desiccations was so strong that it is
likely that these caompounds play important roles

in the survival of dehydration.

Madin et al. (1979) concluded that A. avenas
synthesizes glycerol and trehalose at the expense of
lipid, probably via the glyoxyléte pathway. Although
this pathway is well known from studies on micro-
-organisms, it has not been extensively studied in
animals, most of whom do not seem to possess the
appropriate enzymeé (Madin et al., 1379). However,

a number of. nematodes have been shown to possess the

key enzymes (Madin, Crowe and Loomis, 1878]).

Madin et al. (1873) found evidence for the
operation of the glyoxylate cycle in A. avenae using
140 acetate as tracer.  However there are other pathways

which are known to be operative in certain parasitic
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protozoa (such as the o-glycerophosphate-oxidase

comblex of certain Trypanosome sp.) which are also
capable of glycerol Formatioﬁ in association with

the glycolytic pathway. Although evidence gathered
during this projecﬁ (see Chapter S‘and 7) suggests that
the (X ~GP-oxidase complex may be operative in A. avenae
no attempts were made to determine whether glycerol
formation occurred via this pathway, since this was

not within the scope of the project.

Therefore experiments were planmed to assess
the volatile organic end products secreted into agqueous
media by A. avenae whole-worms of isolates A and F,

under aerobic a2nd anserobic conditions.
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Materiale and Methods

A. avenae mass cultures of isolates A and F
(cultured at 25°C) were harvested at 35 days.
Suspensions of mixed stages were prepared from active
warms after 12 houré.standard extraction periad. In
order to favour detectiomn of volatile metabolites
approximately 3g wet weight of nematodes were suspended
in 20 ml of sterile distilled water. Two such groups
were prepared FoE each treatment. To one group 100 units
penicillin and 100 Fg streptomycin per ml were added to
the incubation medium. The suspensions were bubbled
with 0, free Ny for 1 hour in 150 ml flat bottomed
quick Fit fFlasks, which were then sealed and contained
in 3 sealed desiccator flushed with 0 -free Ny for three

30 min periods. The desiccator was incubated at 27°C

in a controlled temberature cabinet for 30 hours.

Similar suspensions of worms from both iscolates
were bubbled with 100% of humidified/fFiltered air for
1 hour in flat bottomed 150 mi quick fit flasks which

‘were incubated at 27°C for 30 howrs.

Following incubation, the bathing solutions
(=incubates) were carefully removed and rapidly
introduced into chilled (-20°C] sterile quick fit tubes
and stored in deep freeze at -30° to -40°c for

further use.

Aliquots of the frozen samples were analysed
directly from the aqueous phase using gas liquid

chromatography on a 200 cm x 3.2 mm column containing
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Porapak-P [(80~100 mesh size) in a Perkin Elmer gas
chrohatograph. A zone temperature of 240°C and an
oven temperature of 190°C was employed with flame
ionization (F.I.D.) and nitrogen carrier gas. The

attenuator was adjusted at 8.,

Analysis of fhe aqueous incubates was possible
using Porapak-pP becéuse water elutes more rapidly than
the compounds of interest (such as ethsnol, acetaldehyde,
glycerol). Qualitative and quantitatiVe measuremants
were based on retention times and areas under the
curves obtained and were compared using known
concentrations of standards (ethanol, butanol, ascetal-

dehyde and glycercl).



Table 16 Analysis of volatile metabolites im whole worm incubates of

isoclates A and F following 30 hours anaerobiosis at 27°C

" Chemical Retention time Isolate Isolate Concentration

c d A Por [
ompound : ( tJ orapak-F F A Isolate F Isolate A

column (2m x 3.7cm)

Solvent (H,0) 9.6
: 3880 to 670C to

Ethanol 19.2 secs + ++ 4000 ppm 8000 ppm
Unidentified compounds P 33.6 secs + - - -
Unidentified compouﬁds Q 81.6 secs . + ‘ - -
Unidentified compounds R 158.4 secs - + - -
Probably a glycol. s 168.0 secs + + - -

T 187 .2 secs - + - -
Glycerol 624.0 secs + ++ 109-114 1360~-1330

ppm ppm

Four to six replicate samples were analysed for each isolate.
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Results
The recordings cobtained by the GLC analysis

are shown in Figs. 37A, 37B, 38A and 38B.

Fig. 37A and Fig. 378 show typical traces
obtained with anaerobic incubates of isclate A and
isolate F respectively and Table 16 shows the retention
times of the compounds under anaerobic conditions and
the quantities, Iscolate A and F both produced ethanol
but isolate A produced almost twice as much as isolate F.
Quantities of glycerol detected in isolate A (i.e. 1350~
1330 ppm) were nearly 10 fold greater than that detected
in isclate F incubates. In addition to these, two
unidentified compounds Q and S common to both isolates
were detected. Compound P was only found in isclate F
and compound R and T only in isolate A. It is likely

that S is a glycol. (Table 18)

Fig. 38A and 38B show typical traces obtained with
aserobic incubates of isolate A and F respectively. The
retention times of compounds are shown in Table 17. No
gthanol was detected in either isolate, but an unidentified
‘compound P, (retention time 33.6 secs) detected in anaerobic
incubates of isoclate F was also seen in aerobic incubates of
isolate~-A but not in isclate-F. Compounds Q, R, S and T
did not occur in aerobic lncubates. However two other
compounds X and Y were gpparent in aerobic incubates of
isolate F only. Glycerol occurred in both isclates
aerobically although in much smaller quantities than

found in anaerocbic incubates, and even aerobically



Table 17 Analysis of volatile organic metabolites in whole worm incubates

of isolates A and F following aerocbiosis at 27%

Chemical ' Retention time Isolate Isolate Concentration
(Ry) Porapak-P .
Compound column (2m x -33mm) F A Isolate F Isolate A

1

Solvent (HED) 9.6 secs

E*t:har'wol::< . 19.2 secs - - . 0 7 a]

Unidentified Compounds P 33.6 secs - + - -

Unidentified Compounds Q™ 81.6 secs » - -

UnidentifFied Compounds H* 168.4 secs ' - -

Unidentified Compounds g 168.0 secs - ‘ -

Unidentified Compounds T* 187.2 secs - -

Unidentified Compounds X 48,0 secs + -

Unidentified Compounds.Y 100.8 secs + -

Glycerol 624.0 secs + + 11-15 60~-75
ppm ppm

Only detected in anaerobic incubates

4-6 replicate samples were analysed for each isolate

vibel
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Fig. 37A GLC trace of volatile products secreted into
an aquaous medium by whole worms of isclate-A
under anderobic conditions. Incubation
temperature 25°C.

Column : Porapak-P (80-100 mesh size)
Zone Temp. : 240°C *
Cven Temp. : 190°C
| Detector : F.I.D. »
Carrier gas : Ny (15 m1/min)
Arltenuator set @ on Perkin Elmer Solvent
d rogrammaEle Ethancl
Mode 1 N
\
[
Glycerol
A

Retention time (Minutes) -
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Fig. 37B GLC trace of volatile products secreted into
. LN
an agueous medium by whole worms of isolate-F
under anzerobic conditions. Incubation

temperature 2s5°c.

Column : Porapak-P (80-100 mesh size)
Zone temperature : 240°C '

Oven temperature : 190°C

Detector : F.I.0D. .

. . solvent
Carrier gas : N5-15 ml/min - water
Artenuator set : B8 on Perkin <

Elmer
Column length : 200 cm
Column diameter t 3.3 mm *
Et-GH——]
Glycerol
___A
o1 | . 1 L [ L

“ Iy 12 o -8 6 4

Retention time (Minutes)
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Fig. 38A GLC. trace of volatile products secreted into
an aqueous m=cdium by whole worms of isolste-A
under aerobic conditions. Incubstion
temperature 25°C,

Column : Porapak-P (80-100 mesh sizel) -
o Solvent
Zone Temp. . : 240°C water
Oven Temp. : 190°C
Detector : F.I.0D.
Carrier gas : N5-15 ml/min |
Attenuator set : B on Perkin Elmer
Column length : 2C0 cm
Column diameter : 3.3 mm
P *\\‘l
Glycetrol
3 ] ] | | | | 3
i 12 o 8 6 4 2

Retention Time (Minutes)
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rd
Fig.388 GLC trace of volatile products secreted into
an aquecus medium by whole warms of xsolate-F
under aetobic condltlons. Incubation
temperature 25 °c. :
Solvent
Column : Porapak-P{B0-100 mesh size [HEDJ
Zone Temp. : 240 c l
Oven Temp. 180°c 1
Detector : F.I.0O.
Carrier gas : N2-15 ml/mﬁn
Attenuator cset B8 on Perkin Elmer
Column length 200 cm
Column diameter : 3.3 om
X
- Glycerol Y l
L ! i L. 1t ] ] Az
A 12 o 8 6 4 2

Retention Tim= (Minutes)
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isolate A produced 6 - 7 times more glycerol than
isolate F. There were no differences when the nematodes

»

were incubated in penicillin/streptomycin containing

media,
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Discussion

The results are consistent with those of Cooper
and Van Gundy (1870b) in that no ethanol was detected
in either isolate under aerocbic conditions, although
the unidentified compound-P could be s 3 or 4 carbon
alcohol. However compound-P did not co-chromatograph

with propancl or butanol standards.

The differences in the amounts of ethanocl
detected in the isclates cannot be due to the quantities
of nematodes used since equal whole worm wet weights
were incubated in identical volumes of sterile distilled
water. The fact that isolate A produced almost twice
the ethanol of isolate F suggests different glycolytic
or fFermentative capacities between the isolates, although
permeability characteristics may also be involved.
The major difference was the amounts of free glycerol
produced by isolate A under anaerocbic conditions which

was nearly 10 fold greater than that produced by isolate-F

Glycerol~pr§duction and éccumulation was observed
~during rehydration of anhydrobiotic A. avenae (Madin,
Crowe B Loomis, 1978) and it has been suggested that
glycerol and trehaiose are synthesized at the expense
of iipid, probably via the glyoxylate pathway. Madin
et al. (1978) confirmed the presence of isocitrate-lyase
(IL) and m;late synthase (MS) and showed that MS activity
increasés only when A. avenae dried at 97% RH with a
concomitant decrease iq IL activity. These changes in

the activity of IL and MS apparently shifts the

metabolism towards glycerol synthesis.
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According to Rothstein (19689) the most logical
pathway for glycerol synthesis would be one consistént
with gluconeogenesis : conversion of acetate —) oxalo-
acetate (TCA-cycle) and thence to phosphoenolpyruvate (PEP)
by the action of phosphoenolpyruvate carboxy-kinase (PEPCK)
and the fixing of 002. At the stage of 3-phosphoglycer-
aldehyde a branch point exists at which either glycerol
(by reduction) or glucose bauld be formed. If the medium

in which C. briggsae, T. aceti and P. redivivus were

incubated contained glucose, the "stress" would be on the
synthesis of glycerol; and if incubated in water, glycerol
synthesis would be suppressed forcing the reaction towards
glucose production. . Alternatively he suggested that glucose
synthesis could be viewed as being suppressed in "whole
medium" which contained substantial amounts of glucose.
Salts, vitamins, structural compounds, soy-peptone were

the other components of the whole medium. The Factor causing
conversion of acetate-carbon into glycerol is rot known since
partially constituted media did not result in glycerol
production. DOiscussing these observations Rothstein (1369)
’questioned why the glucose in the medium is not the source
of glycerol rather than the "energetically unfavourable
acetate'", since he showed that acetate C14 was rapidly
metabolized into glycerol. This mechanism For
turning.glycerol synthesis on or off depending on the
constitution of the external medium Rothstein reported

was common to all three species of free living nematodes

i.e., C. briggsae, T. aceti and P, redivivus.
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The observations in Chapter 5 of salieylhydrox-
amic acid (SHAM) semsitive oxygen-uptake of whole worms
of isolates F and A, together with evidence of the
inhibition of mitochondrial respiration by SHAM (see
Chapter 7 ] suggesfs the presence in A. avenae of
o ~glycerophosphate oxidase (GPO). This is an unusual
oxidase which is 1linked to glycolysis for the re-oxidation
of NADH*H*, and has been observed in insect-flight muscle,
mammal ian brain mitochondria and in a majority of
trypanosome species. (Bowman & Flynn, 1878). The
trypanosome GPO unlike tHe others reacts with oxygen
without the intervention of pyridine nucleotide co-
enzymes or of cytochromes and is insensitive to cyanide,
azide, amytal and antimycin~A, but is specifically
inhibited by SHAM (Opperdoes & Borst, 1878). Iron,
thiol-groups and FAD are components of the oxidase which
probably consists of a glycerol-3-phosphate:oxygen oxido-
reductase and a substrate specific peroxidase. The
relationéhip between glycolysis and GPO is shown in

Figure 39.

Reaction-I genmerates NADH+H', which is reoxidised
in reaction-2 reduéing in the process DOHAP to GP. GP in
turﬁ is reoxidised to DHAP by GPD complex viz. reaction-3,
Thus only catalytic amounts of DHAP are required for the
reoxidation of NADH+H® to NAD+, which is necessary for
the maintenance of glycolysis. (Bowman B Flynn, 1978).

By such a coupling of glycolysis to GPO by GP-dehydro-
genase (enzyme catalysing reaction-2) glucose can be

guantitatively converted to pyruvate, which could enter



Abbreviations for Figure 39

G-6-P
F-6-P
FDP

GAP
DHAP

1,3 DPGA
PEP
Gly-3-P

FAD

uQ
Cyt

glucose~6-phosphate

fructose-G-phosphate

fructose-1,6-diphosphate
glyceraldehyde-3-phosphate

dihydroxy-acetone phosphate

1,3 diphospho-glycerate

phosphoenol pyruvate

L-glycerol-3-phosphate

Succinate

Fumarate

lSalicylhydroxamate

Phosphofructokinase .
Glyceraldehyde-3-phosphate NAD+-oxido reductase
L-Glycerol-3-phosphate NAD' oxidoreductase {(=LaGPDH)
L-o-glycerol-3-phosphate oxidase (GPO)

NADH+H+ dehydrogenase

Succinic dehydrogenase

Catalase (=Hydrogen peroxide oxido reductase)
Ubiquinone

cytochrome



Figure 39

The possible metabolic schemes operative in A.avenae and their 128A

relationships
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the TCA after being converted to acetyl-CoA by the
pyruvate-dehydrogenase-complex. Thus the redox-balance

could be maintained aerobically.

Under anaerobic conditions, since GPO is not
functional in the absence of oxygen, ODHAP acts as the
terminal electron écCEptor and substrate amounts (as
opposed to catalytid-amounts) of DHAP are reduced to
GP and hence by the action of a phosphatase to glycerol.
It is possible that in A. avenae isolate-A especially,
anaerocobic glycerol synthesis occurs in this manner.
However the reoxidatiorn of reduced-MADQ could also occur
by way of LDOH and ADH with concomitant production of
lactate and ethanol.respectively. Thus A. avenae may
have 3 alternate ways in which glycolytic NADH H* could
be reoxidised. The degrees to which they operate may

differ among isolates and therefore the anaerobic end

products may show variations.

The synthetic pathways for glycerol postulated

by Rothstein (1968) for T. aceti, C. briggsae and

P. redivivus, envisages the switching off and on of

glycerol synthesis in,EESponse to glucose in the external
medium. In the hypothesis put forward by Madin et al.
(1878), the stimulus for glycerol and trehalose syhthesis
in A. avenae is the loss of water i.e. dehydration

(which is also a form of enforced quiescence).

It seems likely that trace amounts of glycerol
are synthesized in A. avemnae under normal environmental

conditions as evident in the results obtained in this
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Chapter. In the natural saoil habitat of A.avenze,

eveﬁ trace amounts of glycerol would be of signiFicant
survival value since it protects against desiccation.

It is probasble that the slow aerobic rate of glycerocl
synthesis could be increased under various conditions
and it may be arguéd that GPO-coupled glycolysis

would be advantageous over other formentative mechanisms
involving the accumulation of lactate or ethanol which

may be more toxic than glycerol.
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Studies on the mitochondrial fractions

of A. avenae isolates A and F

Introduction

The oxidative metabolism of free livimng nematodes
has not been extensively studied. The reported

resistance of organisms such as Turbatrix aceti (Ells,

1965 as quoted by Rothstein et al., 1870) and of

Caenorhabditis briggsae (Rothstein, 1863] to cyanide

toxicity led initially to the question as to whether
they possessed a classical respiratory chain. 0On the

basis of the resistance of C. briggsae to (1.0mM)

cyanide Rothstein and Tomlinson (1962) tentatively
suggested that electron transfer in this orgamism might
be independent of cytochrome systems. However Rothstein
(1963) subsequently cited unpublished evidence for the

presence of a cytochrome of the b-type in C. briggsse

but did not report conclusively on the preserce of a

complete cytochrome chain.

Bryant, Nicholas and Jantumen (1967) found that
carbon monoxide markedly inhibited the respiration (more

correctly oxygen uptake) of C. briggsae whole worms in

the dark but the effect was largely removed wien the
worms were exposed to light and the inhibitory effect
was not Fatal as the worms in a carbon moroxide (co)
atmosphere maintained themselves without reproduction
for periods longer than 3 weeks, and recovered Following
removal of the inhibitor. They suggssted that the

residual '"respiration" may be due to an sltermnative
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CO-resistant pathway since 10-4ﬁ cyanide which
produced 70% inhibition was also not fatal to the

worms for perliods of up to one week.

In the same study of C. briggsae (Bryant,

Nicholas B Jantunen, 1987) a particulate fraction
prepared by subjecting the worms to sonic disruﬁtion
contained a E—type‘cytochrome, cytochrome~-c and traces

of cytochrome-a. The absorption maxima of the b-type
cytochrome they reported was similar to the b-type
cytochrome demonstrated in Ascaris (Chance & Parsons

as quoted by Bryanmt et al., 1967) and Moniezia.([Cheah

8 Bryant, 1966). The particulate preparation incorporated
radio carbon from succinate into only 2 intermediates of
the tri-cérboxylic acid cycle (TCA cycle) namely Fumarate
and malate. However they were unsuccessful in reducing

the presumptive cytochrome components of C. briggsae

with succinate or X -GP even in the presence of antimycim-
A, cyanide and carbon monoxide. However, indirect evidence
that the pigments may be involved in respiration was
obtained by the addition of cyanide, and by passing carbon
monoxide through the preparations after reduction with
sodium dithionite. They reported that the normal specttum
was considerably altered by both inhibitors although no
spectra were published, and suggested that alternétive
pathways may be present. No polarographic studies of

the preparation were presented to substantiate the effect

of inhibitors.
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It has been reported (Ells & Read, 13961 as
quoted by Rothstein et al., 1970) that a number of
TCA-cycle related substrates did not increase the

oxygen uptake in intact Turbatrix aceti or in cell

fFree homogenates FEom T. aceti fortified by various
co-factors and neither cytochrome pigments ror cyto-
chrome oxidase could be demonstrated. Ells and Read
{(1961) as quoted by Hothétein et al. (1970) concluded
that T. aceti probably lacks a TCA cycle. Rothstein
(1963) demonstrated the metabolic conversion of acetate
to TCA-cycle related amino acids and concluded ‘that the
cycle was operative in T. aceti. In a later stwudy
Rothstein (1388) demonstrated the conversion of acetate

to glycerel in T. aceti, Panagrellus radivivus and

C. briggsae suggesting the presence of an active TCA-

cycle in these free living nematodes.

In a more recent study of the respiratory
metabolism of T. sceti (Rothsteim et al., 1870} it was
demonstEated that the mitochondria derived from this
organism readily oxidised succinate showing a respiratory
control ratio (RCR)] of 2.2. Although O-CGP oxidation was
not reported most other TCA-cycle Eelated substrates such
as'glutamape, malate, pyruvate, ﬁ-hydroxybutyﬁate,

X «ke toglutarate exhibited RCRs of between 2 and 6.2.
(Rothstein et al., 1970). Although the effect of anti-
mycin-A was not PEportéd by Rothstein et al. (4870), it
was reported that the T. aceti mitochondria were
sensitive to azide ana cyanide thereby indicating that

cytochrome 3ag was the termiral oxidase, Howewer
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37 and 74 FM cyanide produced only partial inmhibition
oF'the state-~3 oxidation while 111 FM cyanide was
required for complete imhibition. Added mammalian
cytochrame-c was found to interact with the system
stimulating state-é Qo, . 2,4,dinitrophenol (ONP) also
stimulated the succinate oxidation of the mitochondrial

preparation of T. aceti.

The difference spectrum of T. aceti mitochondria
reduced in the presence of succinate induced a 3-banded
spectrum with absorpticn maxima at 522nm, 550nm, 563nm
and 600nm which was qualitatively similar teo those
obtained with mammalian systems (Rothstein et al., 197C)
except that cytochrcme-z was lower. Addition of
dithionite produced additiomal bands at 565nm 535nm.

When carbon monoxide [CO) was bubbled through the
dithionite reduced system a pair of intense absorption
maxima were observed at 537 and 568nm, accompanied by a
Soret bgnd at 420nm with a concomitant decrease in
absotrbance at 445nm. In the.presenCE¢i=cyanide the

peak at 445 was almost completely abolished when succinate
was used to reduce the comporent cytochromes. Although
the latter is citéd by Rothstein as evidence that a
tyﬁical cytochrome system is present in T. aceti mito-
chondria he reported that confirmation of this hypothesis
was difficult because the relatively high amount of CO-
bindiné pigment obscured the possible contribution due

to c:yf:c:n::h|'~ome-2:3
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The CO-binding pigment, Rothstein observed,
resembled the cytochrome-0 described by Cheah (1S67)

for the cestode Moniezia expansa, but was not identical

to it. HAothstein et al. (1970)] showed that the CO-
bindirng pigment waé present in uanually high
concentrations i.e. 6-Fold greater than that of any
other component of the respiratory chain, but no maxima
in the difference spectra could be found that were
attributable to this pigment in the absence of CO,
although with dithionite/CO it absorbs at S565hm.
Rothstein et al. (1970) observed that this pigment

with sbsorption peak at 5685nm was different to the

b-type pigment reported in C. briggsse by Bryant,

Nicholas and Jantunen (1S267) which exhibited a peak
at 557nm (at 77°K). Rothstein Further suggested that
the b-type cytochrome in T. aceti which resembled the

cytochrome-0 (alse a b-type) of M, expansa (Cheah,

1967) was not fumctioning on the main pathway of electron
transFeF, although he did not rule out the possibility
that it can act as a terminal oxidase as it does in

M. expansa as shown by Cheah (1967, 1968]).

Examihing the effects of respiratory inhibitors
on fhe oxygen uptake of a mitochondrisl preparation of
M.expansa, Cheah (1966) found that antimycin-A had only
a partial inhibitory effect at concentrations which
cause ﬁomplete inrhibition of succinate oxidation in
mammal ian preparationsf Similarly azide in concentrations

exceeding 1mM stimulated succinate oxidation. Carbon
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monoxide had no effect on NADH+H" oxidatior mor on
suécinate oxidation and the latter was stimulated by
CO (Cheah, 19656). 1In a series of papers (Cheah,
1967a,b; 1968 and 1975a as quoted by Von Brand, 1979])]

proposed for M, expansa a branched electron transport

chain. The minor branch would essentially correspond
to the classical cytcchrqme system containing, as

establ ished, cytochrome-gsso and a typical cytochrome
oxidase, with oxygen serving as the terminal electron

acceptor.

The essential components of the main branch
would consist of two cytochromes of the b-type which

are designated cytochrome-556 (Moniezia expansa) and

cytochrome-552, 556 (Moniezia expansal). The terminal

oxidase is of the D-type. Fumarate is thought to be

the bioclogical electron acceptor. In the presence of
fumarate no hydrogen peroxide is formed, but succinate

is prodgced probably through the intervention of a
fumarate reductése. This phacess can proceed both in
the presence and absence of molecular oxygen. If oxygen,
instead of fumarate, is available, electrons are

transferred fhrough cytochrome~552, 556 (M. expansa)

to.oxygen., This process leads to the formation of
hydrogen peroxide (Cheah, 1967c as quoted by Von Brand,
1979) which is normally destroyed rapidly by a peroxidase.
The initial part of therrespiratory chain (Cheah, 1967b
as quoted by Von Brand, 1879) is shared by both branches.

The connection between flavoproteins and the two branches
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is apparently not effected by ubiquinone but by
viﬁamin-K, the respiratory chain resembling in this
respect more those of bacteria than of higher animals.
Von Brand (1979) stated that branched respiratory
chains may be distfibuted fairly widely among

helminths.,.

Early workers (such as Bueding & Charms, 1352
as quoted by Von 8rand, 1379) could mnot demonstrate
an appreciable cytochrome oxidase asctivity in the

tissues of adult Ascaris lumbricoides. Cheah (1978)

has demonstrated conclusively that the muscle mito-
chondria of adult Ascaris contain a branched respiratory
chain; the biFurcaﬁion occuring at the cytochrome-b
level. The minor pathway is apparently identical to

the classical mammalian chain and contributes approxi-
mately 30% of the oxygen consumption [0023 when
succinate is the substrate. The major pathway with
cytochrome-0 as its terminal oxidase is imsensitive

to low éoncentrétinns of antimycin-Aand cyanide and

is linked with the formation of hydrogen peroxide.

The latter pathway is however sensitive to o-hydroxy-
diphenyl. [Cheah,.197S]. The existence of antimycin - A
senéitive and insensitive pathways was confirmed by
Cheah (1976) polarographiczslly. Succinate oxidation

was inhibited by about 32% by antimycin-A at a concen-
tratioﬁ of 2.0 g per mg protein, which was about five
times the amount normally required for complete inhibition

of the classical mammalian respiratory chain systenm.
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The antimycin-A insenmnsitive pathway could not be
combletely inhibited even with a very high concen-
tration (35 9 per ‘mg protein) of the imhibitor-
(Cheah, 1976). Furthermore Cheah (1976) conclwuded
that Ascaris musclé mitochondria cﬁntained cyatiide

sensitive and insensitive pathways.

A somewhat aiFFerent concept than that developed
by Cheah concerning the terminal electron transport of
Ascaris emerged from studies by others (Bueding, 13862
as quoted by Von Brand, 1878). Investigating the
succinoxidase system of Ascaris mitochondria, Kmetec
and Bueding (1961) found that the solubilized, partially
purified system was not inhibited by KCN, azide or
antimycin-A and led %t the formaticn of hydrogem peroxide,
All these properties were in agreement with the assump-
tion that the terminzl oxidase is a2 flavoprotein, since
the purified preparations contained little flaxwin mono-
nucleotides and riboflavine but large amounts of Flavin
adenine ainuclectide CBueding; 1863 as quoted by Von

Brand, 19739).

Since the activity of the terminal oxidase depends
on the oxygea tension which is very low in the mormal
habitat of Ascaris, succinate or NADH+H® oxidstion is
of mimor importance in vivo, the mair importancs being
the re-pxidaticn of NADH+H" Formedrélycolysis, wia a
reversal of the last reactions of the TCA cycle:, namely
by the reduction of fumarate to succinate. The succin-

oxidase system of Ascaris can therefore serve bwoth as
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an electron acceptor for succinate or electron donor
For Fumarate. (Bueding, 1962 as quoted by Von Brand,
1978).
However, according to Cheah (1976) the conrflict-

ing findings of Ki?uchi, Ramirez énd Barron (1961) and

of Kmetec and Bueding (1961) regarding the presence
(Kikuchi et al., 1961) and absence[kmetec' & Bueding,
1961) of a cyanide sensitive system in Ascaris were

due to the failure of these workers to eliminate the
hydrogen peroxide produced by Ascaris mitochondria in
their assay systems. Since HED and H202 are the end
products of the cyanide sensitive and cyanide insensitive
systems, 1 mM cyanide fFailed to inhibit succinate
oxidation in Ascaris mitochondria due to the presence

of Heo2 and under these conditions cyanide occasionally
stimulated respiration. However,; in the presence of
added catalase, 1 mM cyanide inhibited 37% of the
succinoxidase activity (Cheah, 1876). Thus Cheah proposed
that thé major pathway of succinate oxidation was cyanide
insensitive and was linked with the b-type cytochrome

which was found to be sensitive to o-hydroxy-diphenyl.

The scheme bropcsed by Chesh (1875) envisaging
cyaﬁide sensitive and insensitive pathways i.e. cyto-
chrome>223 and cytochrome 0, mediated electron transfer
in Ascaris’diFFers from onme postulated by Hayashi and
Teradav[1973). These achnrs suggested that electron
transport in Ascaris mitochondria consists of an oxygen

pressure dependent, cyanide insensitive "flavin-containing.
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oxidase" and a cytachrome-c-peroxidase for the re-
oxidation of fFerro-cytochrome-b via ferroccytochrome cj
the H,0, formed by the Flavin-containing-oxidase

consumed by cytochrome-c-peroxidase in re-oxidizing

ferrocytochrome-c. ;—

3

lFllvin containing oxidase}—-—) 0, (H,0,) i

Succinnte\ U' /2H* (m)

117 o =i B 1 petoxidase

Fumarate (1) RQ \x (V) L)2 H.0
" Neo-TB .
Malate _nap
‘/K U=>FPl
co, Napy (D |

Pyruvate
Mitochondria

Scheme for a possible electron transport system in

Ascaris muscle mitochondria (After Hayashi & Terada,1973)

Abbreviations:-

Cyt. = Cytochrome
RQ - Ahodogquinone
F.P1 - NADH dehydrogenase

F'F’2 - Succinate dehydrogenase

Sites = In Roman numerals (I to IV)

Sensitivity oF'the>51tes

Site I - inhibited by Malonate

Site II - inhibited by Amytal or Rotenone
Site III - inhibited by Antimycin A

Site IV inhibited by KCN and NaNa
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Cheah (13976) also cautions that the generation

of Haoe could be an artefact due to the effect of an
incr=ased oxygen pressure on Ascaris muscle mito-
chondria in the assay systems. Mammalian mitochondria
from various tissués when subjectéd to hyperbaric oxygen
produced H,0, during substrate oxidation, the site
responsible for HEOE formation was suggested to be at
the level of cytochrome-b (Boveris & Chance, 1873 as
quoted by Cheah, 1376). The question whether Ho05 is
actusally produced in vivo by Ascaris and by other

parasites living in low oxygen tensions is still to

be answered (Cheah, 1878].

The terminal oxidases imn Halobacterium sp. (Cheah,

1969, 18702) Ascaris (Cheah & Chance, 1870b} and Moniezia
(Cheah, 18968, 1972) were characterized emplaying carbon-
monoxide difference spectra. Cytochdrome-0 and cyto-
chrome-gga were identified by the formation of their
respect;ve CO-complexes and the time dependemt shift in

absorbance maxima of the Soret-peaks.

The K:GP reduced CO-difference spectra of Ascaris
muscle mitochondria observed at -196°C (Cheath, 1970b)
closely resembled an O-type cytochrcocme with Soret
maximum at 417 nm (corresponds to 420 nm at Toom
temperature). However Cheah (1970b) was unable to
demonstrate cytochrome-a,, CO-complex ( leeak at 427~
430 nm) due to the fact that the latter was obscured by
the strong absorption peak of the 0-CO complex at 417 mm

(at 77°K) simce the CO-binding haemoprotein was 5 times
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greater than that of cytochrome-aag, (Cheah, 1970b].
Howéver, analysis of the photochemical-action-spectrum
showed that Ascaris mitochondria possessed a CO-
sensitive and light reversible pigment (i.=. cytochrome-aaj
since the cytochrome-0-CO complex was not light-reversible

(Cheah, 1370b).

The X-GP reauced CO-difference spectra of Moniezia
expansa (Cheah, 1868, 1372) presented a similar situatiom
in that the a5-Co complex [X-peak at 427-430) was
effectively obscured by the predominant 0-CO complex
(Cfpeak at 418 nm). However the difference spectrum
recorded at 3.0 min; B8 min and 11 min after CO-treatment
showed that cytochrﬁme-a3 binds CO faster than cytochrome-0.
Cheah (1968, 1872) employed this criterion to demornstrate
the presence of these two terminal oxidases, and showed
the shift of the aS—CD Soret peak {433-436 nm) with time
to 420/419 nm after prolonged incubation in CO to facilitate

the formation of the 0-CO complex. The overall spectral

change was dus to the sum of these 2 pigments.

Cheah (1969, 1870a) investigated the electron

transport particles of the halophile Halobacterium

cutirubrum and showed that the ascorbate/TMPO oxidase

activity was insensitive to antimycin-A and was only
partizlly inhibited (44%) by 1 mM azide and 84% by 0.5 mM
cyanide; CO inhibited omly 20% of the oxygen uptake.
Spectroscopic analysis showed the presence of cytochromes

of the types 3, b and c.
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The nature of the terminal oxidases of the
parﬁicles was determined by the formation of the CO-
complexes after reduction with dithionite. A peak
at 593 nm corresponded to the aB-CO complex; the
peaks observed at 558, 538 and 418 nm and a trough
at 560 nm were characteristic of an 0-CO complex.
(Cheah, 1863). A trough at 442 nm, was attributed
to the combinmed troughs of the ag-COo (445 nm] and
0-C0 (432 mm]). The Soret p=sak of ag-CO {430 nm -
431 nm)} was Pot discernible because the predominant
0-CO peak obscured it, =lthough the a5-CO peak could

be seen following brief inmcubatiom with CO.

Thus in particulate preparations of organisms
possessing cytochrome-0 and cytochrome-gga as terminal
oxidases identification of the overlapping absorption
spectra of the CO complexes of the 2 cytochromes in the
Soret-region depends on the elimination of the ag-Co
complex which absorbs between 427-430 nm by complexing
cytochrome-ggs with cyanide té which it binds mote
strongly. Using this technique Cheah (1970a) demonstrated

the presence of cyt.g3 and cyt.0 in Halobacterium

halobium. Aiternaﬁively the aS-CO spectrum can be
obsérved free from the interference by the cyt.0-CO
complex if the difference spectrum is recorded early.
The technique employed by Cheah, is based on both these
properties and was used to démonstrate the dual terminal

oxidases in Ascaris, Moniezia and Hzlobacterium sps.
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In so far as respiratory data from polarographic
meésurements are concerned, Chesah (1874) reported that
the trespiratory control ratio (RCAs) of Ascaris mito-
chondrial utilizing succinate to be between 1.43 - 3.03,
although no clear étate-s to staté-4 transitions were
observed and thus no ADP.O0 ratios were quoted.
Oligomycin inhibited oxygen uptake due to succinate and
was relieved by the uncoupler FCCP. Ascorbate-TMPD
oxidase activity was enhanced by ADP. Thus the presence
of Site III phosphorylation has been demonstrated {(Chemh,
1874] although the state-3 rate for = coupled functionasl
Site III in Ascaris is sbout 25-30% of the state-2 rate
for Site III in mitochondria isolated fraom a=robic

skeletal muscle (Cheah, 1973a as quoted by Chesh, 138743].

Murfitt, Vogel and Sanadi (1976) characterized

the mitochondria from Caenorhabditis elegans, and

reported that the metabolism and respiratory chzain of
this organism was siﬁilar to the classical mammalian
systems. The ADP¢0O ratios wére consistent with those
. reported for mammalian systems. Essentially complete
irhibition of state-3 respiration rate was obtained
with cyanide; azidé, antimycin A and rotenone. State-3
ratés with the substrates succinate, glutamate/malate
and 5-hydroxybutyrate agree with those reported for
T.aceti (Rothstein et al., 1870) although the state-3
rates with pyruvate, «®-ketoglutarate and g-~glycero-
phosphate differed. Murfitt et al. (18768) found a

larger amount of b-type cytochromes than in mammalian
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mitochondria and what appeared to be a loss of
cytbchrome-g compared to the mitochondrial fraction
obtained for T. aceti by Rothstein et al. (1970).

The concentration of b-type cytochromes was 1.6 times
that of cytochrome§ c and Cy e Howéver the carbon

monoxide difference spectra of C. elegans mitochondria

resulted in pesaks which did not correspond to those

obtained by Rothstein et al. (1970) for T. aceti.

Cytochrome independent electron transfer and
terminal oxidatiom has been well documented in various
organisms. Chesh and Bryant (1966) and Cheah (1867a)
have shown that under aerobic conditions the aoxidation
of NADH+H® and succinate is mediated by flavoproteins
with the accumulation of H505. Weinbach and Von Brand
(1970) in a comprehensive study of the amerobic metabolism

of Taenia taeniaeformis mitochondria showed that the

respiratory chain of the cestode contained flavoprotein
dehydrog;nases, non-haem-iron, pyridine nucleotides and

a branched chain cytochrcmé s&stem, one portion sensitive
to cyanide and the other insensitive. 0Of the TCA cycle
intermediafes, X -glycerophosphate was the substrate

most readily'oxidiéed, the others being less effective

or inert, as substrates. Antimycin-A and cyanide produced
only partial inhibition of the N-GP oxidation although

complete inhibition was obtained with dicoumarol.

Weinbach and Von Brand therefore suggested that

the oxidation of {-GP by T. taeniaeformis mitochondria

was mediated by flavoproteins.  This oxidation was
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inhibited by several metalchelating agents {sali-
cyléldoxime, thenoyltrifluoroacetone). They showed

that the O -GP oxidation was mediated by a pair of
enzymes present in the mitochondria namely in X-GP-
dehydrogenase which catalysed the oxidation of NADH+H"
in the presence o? 3-dihydroxy acetone phosphate (DHAP)
and a Q-glycerol-pﬁosphate-oxidase. The product of

X-GP oxidatiom by the mitochondrial &-GP-oxidase (GPO)
was DHAP, but ro HEDE was detected. These two enzymes
working in conjunction, constitute according to Weinbach
and Von Brand (1870) the &~GP-cycle. The significance
of this cycle was that it provided a mechanism. (in the
presence of the soluble cytoplasmic NAD-dehydrogenase)
for the re-oxidation of NADH+H' formed during glycolysis
since mitochondria are normally impermeable to NADH
(Lebninger, 1964, as quoted by Weinbach & Von Brand,

1970).

The X -GP cycle has been also demonstrated in the

protozoan T. rhodesiense (Grant & Sargent, 13560 as quoted

by Weimbach & Von Brand, 13570). The trypanosome GPO
unlike that of insect flight muscle and mammalian brain
mitochondria'reactg directly with oxygen and is
insénsitiva to cyanide, azide, amytal and antimycin-A
(Bowman § Flynn, 1978). The product of &-GP oxidation
by GPO is DODHAP. It has been shown that only catalytic
amounts of DHAP are required for the re-oxidation of
NADH+H+ to NAD+ necessary for the maintenance of

glycolysis. By this coupling of GPO to {-BP~dehydrogenase
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glucose is converted to pyruvate and the redox balance

maintained aercbically.

More recentiy Hill (1978) has shown that GPO
is specifically inhibited by salicylhydroxamic acid
(non-competitively] and by suramin and diphenylamine.
Opperdoes and Borst (1878] has conclusively shown
using diFFerentiai and isopycnic centrifugation that
the GPO is localized in the mitochondria and that it
is imsensitive to cyanide and carbon monoxide (Hill,
1976). Aerobically and especially anaercbically the
GPO-comlex is involved in the production of glycerol

{in conjunction with a3 phosphatase) in T. rhodesiense.

Weimbach and Von Brand have shown that T. taeniaeformis

also utilizes glycerol in preference to glucose.

Since the whole worms of A. avenae from isolates
A and F (as discussed in Chapter 5) showed different
degreees of inhibition of the oxygen consumption rate
with cyanide, azide, and rematicides such as EDB, the
mitochondrial respiratory metabolism of the two isclates
were assessed. A method for the isolation of mitochondrial
Fractions of A. avenae is reported in this chapter. |
Chapter 7A reports the polarographic investigations of
the oxidative capacity of the mitochondrial fractions of
the 2 isolates with reference to respiratory control ratios
(RCR), ADP:0 ratios and sensitivity to inhibitors of
complexes I, II, III and IV (Whittaker and Danks, 1878].

The sensitivity to the inhibitor salicylhydroxamic acid



(SHAM]) is also reported. The effect of a common
uncoupler of oxidative phosphorylation 2,4 dinitro-

phenol (DNP) was also investigated.

In Chapter 7B, investigations into the relative
composition of cytochrome components of the 2 isoclates
of A. avenae using optical spectrophotometric techniques

is reported.
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CHAFTER 7A

Investigation of the oxidative capacities of the

mitochondrial fractions of A.svenae isolates A amd F

Materials and Methods

Preparation of mitochondrial Fractions

Nematodes from the specific isclates were
harvested from 30-40 day old mass cultures and extracted
as described in Chépter 2. The extracted worms were
washed 3 times, by éiltration through a millipore funnel
under suction, in sterile distilled water and twice in
0°-4°C isolation medium. The isclation medium (here-
after referred to as IMJ] consisted of 225 mM mannitol,
7S mM sucraese, 0.2 mM EGTA, and 16 mM Tris-HCl pH 7.0,
with 1 mg per ml bovine serum albumin (BSA). The washed
nematode pellet appréximately 10 gm wet weight was placed
in @ 100 mm diameter mortar sterilised and chilled to
0°-4°c. A volume of pre-chilled acid washed sand {BOH)
equal in volume to the nematode pellet, and 7 ml of
chilled IM were added and the mixture wes ground by hand us-
ing a pre-chilled pestle for 10 min. The mortar was
immersed in crushed ice to ma}htain the temperature of

the homogenate around 1-2°¢,

The resulting homogenate was diluted in 15ml of
IM and collecfed in'pre-chilled plastic tubes. The remain-
ing éand/nematode mixture was ground for a further 2 min.
with 3 mls of IM and the homogenate was diluted with a
further 10 ml of IM and pooled with the first homogenate.
The mortar was rinsed twice with 2 ml of IM and pooled.
The pooled homogenate was centrifuged at 380 g for 7 min.

The supernatant was transferred to a pre-chilled tube.

148
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The 380 g pellet was resuspended in 7 mls of cold IM
and the mixture was transferred to a pre-chilled all
glass (Oounce type ] homogeniser and homogenised with
10-12 passes. The resultant homogenate was transferred
to pre-chilled tubés and the homogeniser rinsed in 3 ml
of IM., The mixture was centrifuged at 380 g for 7 mins

(second centrifugation).

The pellet was resuspended in 7ml of IM and the
same sequence as described for the first 380 g pellet
was repeated once more and the mixture was re-centrifuged
at 380 g for 7 mins (third centrifugation). The pellet
from the 3rd centrifugation was discarded. The super-
natants from the ceﬁtriFugations were pooled and

centrifuged at 12,000 g for 7 mins,

The resultant pellet was resuspended in 8 ml of
IM using a "cold-finger" and re-centrifuged at 12,000 g
For 7 min. The supernatants from the 12,000 g centri-
fugations were ﬁiscarded. The final pellet was re-
suspended in 1.5 mls of IM and used in the polarographic
- assays. All centrifugations were done in an MSE-
refrigerated centrﬁFuge whose chamber tempersture was

maintained at 1-2°C.

Reaction medium for respiration measurements

The reaction medium used contained 50 mM Tris,.
12 mM NaH, PO ,, 225 mM sucrose, 1.0 mM EGTA, 10 mM KC1
and 5 mM MgCl2 adjusted to pH 7.4, with half strength

HCl. 1.8 ml of the reaction -medium equilibrated at



25°C and 0.2 ml of the mitochondrial preparation was
used throughout the present studies. A saturated
oxygen concentration of 240 FM was used for all of
the calculations. 2 mls of air saturated reaction
medium therefore cantained 960 n.Atoms of dissolved

oxygen. All assays were carried out at 25°C.

Measurement of substrate oxidation and respiratory

control ratios

The endogencus rate (if any) was recorded for
about 2-3 mins before substrates were added. All
substrates were added to a final corncentratiom of
5 mM unless stated otherwise and the first state-~4
rate was obtained following which 150 FM aliquot of
ADP was added, to obtain state-3 rate. The respiratory
control ratios (ACR)} were calculated for the s=cond
state-4 to state-3 transition following a second
addition of 150 FM AOP, i.e. after the First cycle
of state-3 oxidation. All assays were carried out
within 2-3 hrs sfter the mitochondria were prepared.

The cuvette contained 0.5-0.57 mg mitochondriml protein.

Assessment of the effect of respiratory inhibitors

K -glycerophosphate [ A-GP) was added (5 mMJ to
the reaction chamber containing approximately 0.5 mg
mitochondrial protein in 2 ml reaction medium following

which excess ADP (final concentration 3 mM) was added

to obtain state-3 rate. After a steady state-~3 rate
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was achieved 2.0 mM rotencne was added. Succinate (5 mM)
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vas then added fFollowed by antimycin-A (2 He per mg
proﬁein) and the rate recorded. Finally ascorbate
(5 mM)} and TMPD (0.5 mM) were added to obtain
ascorbate/TMPD oxidase activity followed by NaCN

{1 mM) or Azide (3 ﬁM], to assess ﬁytochrome aaq
mediated terminal oxidation. IF incomplete inhibition
was observed, salidylhydrqxamic acid (SHAM-3 mM) and/or
carbon monoxide (830 nmoles) was added. The CO was
prepared by saturating 1 ml of distilled water with
pure-CO at 23-25°C (room temperature)and the amount

of CO was calculated using the Busen coefficient.

25 Pl of such a solution of CO =zontained 890 nmoles

CO which was injectéd into the reaction chamber via

capillary port.

The effect of salicylhydroxamic acid (SHAM) and

azide on X-GP dependent respiration

The effect of SHAM and azide were recorded in
the absence of other inhibitors. 5 mM ®-GP was added
to obtain a state-4 rate followed by excess ADP (3 mM).
Once a steady state~3 rate was obtalined 3 mM SHAM was
added. Azide (3 mM] was finally added after a 2-3 min

recording was obtaimed with SHAM.

Assessment of the effects of the uncouplér 2,4 ONP

The uncoupling of oxidative phosphorylation was
investigated using 2,4 dinitrophenol (ONP). A steady
state-4 rate was obtaiged by adding 5 mM ( GP; BD.FM
2,4 DNP was then added and the rate of oxygen uptake

recorded.-
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The effect of exogenous cytochraome-c

a. The effect of cytochrome-c (equine] < was assessed
by adding 10 FM cyﬁochrome-c to isplate-A and F mito-
chondrial preparations respiring in the presence of

X~GP as substrate. Neithsr ADP nor any other inhibitors

were present in the reasction chamber,

b. The effect of cytochrome-c on the ascorbate/TMPO
oxidation rate of the mitochondriszsl preparstions of the
2 isolates was also assessed. Ascorbafe (5 mM) and

0.5 mM TMPD were added to the reaction chamber pcntain-
ing 0.5-0.6 mg protein mitochondris., Cytochrome-c was
added (10 HM] after a steady rate was obtained with

ascorbate/TMPO.

Estimation of protein in the mitochondrial preparation

Mitochondrial protein concentration was determined
using the method of Lowry,; Rosebrough, Farr and Handall@qsa.
Since the isolation medium employed comtained mannitaol

which interferes with the =assay, the method was modified

as described by Murfitt, Vogel and Sanadi (1876). The

sample of the mitochondrisl preparation was precipitated
with 5% trichloroacetic acid and centrifuged. The
supehhatanf was discarded. The precipitate was dissolved
in 0-1N NaOH which effectively removed the marmnitol.

The final mixture was neutralized with 0.1N HC1l before

the Lowry protein assay was accomplished.
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Results

Substrate utilization and respiratory control in

isolate A and F mitochondria

The respiration rates of isoclate A and F mito-
chondrial fractions obtazined with various substrates

are given in Table 18 A and B, anrd in Appendices 7-1.1-7-1.4,

The endogenous rate was similar in both isolztes.
Succinate and «&-glycerophosphate [(X-GP] were the only
TCA-cycle intermediates most readily oxidised by both
isolates, under good respiratory control, i.e. showing

clear state-3 to state-~4 tramsitions,

Glutamate/malate, A-hydroxybutyrate and pyruvate
oxidation rates did rot differ significantly from the
endogsnous rates for both isclates and were axidsed at
substantially laower rates. ADP increased the 02
utilization little in the presence of these substrates
but ne state-3 transitiorn to state-4 was observed in
response to ADOP depletion, indicating poor respiratory
control.

The addition of NADH+H® in substrate amounts
resulted in little increase of oxygen uptake over the
endogenous rate by both isolates (see Table 18 A and B)
but were réSponsive to succinate and K-GP. The metabolic
data shown in Table 18 A and B were obtained from
preparations which showed high mitochondrial quality

. + . .
with respect to exogenous NADH+H oxidation and were

measured immediately =fter the mitochondria were prepared.



Table 18A - Oxidation of substrates by isolate-F mitochondrial fractions

02 utilization : Respiratory
A . » . Control ADP:0
Substrate (n Atoms/min/mg Eroteln] Aatio et
Substrate with added (ACR) o
alone ADP
Succ inate *s5 * g.1® Fqga ¥ 27.4d 2.29 ¥ p.1gP 1.88 =
Glutamate/malate 29 pl 5.0 31 z 7.2 - -
: + - +
/6 -~-Hydroxybutyrate 286 - 1.8 34 - 5.8 (1.29 - 0.18) -
L + +
Pyruvate 29 - 5.0 36 - 5.3 {(1.27 -~ 0.18) -
NADH 26 < 4.8 Unaltered - -
-Glycerophosphate 67 =+ 7.1%  142.0 & 13.8" 2.12 ¥ 0.18° 2.20 2
Endogenous 23.1 2 5.3 Unaltered - -




Table 18B .-0Oxidation of substrates by isolate-A mitochondrial fractions

0o Utilization ' Respiratory
Control

| | Aotin ADP: 0
Substrate Substrate With added .

alone ADP (RCR) RAatio
Succ inate *199  * 4,4® Faps * 25.99 3.43 * 0.19° 1.41 * 0.08%
Glutamate/malate ac I 4.8 33 X 5.9 (1.12 I 0.04) -
B -Hydroxybutyrate 26 1.3 e7 ¥ 1.8 - -
Pyruvate 26 I 3.4 aa I 3.8 (1.31 I o0.19) -
NADH (1mM) 26 = 3.7 Unaltered - - ' ' _

sl E + f +
o -Blyceraphosphate 118 = 10.9% 310 = 40.1 2.62 I p.23% 2.17 I 0.o07
Endogenous 24,3 = 3.1 Unaltered - _ -

+ . e .
The results are the means - S.0. of a minimum of 6 assays from 4 different batches.

For succinate and o¢ -GP the results are the means of 12-14 assays (3 replicates each from
at least 4 different batches] - See Appendices 7-1,1 to 7-3.4

Means with superscript "e" differ significantly from the endogernous rate at p‘<0.05 as
indicated by one-~tailed - 't’ test analysis. (The endogenous rate was not subtracted From
data. )

Between isolates the means with the same superscripts differ significantly at p<£0.01.

*The RCRs and ADP:0 ratios were obtained with reference to the second state 4/state 3 cycle.
The RCRAs in parenthesis are not according to the defFinjition proper;since Nno state-3 to
state-4 transition was observed the ratlo-Q0, in presence : Q05 in absence of ADP as opposed
to Q0, in the presence of ADP:Q0, after ADP was depleted (De?inition by Chance)

8rss
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The state-~3 rate of isolate-A preparations
with succinzte was significantly higher {p<£0.05) than
that observed with isglate~F preparations as were the
respiratory control ratios (RCRs) See Fig. 40 and 41.
The AOP:Q ratio Forlisclate-F utilizing succinate
-

(1.88 - 0.06) was significantly higher than that

observed for isaolate-~A ({1.41 : 0.08).

Although the state-3 rate of isolate~A mitochondria
respiring in the presence of X-GP, was nearly double
that obtained with the isolate-F preparatiocns, the RCRs
For the 2 isolatss (RCR;. = 2.12 2 0.18; RCR , =
2.62 2 0.23) being significantly different (Table 18
A and B), the ADF:O‘ratics for the two isoclates were
similar.

The mitochondrizl preparations of isoclate-F
utilizing §-GP and succinate normally exhibited a slightly
higher (state-4) rate before the initial addition of ADP
than the rate after the ADP was depleted, (state-4
proper aecordingbto.deFinitioﬁ). Thus the RCR values
shown in Table 18 A and B for succinate and X-GP were
those obtained after the first cycle of state-3 oxidation.
Table 19 shows the effect of addition o? the substrates

CQGGF and succinate) to state-1 mitochondria of the 2

- isolates.

The RCRs for glutamz=te/malate, p-hydroxybutyrate
and pyruvate, were calculated for the change in rate
following the initial addition of ADP simce no apparent

reversal (back) to state-4 rate was observed. The RCR
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Figure: 40

Typical polarographic tracing of A. avenae - isolate-A

mitochondrial respiration utilizing succinate as substrate
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Figure: 41

Typical polarographic tracing of A. avenae - isolate-F

mitochondrial respiration using succinate as substrate
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Figure: 42

Typical polarographic tracing of A. avenze - isolate-F

mitochondrial respiration utilizing «~GP as substrate
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Figure: 43

Tynical polarographic tracing of A. avenae - isolate-A

mitochondrial respiration utilizing & -GP as substrate
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Table 19:- The effect of (¢x~glycerophaosphate and succinate on the state-1 QD2 of

mitochondrial fractions of isclates A and F

Substate State 1 State-4 State-4 QO2 *
Qo, Qo, After fFirst ctcle
of state-3 oxidation

o =GP (5mM) 116 2. 12.8 148 2 10.9
Isolate-A 24.3 2 3.1 o

Succinate (5mM) 105 2 8.9 118 2 4.4

o¢~GP (5mM) g2 T 11.2 67 X 7.1
Isolate~F 23.1 z 5.3 _

| | Succinate (5mM) g8 X 10.8 s X 8.1

The values are the means z S.D. of 14 assays

The respiratory control ratios (Table 18) were obtained after the first cycle of state-3
oxidation. :

The state-4 Q0,5 following the first cycle of state~3 oxidation were usually lower than
the originsl state-4 Qo, ocbtained upon asddition of excess substrate to state-1
mitochondria.
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cited for these substrates are the rates in the presence:

the rate in the absence of AOP.

The state-4 rate of isolate-F utilizing ~GP as
substrate 87 = 7.1 n.Atoms/min/mg protein was significantly
lower than the state-4 rate observed with succinate

8.1 n.Atoms/min/mg protein), although the ACAs

(85,
For the two substrates were similar. The ADP:0 ratio

with (-CP as substrate was higher than thzt with succinate.

In the case of isolate-A mitochondria, both {-GP
and succinate showed similar state-4 rates, although the

RCR for succinate (3.43 Z 0.19) was significantly higher

than the RCR for & -GP (2.52 = 0.23). The ADP:0 ratio
observed For {-GP was significantly higher than that for

succinate. ([Table 18).

The effect of respirstory chain-inhibitors on the mito-

chondrial preparations of isolate A and F.

a. Rotenone:

2 mM rotemnone inhibited the state-3-0Q0, of both
isolates feebly. A mean inhibition of 38.64% (Range
35.1-43.7%) was observed for isolate-A (Fig. 44A shows
a typical trace) while a mean inhibition of 33.41%

(Range 35.1-44.8%) was observed for isolate-F [Fig.45A
shows a typical trace). The mesns were not signi#icantly
different {Table 20). The rotenone inhibitiocn was

completely trelieved by 5 mM succinate in both isclates.



‘Table 20
A~ The effect of inhibitors on the mitochondrial respiration of isolate-A

Substrate or Inhibitor and Number of Inhibition (%)

alectron donor Concentration assays Mean Range

o ~BP | Rotenone (2.0 mM) 10 | 38.64 34.03 - 43.72

Succinate Antimycin-A 12 7.78 © 0 - 19.0
(2 pg/mg protein)

Ascorbate/TMFD " NaCN (1mM) 12 : g2.95 P 60.4 - 66.0

o -GP SHAM (3mM) 8 21.23 - 18.9 - 24.2

B:- The effect of inhibitors on the mitochondrial respiration of isolate-F

X =GP Rotenone (2.0 mM) 14 39.41 35.19 - 44.63

Succinate Antimycin-A g 87.80 © 85.6 - 90.6
(2 pg/mg protein)

Ascorbate/TMPD NaCN (1mM) 11 88.56 P . B6.66 - 91.25

=GP SHAM (3mM) 10 21.84 18.86 - 25.14

Percentage figures angularly transformed for statistical analysis.

Means with same superscripts differ significantly at p = 0.05 sccording to studemts *+t!?
test (two-tailed].

‘Appendices 7-2.1 to 7-2.8 give the detailed data.
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b. Antimycin-A

The succinate dependent state-3-Q0, of isolate-A
preparations were little affected by high concentrations
(2 Fg/mg protein) of antimycin-A, and a mean inhibition
of only 7.78% (range 0-15.0%) was observed. This was
in marked contrasf to a mean inhibition of 87.8%

(range 85.8 - 90.5%) of the succinate dependent
state-B-QOe'oF isolate-F. (Table 20 and Fig. 45A).

These differences were highly significant (p<£0.01).

c. Sodium cyanide

.The ascorbate/TMPD oxidase activity of isolate-A
was only partially sensitive to 1 mM cyanide showing a
mean inhibition of 62.95% (ranmge 60.4 - 668.0%) (Table 20
Fig. 44A). This was significantly different {p<<0.01)
to the mean inhibition of B8.56% (range 86.56 - 91.25%)
observed with 1 mM cyanide with isolate-F mitochondria

(Fig. 45A).

d. Salicylhydroxamic acid (SHAM)

Figs. 44B and 45B show the effect of SHAM (3 mM)
on the K -GP dependent sﬁate-B-QD2 of isolates A and F.
The state-3-Q0, of both isolates were sensitive to this
inhibitor of the K-glycerophosphate-oxidase complex
showing approximately 21-22% inhibition (Table 21 and
Appendices 7-2.4 and 7-2.5). The range of inhibition
varied between 18-26% and both isolates were apparently

equally affected by SHAM.
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Table 21 The inhibition of & -glycerophosphate dependent state-3 QDa of isolates
A and F mitochondrial fractions by SHAM and sodium azide

Inhibitor(s) % Inhibition % Inhibition Mean % inhibition
Range Mean of SHAM insensitive
‘ QO2 by azide

Isolate A (n = B8)

SHAM (3mM) 18.92 - 24.22 21.23 : b
' 65.87
SHAM (3mM) + Azide (3wM) 67.65 - 76.49 73.12 B (60.00 - 69.40)
Isolate F {n = 10)
SHAM (3mM) 18.86 - 25.14 21.84 b
: ’ 84.48
SHAM (3mM) + Azide (3mM) 83.01 - 95.32 87.85 ° (74.41 - 88.28)

Percentage figures angularly transformed for statistical analysis

Means with same superscript differ significantly at p = 0.05 according to students °’t’
test (one tailed)

Appendices 7-2.4 and 7-2.5 show the detailed data
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Table 22 | The inhibition of ascorbate (SmM])/TMPD (0.SmM] dependent Q0, of isolates A

and F mitochondrial fractions by NaCN, SHAM and carbon monoxide (COJ]
" Inhibitor{s) ] % Inhibition % Inhibition
Range Mean (n = 42)
Isclate-A
NaCN (3mM) 60.40 - 65.90 §2.95 ° N
(SHAM inhibited
NaCN (3mM) + SHAM (3mM) 62.05 - 73.74 71.01 (23.63% of cyanide
' (insensitive QO2
NaCN (3mM) + SHAM (3mM) + 92.95 - 95.89 ' 94.37  (CO inhibited"
CO-(890 nmoles) ' (B0.37% of NaCN/SHAM
(insensitive QO2
Isolate-F
NaCN (3mM) 88.56 - 91.25 88.56 °
NaCN (3mM) + CO (8S0 nmoles) 91.51 - 94,38 g2.99 (CO inhibited 37.71%

{of NaCN insensitive
(QDE*

Percentage figures angularly transformed for statistical anslysis

Means with same superscript differ siganicantly et p = 0.05, sccording to
students ’t’ test (one tailed)

* Appendices 7-2.9 and 7-2.11 gives the detalled data
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e. Saodium azide (in the presence of SHAM])

Table 21 shows the effect of 3 mM sodium azide
on the SHAM insensitive respiration. Figs. 44B and
45B shows the typical polarographic recordings obtained
for the mitochondria of the 2 isolates. 3 mM azide
inhibited approxihately B65% of SHAM insensitive
respiration of isolate-A and approximately 85% of SHAM

insensitive respiration of isolate-F.

SHAM and azide inhibited 73% of state-3 0O-GP
dependent Qo of isolate-A and approximately 88% of

isolate-F. (Table 21 and Appendices 7-2.4 to 7-2.5).

f. Carbon monoxide (in the presence of NaCN and SHAM)

The QOE of isolate~F in the presence of ascorbate/
TMPD was inhibited 83.55% (Table 22 and Figs. 44A and
45A7 which was enhanced by 890 nmoles of CO. Thus CN/CO
produced a mean inhibition of 82.839% (range 91.51-94.38).
CO inmhibited 37.71% of the cyanide insensitive trespiration
in the presence of ascorbate/TMPD.

The QO2 of isolate-A in the presence of ascorbate/
TMPD was inhibited.SZ.SS% by 1 mM NaCN; addition of SHAM
3 mM to the preparation after cyanide produced 71.01%
inhibition while the NaCN-insemsitive Q0, was inhibited

23.63% by SHAM.

CO inhibited 80.37% of thz NaCN/SHAM insensitive
respiratory oxygen uptake induced by ascorbates/TMPD.
In the presence of all 3 inhibitors the Q05 of isolate-A

mitochondrial QD, was 94.37% inhibited. (Table 22).
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The effect of 2,4 dinitrophenocl {DNP)

The state-4 respiration of iseclate-F mitochondrial
fractions induced by &~GP was increased 182% [range
170-199%) by 30 pM DNP. The state-4 rate of isolate-A
preparations were stimulated 151% (range 145-160%) by

DNP. (See Table 23A,B and Fig. 47).

The effect of exogenous cytochrome-c on X-GP oxidation

Adcded mammalian cytochrome-c (equirme] had no
apparent effect on the state-4 rate induced by 5 mM X-GP.
10 thaliquots added during steady state-4 oxidation had
no effect on isolate A and F mitochondrial respiration

{(Table 24A =and B) and Figure 48,

However the ascaorbzte (5 mM]/TMFDO (0.05 mM)
induced QO, wss higher (p<<0.05) in isolate-F prepsraticns

thamn in isolate-A prepasrations.

Added cytochrome-c increased isolate-~-A mitochandrial
ascorbate~-TMPD activity by 44,8% while that of isolate-F
was increased by 77.2%. (Table 24). No other inhibitors

weré present in the reaction cuvette, during these assays.
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Table 23A The effect of 2,4-0ONP on isolate-F
' mitochondrial fractions respiring in

the presence of 5 mM o-GP

QDE in QO2 in % Stimulation
SmM 0¢-GP 2,4 DNP (30 pM) of QO,
g7 ¥ 11.2 245 I 19.3 1822

(Range 170-1399%)

Table 238 The effect of 2,4 DNP on isolate-A
mitochondrial fractions respiring in

the presence of 5 mM -~GP

QO2 inm QDE inm % Stimulationm
5mM ¢ =GP 2,4 ONP (30 )JM] of QOE
114 z 10.8 187 2 18.7 154

(Range 145-180%)

o+
Values are the mean - S.0. of 6-8 assays from a minimum

of 3 different batches.
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Table 24A The effect of equine cytochrome-c on the
KX ~-GP dependent respiration of isolate-A

and F mitochondrial fractions

Qo, in QOE with added % Change
X -GP (SmM) (10 pM) cyt. o in Qo, ‘
+ Unal}ered
Isplate-A 118 - 11.3 {1168 - 11.3) Zero
Unalgered
-+
Isolate~-F 84 - 9.4 { B4 - 9.4) Zero
Table 248 The effect of equine cytochrome-c on the

ascorbate/TMFD-oxidase activity of isclate-A

and F mitochordrial fractions

Qo, inm o, with added % Ch=nge

Ascorbate (5mM] (10 Fm] cyt.c in QOE
& TMPO (0.5mM)

Isolate-A 302 ¥ ag.s © 421 * 22,5 P 44,57 °©
(Range 35.8
- 48.7% )

Isolate-F 318 * 11,88 ss2 2 27.4° 77.2% °©
(Range 71.1
- 79.3% )

Values are the mean - S.0. of 6-8 assays from a minimum
of 3 different batches.

Ascorbate/TMPD were the only agents in the reaction mixture
with 0.2 ml (approx. 0.5 mg protein) mitochondrial
preparation.

Means with same superscripts differ significantly (p< 0.0S)
according to studenmts 't! test.
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The pffect of 2,4 ONP on isclate-F mitochondria respirding
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Figure: 47
The effect of 2,4 DNP on isolate-A mitochondria respiring

in the presence of 5mM «-GP
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Figutre:- 48
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Figpre:—49

Thae effect oF‘exoqenous cytochrome-c on the A) X.-GP

dependent respiration and &) Ascorbate/TMFD oxlidase

activity of isolste-F mitochondria.
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Discussion

Isolation of mitochondria

The methods for the preparation of mitochondria

described for Turbatrix azceti (Rothstein et al., 1970)

and For Caenorhabditis (Murfitt, Vogel & Sanadi,

1976) differ noticeably, although the isolation media
used were similar and acid washed sea~sand was used
as abrasive. HAothstein et zl. (1870) obtained
phosphorylating, intact mitochondria in the following
manner. Following the first centrifugation at 480 g
for 7 min the pellet was discarded and the supernatant
was centrifuged at 17,300 g for 7 min to cbtain the

mitochondrial pellet.

However, Murfitt et al. (1975) obtaired C.elegans
mitochondria from the pellet resulting from the First
centrifugation at 380 g for 10 mins and discarded the
380 g Supefnatant i.e. a procedure exactly opposite to
that adopted by Rothstein gt al. (1970). The 38D g
pellet was treated with the proteinase "Nagarse" for
5 min on ice, and then homogenised in a Dounce type unit
with 7 passes. Further centrifugations were performed

(none exceeding 4500 g) to obtain the final pellet.

Since the two procedures described for the’
isolation of mitochondria for these Free living nematodes
differed substantially, 3 modification of the two methods
was developed and employed in the present study to obtain
mitochondria from A. avemnae., However the use of the

proteinase Nagzrse was omitted since it had been reported
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CWeinbéch & Von Brand, 1970) that the mitochondria
isolated using Nagarse were susceptible to the loss of
cyanide sensitivity especially when stored in the cold
(0-4°C) For several hours. The isolation medium employed.
in the present study was the same as that used by

Murfitt et al. (19768) except that EGTA was substituted
For EDTA. The reactionvmedium used for polarographic
assays of mitochondrial respiration was the same as that

described by Murfitt, Vogel and Sanadi (1976]).

The effect of addevaADH*H+ on the endogenous rate

The mitochondrial fractions of the 2 isolates of
A. avenae prepared in the present study showed little or
no incresse in the rate of respiratory oxygen utilization
(Qoal in the presence of substrate amounts of NADH+HY
indicating the preparztiorns were of good quality and that
little disruption of the intact orgamelles had occcurred
with the isolation procedure. Murfitt, Vogel and Sanadi
(1978) described similar low rates with added NADH+H'

for mitochondria isolated from C. elegans although the

endogenous rate increased three to four fold from 7 n atoms/
mg/min to approximately 25 n atoms/min/mg, with added

NABDH. The reépiratﬁry QDa in the presence of NADH+H"

was similar to the endogenous rate observed with A.avenae
mitochondria. The endogenous rate in A. avense mito-
chondria was 23-24 n atoms/min/mg which in the presence

of NADH+H* was between 26-30 n atoms/min/mg. The endogenous
rate Qbserved with T. aceti mitochondrial preparations

by Rothstein et al. (1870) of 3 - SAHM
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oxygen/min/mg corresponds with the endogenous rate,

observed in A. avenae preparations in this study.

Interaction with exogenous cytochrome-c

The obscrvation that exogenous mammalian
cytochrome-c had no effect on the -glycerophosphate
{ -GP) or succinate oxidation by mitochondrial
preparations of both isolates of A. avenae suggests
that the preparations were not deficient in this component,

Von Brand (1S78) had obkserved that a lack of

response to added ferri-cytochrome-c, by mitochondria
respiring in the presence of A -CGP and/or succinate, is
characteristic of mitochondria with no deficiency of the
cytochrome-c component. Weinbach and Von Brand {1570)
reached a similar conclusion with mitochondria isolated

fraoam the cestode Taenia taeniaeformis which oxidised

only ¢-GP and malate, other TCA intermediates being
inert or only feebly oxidised; however the &-GP and
malate oxidation was not affected by exogenocus mammalian
cytochrome-c. On the other hand ascorbate/TMPO induced
respiratory Q0o of mitochondrial preparations of both
isolates of A; avenas incFeased substantially with an
addition of exogenous reduced equine-cytochrome-g.
(Immediate reduction of the added cytochrome-c occurred
in the presence of electron ﬁohors ascorbate/TMPD. ) This
agrees with the finding by Rothstein et al. (1970) with
T. aceti mitochondria and is evidence for the presence

of cytochrome-oxidase activity in the A. avenae isolates.
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However, the ascorbate/TMPD stimulated the
respiratory Q0, of the mitochondrial preparations of
the two isolstes of A. avenae to different degr=es:
that of iseolate-A was stimulated by approximately
45% while that of isolate-F was increased by nearly
77%. This may be in itselF evidence that the cytochrome
oxidase activity in the 2 isolates are different.
Caution must be exercised in the interpretation of
these differences since if it is assumed that both
isolates have identical amounts of cytochrome oxidase,
it can alsc be caoncluded that the differential stimulatory
eFFecté of mammalian ferro-cytochrome-c, is due to
different abilities of the cytochrome-chains of the 2
isolates to interact with mammalian cytochrome-c. Some
bacterial cytochrome-oxidases are intrinsically wnable
to sccept electrons from mammalian cytochrome-c (Smith,
1854; Yamanaka & Okunuki, 1864 as quoted by Weinmbach

€ Von Brand, 1870].

Oxidation of TCA-cycle intermediates and respiratory

control

The most diStinct-Finding was that A. avenae mito-~
chondrial preparations of both isolates utilizecd! only
succinate and o-glycerophosphate ( (~GP) while most
other tricarboxylic acid cycle (TCA cycle) intermediates
were only fFeebly oxidised. The failure of most of the
TCA-cycle intermediates other than §~GP and succinate
to stimulate respiratory Q0, was apparently not due to

the loss of cytochrome-c or nicctinamide nucleotides
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since the addition of these substances had little
effect with any of the substrates (including ®-GP and
succinate) tested. Whether this was due to their
imability to penetrate the mitochondrial membranes as
in the case of insect flight-muscle (Van den Bergh S
Slater, 1962 as quoted by Weinbach & Von Brand, 1970)
was not assessed ip this study since the effect of
detergents or sonication on the mitochondrial fractions

was not assessed.

The respiratory control ratios (RCRs) of isolate-
F mitochondriz observed with succimate (2.28 = 0.19)
agrees well with that observed with T. aceti mitochondria
(1.9-2.2) by Rothstein et al. (1870], although the
succinate BCR For isolate-A mitochendria (3.43 % 0.19)

were very much higher thamn those observed with T. aceti.

However the RACR for succinate observed for C. elegans

mitochondria-3.58 (Murfitt, Vogel § Sanadi, 1976) was
similar to the succinste-~RCR observed with isolate-A

mitochondris.

The ADP:0 ratios obtained with succinate as

substrate for isolates A and F (1.88 ¥ 0.08 and 1.41 2

0.06 rBSpectively) were significantly different and were

higher than those observed for C. elegans mitochondria
(1.26 £ 0.038) by Murfitt et =l. (1976). These differemces
may treflect differences in metabolic activities betwesen
the two species or may be dus to the diFFerences.in the

preparative techniques.
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The RCR with O ~GP observed for isolates A and
F mitochondria 2.12 £ 0.18 and 2.62 ¥ 0.23 respectively,
were significantly different (p <£0.05). However, the

X ~-GF RCRs for both isolates were considerably higher

than that observed with C. elegans mitochondria

(1.04 %

0.04) by MurFitt et al. (1976). However,
Rothstein et al. (1970) did not cobserve even such low
state-3 respiration with K-GP for T. aceti mitochondria.
Clear state-3 to state-4 transitions were observed with
& =GP utilizing mitochondria in both isolates of A.avenae
and the ADP:0 ratios obtazined with both issolates A and F
were similar but were greater thanm 2.0, The ADP:D0 ratios

obtained with O =GP were significantly greater than the

ADP:0 ratios observed for esch isclate with succinz=te.

Similar high state-4 respiration rates with o~GP
has been reported by Weimbach and Von Brand (1370] for

Taenia taeniaeformis mitochondria; they attributed this

to the operation of am X-GP oxidase which they showed to

be localized in the mitochondria of the cestode. They

also reported that NADH+H® had no effect on the respiratory
Q0, of this cestode in the absence of detergents such as
deoxycholate'and aithough malate was the only other TCA-

cycle intermediate oxidised by T. taeniseformis mito-

chondria the rate of malate-oxidation was 4-Ffold less
than the rate of {-GP oxidation (Weinbach & Von Brand,

1870].
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Mitochondrial state-4 Qo, of both isolates of
A. avenae with pyruvate was feebly increased with ADP
(isolate-A: 1.27 2 p.18; isolate-F: 1.31 £ 0.139)
although the increased rate did not revert back to
the state-4 rate during the periods within which such
transitions were éommohly observed with &~GFP and succinzte.
Similar small increases with added ADP were observed for

+

ﬁ ~hydroxybutyrate (RCR = 1.29 - 0.18) with isolate-A

1.12 ¥ 0.04) with

and with glutamate/malate (8CR
isolate-F preparations. The RCR values were thus
calculated for these substrates, as the ratio of the rate

in the.presence of ADP : the rate in the absence of ADP.
Since the depletion of added ADP during A-GF and succimate
oxidation was clearly observed by the decrease in the slope
of the polarographic recording, the "RCR-proper! as def imed
by Chance (1958) as quoted by Klingenberg (1967) i.e.

the ratio of the Qo, in the presence of ADP : the Qo,

Following depletion of AOP could be calculated.

These differences im the RCR and ADP:0 ratios
‘observed between the two isolates of A. avenze may reflect
metabolic differences since isolate methods and the media
used were ideﬁticai. Further evidence of differences
between isolates A and F observed with the effect of
respiratory inhibitors seem to substantiate these

differences.
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Response to respiratory imhibitors

The partial inhibition (3B-39%) of state-3, o -CP
oxidation by rotenone which inhibits Complex 1 (i.e.
betwesn NADH-dehydrogenase and ubiquinone - Whittaker
£ Danks, 13878) suggests that X -GP probably has a different
mode of entry into the A. avenae respiratory chain than
is commonly found in mammalian systems. Although X-GP
does not enter via mitochondrizal-NAD-dehydrogenase in
mammal ian systems, this may be possible in the nematode
mitochondria. On the other hand since ¥-CEP commonly
donates to ubiquinone via FAOD flavoproteins (Whittaker §
Danks, 1978) these steps may bs partislly sensitive to
rotemone,; to account for 38-38% inhibition of & -GP based
respiratory Q0,. Chezh {1867b]) found similar inhibition

of & -GP and NADH+H' oxidation in Moniezia expansa with

amytal, which also inhibits Complex-1. However in

M. expansa, the connection between flavoproteins and

the branched cytochrome chzin is effected by vitamin-K
and not by ubiquinone.~ the latter criterion being more
.common with bacteria than in higher organisms {Von Brand,
1979). Whether roterone inhibits flavoprotein complexes
containing FMN ratﬁer than FAD, is however not known
although in mammalian systems Complex~1, which contains
FMN and iron-sulphur compounds is inhibited by it, the
transfer of electrons from X-GP— FAD—U0 is not

affected by rotenone (Whittaker & Danks, 1878).



Legend and Abbreviations for Figure 50

o~GP - o~glycerophosphate NaCN ~ sodium cyanide

Suce - - sodium succinate . co - carbon monoxide

B Hy.But. - P-hydroxy butyrate NaNz; - ~ sodium azide

Pyru - pyruvate oGPDH - uoGlycerophosphate dehydrogenase complex
FAD -~ flavin adenine dinucleotide (Complex) TMPD - tetramethylphenylenediamine

FMN - flavin mononucleotide'(Complex) Cyt - cytochrome

GPO - L-a~glycerophosphate oxidase complex NAD "= nicotinamide adenine dinucleotide

SHAM - salicylhydroxamate (sodium salt) uQ - ubiquinone

Complex 11 - Succinate dehydrogenase complex | IF - A.avenae isolate-F

Complex I - NADH+H+ dehydrbgenase complex - IA - A.,avenae isolate-A

FP - Flavoprotein associated with cyt.0

Figures in parenthesis:- Maxima as observed in (ferricyanide)-{(ferricyanide + SO, ) difference spectra measured at room
temperature (240C)

Prominent in isolate~F preparations only' (See Figure 5%4)
ke '
Predominant cytochrome species as observed in (ferricyanide Oxidised)-(S0, reduced) difference spectra

All absorption maxima as observed at room temperature (24°C)



Figure 50 © Characteristics of mitochondrial electron transport of A.avenac isolates and the cffect of inhibitors,
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Antimycin-A

The rotenone inhibition however, was almost
completely relieved by succinate in both isaolates A and
F. The succinate oxidation of isolate-A mitochondria,
in the presence of rotenone, was very little affected
(0 - 19% inhibition) by concentrations of antimycin-A
(2 Fg/mg protein) which were about five times the amount
required for complete inhibition of the classical

mammal ian systems (Chezh, 13876).

In contrast the succinate oxidation of isolate-F
mitochondrial prepsrations were more than 85% inhibited
by identical concentrations of zntimycin-A. The great
difference of the effects of this inhibitor suggessts
the presence of antimycin-A insensitive and sensitive
pethways of succinate-cxidation. The partial iFf not
complete insensitivify of succinate-oxidation of isclate-
A mitochondrial preparations suggests that in,isolate-A,
an alternate electron transfer sequence which bifurcates
at the cytochrome-b level or at the preceding ubiquinone
level (i.e. between Complex-I and Complex-III] operates
with a much greater turn-over than in isolate-F. The
incomplete iﬁhibition of succinate-~coxidation of isoclate<F
also suggests that this isolate also has potential anti-

mycim-A insensitive respiratory oxygen uptake.

The terminal oxidase of the alternate i.e. anti-
mycim-A insensitive sesquence may in all probability be
cytochrome-0. Such branched respiratory chain systems,

one with the classical—gg3 type terminzl-oxidase and the



other with cytochrome-C are widely distributed amang
helminths (Von Brand, 1979) and has been reported *o
occur in Ascaris, (Cheah, 1878, 1874); Moniezia
expansa (Cheah, 1966, 1967b, 1872) and in Fasciols

(as quoted by Barrett, 1976). Moniliformis dubius

(Bryant & Nicholaé as quoted by Von Brand, 1879] mito-
chondrial preparations were only partially semnsitive

to antimycin-A. The higher sensitivity of isclate-F
mitochondrial preparations to antimycin-A suggests that
these mitochondria may be more dependent on the classical
cytochrome-oxidase i.e. cytochhome-gga as the terminal
oxidasé with a small but significant capacity Ffor
alternate terminal electroﬁ transfer, perhaps mediated

by cytochrome-0.

Ascorbate TMPD oxidase activity and effect of NaCN

The inhibition by antimycin-A of mitochondrial
preparations of both isolates of A. avenae were completely
relieved by the ascorbate/TMPD combination which donates
eleptrons to cytochrome-c, by-passing the antimycin-A
inhibition site of Complex-III. However 1 mM cyanide
inhibited 88<91% of the éscorbate/TMPD stimulated
respiratory O, uptake of isolate-F mitochondria, but only
B0-66% of that of isolate-A mitochondria. This suggests
that the major pathway responsible for electron transfer
to oxygen in isolate-F mitochondria is mediated by the
classical cytochrome-az, type terminal oxidase. The
higher percentage of residual, i.e. cyanide insensitive

oxyden uptake im the prasence of ascorbate/THMPO in



170

isolate~A mitochondrial preparations is probably due

to an alternate-terminal oxidase(s) which could be
cytochrome-0 and/or other terminal oxidases. It is

known that cytochromz-0 remains unaffected by concen-
trations of cyanide which wholly inmhibit cytochrome~§§8
(Bowmann & Flynn; 19765 Lemberg & Barrett, 1873). In
fact Lemberg and Barrett (1973) reported that "cytochrome-
0 which is less sensitive tc cyanide than cytochrome—g3

and the degree of imhibition varies with the system in

which cytochrome-0 is the terminal electron acceptor".

However it has beern shown that the combinmation
ascorbate/TMPD could also donate electrons and thereby

reduce the cyt.-0 of Mycobacterium phlei (Revsin &

Brodie, 1989 as quated by Lemberg & Barrett, 1873).
Cheah [(1868) has shown that ascorbate per se could

donate electrons directly to cytochrome-0 in Halobacteriun

cutirubrum. Therefore in evaluating the effect of cyanide

on the ascorbate/TMFD stimulated oxygen uptake of A.avenae
mitochondria this should be borme in mind since ro
experiments wers conducted to see whether this was the

case in the mitochondria of A. avenze.

Carbon monoxide as inhibitor

In contrast with the 88% mean inhibition oF'the
ascorbate/TMPD induced oxygen uptake observed with 1 mM
cyanide, a 93% mean inhibition was obtained when CO was
applied following cyanide thsathent. CO inhibited nearly

40% of the cyanide imsensitive respiration in the
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presence of ascorbate/TMPD. CO binds with cytochrome-0
and the binding is not photosensitive umlike the light
reversible inhibition of cytochrame-sg by CO. Thus

the increased inhibition of the QD, by CO in the
presence of light is probably due to the complete or
partial inhibition of a relatively cyanide insensitive
terminal oxidase which could perhaps be an oxidase

similar to cytochrome-0 or cytochrome-0 itself.

However, the cyanide insensitive, X-GF induced
respiratory state-3 002 of isclate-A mitochondria wss
approximately 25% inhibited by 3 mM salicylhydroxamic
acid (SHAM) and the total inhibition by cyanide and SHAM
was increased to a mean 71%. The residusl, i.s. cyanide/
SHAM insensitive respiratory oxygen uptake was nearly 80%

inhibhited by CO.

The K ~glycerophosphate-oxidase (GPQO) system

demonstrated in T. taeniseformis mitochondria by Weinbach

and Von Brand (1970) is now known to be specifically
inhibited by SHAM, (Hill, 1976) and is localized within
the mitochondria (Weinbach & Von Brand, 1970; Opperdoes

& Borst, 1978]. The GPO complex is a flavoprotein oxidase,
iron, thiol groups and FAD were initially suggested as
components of the oxidase (Grant & Sargent, 1961 as

quoted by Bowmann § Flynn, 19768). Recent studies Ey
Fairlamb and Bowman (1975] as quoted by Hill (187s5]

have shown the presermce of FAD, copper, iron, but the
absence of acid-lsbile-sulphur dr acid extractable irongj

copper and non-haem iron has also been established (Hill,
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18976). The fFact that SHAM inhibited nearly 22% of
the & -GP induced state-3 respiratory rate of mito-
chondrial preparations of both isolates in the absence
of any other inhibitor suggests the operation of a
X ~-glycerol phosphate-oxidase in these isclates of

A, avenae.

Azide inhibition

The SHAM insensitive, {-GFP induced stste-3 rate
of isolate~A mitochondrial preparations were approxi-
mately 66% inhibited by (3 mM] sodium azide, and that
of isolate-F was approximz=tely 85% inhibited by azide.
Since gzide is a more specific imhibitor of cytochr‘ome-—_a_3
than cyanide these percentage inhibitiom Figures probably

reflect the dependency of the two isolates on the

classical aag type terminal oxidase.

Thué, the information obtzimed from these observ-
ations with imhibitors suggest that a multiple-~oxidase

system is present in both isolates of A. avenae. However,

the relative dependencies on the oxidases seem to vary
significantly in each isolate. Barrett {19758] poimted
out that theré may be octher terminal oxidases in addition
to cytochrome-as and 0, =nd did not rule out the
possibility of flavoprotein oxidases as terminal oxidase
agents. The results of the present study suggests that
A. avenae possesses an azide-sensitive oxidase; an
azide/SHAM insensitive but Cﬂfseﬁsitive oxidase; and

a SHAM-sensitive oxidase.
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In whole worm suspensions of isolate-A,cyanide
(1-3 mM]) was found to stimulate oxygen uptake at high
temgeratures. It has been shown that cytochrome-D
mediated terminal oxidation tresults in the production
of hydrogen-peroxide (Chesh, 1966; 19687b, 1972, 1975].
The GPO-complex is also capable of HEOE generation in
an intermediate step. Barrett (1976]) pointed out that
cytochrome-0 may not be the only source of H202 since
it could also arise at the level of one of the other
b-type cytochromes or from flavoprotein oxidases.
However Weinbach and Vorn Brarnd (1970]) demonstrated the

GPO-cycle in T. taeniaeformis but were unsuccessful

in demonstrating the productiomn of HED2 and attributed
this to the presence of 2 catalase in the miteochdonrial
preparation. As will be seen in Chapter 78, A.avenze
mitochdndrial fractioms had catslase (i.e. hydrogen-
peroxide-oxido-reductase) activity, but no HZOE formation
by the mitochondria could be demonstrated, although
spectral evidence strongly suggestSevidence of multiple
oxiéases.

Barrett (1976) while pointing out that there is

no satisfactory explanation for the stimulation of the

Q0, by CN™ in helminths (such as Moniezia, Ascaris and
Fasciola) speculated that cyanide stimulation may be due
to the removal of inhibitions imposed on flavoprotein

enzymes by virtus of the cyanide ionsg’

carbonyl-combining,
metal-chelating properties; or that the cyanochromogens
formed in the presence of cyanide may have a more Favour-

able redox-potential For oxidation. Another possible
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explanation cited by Barrett (1876) was that when the
classical chain is blocked, the drop in ATP production

is reduced and so to compensate fFor this, the flux (of
electrons) through the alternative oxidase is increased.
It is of interest t§ note that in the majority of
instances where stimulation of the oxygen uptake of
organisms (or by sdb-cellglar fractions) by cyanide
and/or carbon monoxide has been described, multiple-
oxidase systems implicating cytochrome-0 and cytochrome-a

3 .
have been demonstrated.
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CHAPTER 7B

Spectrophotometric analysis of cytochromes

in the mitochondrial fractions

of isolates A and F

Materials and Methods

Mitochondrial fractlons of the 2 isolates of
A. avenae were prepared as described in the Materials
and .- Methods in Chapter 7A. The cytochrome spectra
were determined using a Shimadzu Model, MPS SOL split
beam spectrophotometer: Low temperature (77°k) spectra
were recorded using an Aminco-Chance DW-2 with aual beam
Facility. |

1, Suspenéion medium For cytochraome spectra

A medium containing 225 mM mannitol, 75mM sucrose,
0.2 mM EGTA and 75 mM Na-PO, buffer pH 7.4 with 1 mg/ml.
bovine serum albumin (hereafter referred to as MSEB) was
used as suspending medium for the mitochondria in order

to obtain difference spectrs.

Approximately 0.7~0.8 ml of the mitochondrial
“preparation (in isolation medium) was dispensed into each
of two silica micro cells, 1.5 ml volume and 10 mm path
length. Adequate MSEB medium ( an equal volume) waé
added to each micro cell to cover the fisld of the beam.
The celis usually contained between 2-3.5 mg mitochondrial
protéin. This ensured equal amounts of mitochondrial
material in reference and test cells., Base lines-were
obtained using matched cells containing equal quantities

of the suspensions.
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Addition of substrates

| Substrates were added to the test cell while the
reference cell was oxidised either by bubbling air or
by the addition of potassium ferricyanide. NADH, X-GP,
succinate were usea to reduce the.mitochondria in the
test cells. When substrates were added to the test cell,
equal volumes of buffered medium (MSEB) was added to the
reference cell to correspond with the dilution of the

test cell.

Inhibitors

The effects of Antimycimn-A and cyanide on the
spectra were obtained by oxidising the reference cell
with ferricyanide and adding the inhibitors to the test

cells.

Oithionite reduced vs. ferricyanide oxidised spectra

A 5.8 mM solution of potassium Fer-r'icyanide-Na3
[Fe[CN)é) was prepared in buffered suspending medium.

2o Fl of this was added to the mitochondrial preparation
(in isolation medium] and mixed thoroughly. The suspension
ﬁas divided equally into 2 microcells, and an equal volune
oF'BUSpend;ng medium (MSEB) was added to each to cover

the field of the beam. This ensured that ths baseline

was recorded in the presence of equal amounts of ferri-
cyanide in both reference and test cuvettes. The

application of ferricyanide to both reference and test

cuvettes ensu-es more accurate baseline balancing since



177

ferricyanide itself absorbs in the visible range
(Dr; John Palmer pers. comm.). The cytochromes were
quantified from difference spectra obtained in this

manner.

Carbon monoxide difference spectra

The reference and test cuvettes containing mito-
chondria suspended in MSEB were used to obtain a base-
line, Following which 1 mg of sodium dithionite was
added to both cells. Pure CO (BOH) was bubbled through
the test cell sample for 1-3 mins or as required. The
isobestic point at 540 nm was sdjusted to correspond with
that on the baseline obtained earlier and the difference
spectrum i.e. (dithionite reducedl)-dithionite reduced +

C0) recorded on slow speed.

When the same preparations of mitochondria were
used First to obtain (oxidised)-(reduced) spectra and
then the dithionite~reduced CO-difference spectra in
order to comparefhe spectral éhanges induced by CO in
identical preparations, the following procedure was

followed.

Mitochondria prepared from approximately 7-8 g of
nematodes were suspended in about 1.2 ml of iseclation
medium., This was uniformly divided into two micro cells
{(matched, 1.5 ml capacity, 10 mm light path, silica micro
cuvettes) and the minimum volume (usually 0.8 ml) of

MSEB medium was added into each cuvette which was adequate
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to cover the Ffull field of the beam. A baseline was
obtaﬁned using these cells, following which 10 Fl of
5.8 mM fFerricyanide in MSEB medium was added to the
reference cell and 1 mg of sodium dithionite was added
to the test cell, fhe isobestic point at 540 mnm was
Fixed to coincide with that on the baseline and the
(Ferricyanide oxidised)-(dithionite reduced) difference

spectrum recorded.

In the next stege pure CO (BOH) was bubbled
through the test cell (slready reduced with dithionite)
for 1.0 min and egain the iscobestic point (at 540 rm)
fixed to that on the baseline and the (ferricyanide
oxidised)-(dithionife reduced + COJ difference spectrum

recorded.

In the final stage the reference sample was reduced
by the addition of 1.0 mg dithionite, the isobestic point
at 540 nm fixed to that on the baseline and the
(dithionite reduced in the presence of ferricyanide)-

(aithionlte reduced + CO) difference spectra obtained.

Ascorbate reduced CO-difference spectra

To reference and test samples prepared as above,
ascorbate was added to a final concentration of 10 mM in
each sQSpensian, following which the test cell suspension
was bubbled with pure CO for 3 mins and the difference
spectrum recorded after adjusting the isobestic point

at 540 mm. Following this =a solution of sodium cyanide
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in Na-P0, buffer was added to the test cell to give a

Final conmcentration of 1 mM, the isobestic point 5S40 nm
adjusted to coincide with that on the baseline and the
(@scorbate-reduced])-(ascorbate 4+ CO + NaCN) difference

spectrum recorded.

When more comparative data waes necessary fraom a
limited sample of mitochondria the following sequence
was followed. The mitochondrial suspensions were
uniformly dispensed into the two cuvettes and a baseline
reco;ded. The reference sample was then aerated for
2-3 mins. by bubbling air and to the test cuvette
ascorbate was added to give a final concentration of
10 mM. Thus the [eﬁdogenous oxidised)~(ascorbate-reduced)

difference spectrum was aobtained.

Next, the test cuvette (with 10 mM ascorbate) was
bubbled with CO for 3 mins and the difference spectrum
recorded after aerating the reference sample. This gave
the (endogenous oxidised)-(ascorbate + CO) difference

spectrum.

In the next stage the reFerence'sample was trested
with ascorbate and the (ascorbate reduced]-(ascorbate reduced
+ C0) difference spectrum recorded. Next the (ascorbate-
reduced)-(ascorbate reduced + CO + NaCN) difference spectrum
was reeorded by adding NaCN (1 mM]) to the test cuvette.
Finailyf1.0 mg dithionite was added to each sample to obtain
the (ascorbate + dithionite reduced)-{ascorbate + dithionite

reduced + CO + NaCN) differernce spectra. The latter could
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for all purposes be considered (dithionite reduced);
(dithionite + CO + NaCN] difference spectra since the
reducing power of dithionite overrides that of ascorbate.
In all cases the isobestic point at 540 nm was First
adjusted to coincide with that on the baseline before
recording each spectrum. Each scan tock approximately
2-3 mins and therefore it was possible to record the
difference spectra at short intervals even at low scan

speeds.

The detection of hydrogen peroxide in mitochondrial

incubates of A. avenage

A qualitative test developed by Maehly and Chance
(1954]) as quoted by Cheah (1968) was employed to detect
H,0, in the mitochondrial fractions. Approximately 0.25 ng
mitochondrial protein was suspended in 1.0 ml of reaction
medium (Materials and Methaods, Chapter 7A ) andvincubated
with 5 mM succinate, 5 mM -glycerophosphate, and 1 mM

NADH*H*, for 2 hr at 30°C. Following irmcubation, 1.0 ml

of 20 mM guaiscol and 0.3 ml of 0.1% hotrse radish

peroxidase was added. The red brown colour (if any resulted)
was rapidly extracted with an equal volume of ether'and its
épe;trum i.e. that of tetra-guaiacol was recorded in a
Shimadzﬁ spectrophotometer. Ether standard was used as

reference.
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Detection of catalase activity in mitochondria and in

the 12,000 g supernatant remaining after mitochondrial

precipitate was removed

To 0.1 ml of mitochondrial suspension (spproxi-
mately 0.25 mg mitoéhondrial protein) was added 0.2 ml
reaction medium, 30 Fl of a hydrogen peroxide solution
(0.005 mM). After 10 min incubation at 30°C 1.0 ml of
a 20 mM QQBiacol and 0.3 ml of 0.1% horse radish
peroxidase was added. The resulting mixture was immedi-
ately extracted with an equal volume of ether and the
spectrum of the extract recorded. As a control, an
identical volume of the mitochondrial suspension was
heated to boiling in 0.2 ml of reaction medium and was
treated in an ° identical manner to the unboiled sample-

in order to obtain the spectrum.,

To obtain the standard tetraguaiacol spectrum, to
30 Fl of a hydrogen peroxide solution (0.005 mM) was
added 1.9 ml of 20 mM guaiacol, and 0.3 ml of a 0.1%
horse radish perﬁxidase. The‘red brown colour [tafra-
guaiascol) was repidly extracted with an equal volume of
ather and the spectrum of the extract recorded. This
standard Spedtrum was compared with the spectrum obtained

with the test and control spectra.

The difference spectra of whole worms

A. avenae were harvested from mass'culturas and
extracted as described in the General Materials and Methods.

0.86 ml of live worms containing 60 mg wet wt nematodes/ml
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was dispensed into each of 2 silica cuvettes (3 ml volume,
10 ﬁm light path) and an equal volume of 50% (w/v])

Filcol was added to each cuvette to prevent the nematodes
from sedimenting. After obtaining a baseline the
following diFFerencé sSpectra were ébtained.

1) (merated) minus (KCN reduced) 2] (ferricyanide]-

(NaCN reduced) and 3) (Ferricyanidel~(dithionite + KCN

reduced)].
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Results

The difference spectra of isolate-F whole worms.

When the reFérence sample was aerated and 3mM
KCN was added to the test sample, the difference
spectrum showed the appearance of a clear peak
at 427 nm. in thé Soret region while more diffused
peaks‘one with midﬁoint at 564-565 nm and another at

B00-602 nm. (Fig. 51A) were also suggested.

Addition of dithionite to the test sample and
ferricyanide to the reference sample enhanced the peaks
and the (ferricyanide oxidised)-(dithionite + NéCN
reduced) difference spectra showed é broad peak stretched
over 30 nm from about 548-572 nm with the mid point at
564-565 nm snd a suggestion of a peak at about 554-E55nm .
(Fig. *51. ] which suggest b and ¢ peaks respectively.
The combined J-peaks of the b and c types were seen at
around 527 nm. A small hump around 600-602 nm suggests

the o-peak of an a type.

The difference spectrum of the 380 g precipitate

In the preparative technique employed by Rothstein
et al. (1970) for T.aceti mitochondria, following
homogenisation of the worms (using graded sand as abrasive)
the homogenate was First centrifuged at 480 g and the
resulting precipitate was discarded. Murfitt, Vogel and
Sanadi in isolating the mitochondria of C.elegans
discarded the supernatant of the First (380 gl centri-

thation. (Murfitt et al., 1976).
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-Figure 52
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The (Ferricyanida-dkidised) - (ditHionite Reduced) differences spectrum of the
380 g sediment resulting from the first centrifugation in the preparative method

for the isolation of A. avenae mitochondria. (This fraction was discarded in
some isolation procedures, viz., in the preparation of mitochondria from -
Turbatrix aceti by Rothstein et al., 1970] -
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Figure 53 A typical (Oxidised)-(Reduced) difference spectrum of sn Isolate-A
mitochondrial preparation (Spectrum recorded at room temperature 24°C)
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Therefore the haomogenates of A.avenae (isolate~F)
was centrifuged at 380 g and the pellet was examined
in the Shimadzu MPS-S0L. The (dithionite reduced])-
(Ferricyanide oxidised) spectrum of this fraction
clearly showed the presence of cytochrome components

(Fig. 52J].

The (oxidised)-(reduced)] spectra of mitochondrial

fractions of isolates A and F (at room temperature]

The room temperature (ferricyanide oxidised)-
(Ferricyanide + dithionite reduced) difference spectra
of mitochondrial preparations of isclate-A (Fig. 53)
exhibited absorbance maxima at 603.5 nm, 560.5 and
551.8 nm. These correspond to the XK-peaks o# cyto-

chrome 224, b and ¢ types respectively. The room
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temperature difference spectra of isolate-F preparations

(Fig. 54) showed similar &-peaks at 603.3 nm, 559.5 nm

and 551.8 nm.

The corresponding f-peaks of the b-type and c-type

" eytochromes of the mitochondria of isolates A and F

exhibited minor differences in the R.T. spectra. There

were 3 absorption maxima discernible in each isclate.

Isolate-A {Fig. 53) exhibited peaks at 536.4, 525 and

528.7 nm; while isolate-F (Fig. 54) preparations showed

peaks in the ﬂ-range at 533.7, 525, and 528.7 nm. The

536.4 and 533.7 nm maxima represent the p-peaks'oF the

b-type cytochromes.



Figure 54 A typical (Oxidised)-(Reduced) difference spectrum of an Isolate-F
mitochondrial preparation (Spectrum recorded at room temperature 24°C)
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Figure 55 Low resolution recording of the (Oxidised)-{Reduced]) difference
spectrum of a typical Isolate-A mitochondrial preparation.

Spectrum recorded at room temperature (24°C) using the
Shimadzu MPS~50L Spectrophotometer.

A - Ferricyanide

T - Ferricyanide + Dithionite

—f

R:~ Reference cell; T:- Test cell
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Figure 55 shows the Soret region {peak at
432.nm] in relation to the K and ﬁ peaks in a low
resolution scan (obtained using the Shimadzu MPS-S0L
Spectrophotometer] of the (ferricyanide)-(ferricyanide
+ dithionite) difference spectra of isolate-A mito-

chondria.

The difference spectra at 77°K

The -196°C i.e. liquid nitrogen temperature
(Ferricyanide)~(ferricyanide + dithionite) difference
spectrum of isolate-A mitochondrial preparations (Fig.56)
showed the presence of an X~peak at 557.7 nm which
co-related with the‘SSO.S nm room temperature & peak of
the b-type cytochrome. However the absorption pesk
which at 77°K would co-relate with the room temperature
peak at 551.8 nm and which was expected to occur at
549.8 or 548.8 nm i.e. a wavelength 2-3 nm shorter than
the wavelength at which the room temperature maximum was
observed, was ndt apparent. instead a peak was observed
at S25 nm which did not co-relate with either the 560.5 nn
(b, ¥ J or the‘551.8 nm (c, X Jpeak.observed at room

tempereture..

The absorption maxima in the ﬂ region were seen at
520.5 and 528.5 nm. while the K-peak at 596.0 corresponds
to the X -peak of cyt.aas.

The difference spectra (77°K) of the 1solafe-F

preparations (Fig. 57) showed maxima at 557.5 ({of b typel,
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Figure 56 A typical (Oxidised)~-(Reduced) difference spectrum of an isolate-A mitochondrisl
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Figure 57 A typical (Oxidised)-(Reduced) difference spectrum of an Isolate-F
mitochondrial preparation. Spectrum recorded at -196° (77°k)
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Figure 58 Substrate (< -GP) induced reduction of cytochromes of a typical isolate«F
mitochondrial preparation and the effect of antimycin-A. Spectra recorded
at 24°C
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A:- Aeference cell; T:~ Test Cell.
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551.5 nm. The latter could be the unresolved peak

of a b and/or ¢ type cytochrome since a suggestion

of a peak at 548 nh (the 77°K X -maximum of the c-type
cytochrome which co-relates with the 551.8 room
temperature c, X peak) was apparent. In the p-region,
maxima were seen ét 520 and at 528.4 nm. The a-peak

of cytochrome-a was clear at 536 nm.

The concentrations of the cytochrome components
for each isolate computed employing the simultaneous
equation-matrix of Williams (1863) e given in Table 25.
The extinction coefficients used are given in Appendix

7-3.1 and the matrix computation in Appendix 7-3.2,

The effect of substrates and antimycin-A on the

difference spectra of isolate-A mitochondria

Figure S58A shows the endogenous reduction of
isolate-A pigments achieved by geration of the reference
sample while the test sample was kept stagnant. The
increase in absorbance in the ﬁ-regibn (maximum at 536 nm)
and in the &-region at 555 and at 552 nm indicates the
reduction of b and ¢ type cytochromes with a suggestion
of a weak méximum at around 600 nm which is probably the

X of a~type cytochromes.

AOn application of 5mM & ~glycerophosphate to the
test sample while the reference was o*idised using
ferricyanide produced a broader peak in the X-region
with the mid-point of the peak at 560 nm while the

absorption at 536 nm increased little. (Fig. 57A and B).
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Addition of antimycin-A to the test sample had
liﬁtle effect on the difference spectrum (Fig. S57CJ).
The absorbance incﬁeased at 560 nm, minutely more than
at 552 or at 555 nm and a small trough appeared between
555 and 560 nm, suggesting that the b-compaonent at 560 nm

was relatively more reduced.

This preparation had the greatest concentration of
mitochondria and was prepared from approximately 20 g
wet weight of whole nematodes. A sample of this
preparation was used to aobtain the high resolution spectra
[Figs.lss and 56) at room temperature and at liquid nitrogen

temperatures in the Aminco-~Chance spectrophotometer.

However the response to substrates and antimycin-A
were not so well defined as expected. This may be because
the preparation was frozen for some time before analysis

due to unavoidable circumstances.

The effect of substrates and NaCN on isolate-A mito-

chondrial preparations

The additiom of succinate to the test sample while
the reference was stagnanmt produced little change in the
difference spectrum (Fig. 58A,B and C) since only é peak
at 465 nm and a diffuse increase around 534 nm was appatent,
Little>change was appatrent even after 5 mins. Oxidation of
the EeFerence sample with ferricyanide increased the

absorption little between 534 and 560 nm.
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Figure S8: The effect of substrates (succinate) aand NaCN
on the difference spectrum of a typibal

isolate-A mitochondrial preparation.

R
— 434 (o) ¢

Ferricyanide

NaCN (1mM] after succinate
{1 min after NaCN)

R - Ferricyanide
(E]
T = NaCN (1mM)
(7 mins after NaCN)

434

. : ——ieonm r—-
R = Stagnant . '
(Ad T = Succinate (SmM) + aeration
(B) R - same as [(A] after 5 min —
T -
R - Ferricyanide
(c) T

- Succinate + meration
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However , addition of 3 mM NaCN to the test
saﬁple (while the reference sample was oxidised with
ferricyanide) broﬁght about an immediate change in
the difference spectrum. Figure 590 shows the spectrum
recorded 1 min following cyanide application. A peak
appeared at 434 ﬁm in the Soret region, with a prominent
shoulder between 460-482 nm. A trough with minimum at
510 nm was followed by a diffuse peak originating at

about 534 nm and culminating at 560 nm.

7.0 mins following NaCN application {(Fig. S3SE)
the péak at 434 nm increased sharply by about'0.04 units
and the shoulder between 460-4B62 nm was not discernible,.
The trough at 510 nm shifted to 498 nm and a clear peak
appeared in the ﬂ-regicn at 536.5 and a second sharper

peak at 564 nm in the «&-region.

Addition of ascorbate (5mM) to the test sample in
the_presence of NaCN + swuwccinate (Fig.S508) reverted the
difference spectrum, in that the absorbance at 434 nm.
was reduced (by about 0.02 units) and the shoulder,
which appeared upon immediate applicétion of NaCN (Fig.590)
reappeared and the peaks in the « (564 nm} and A (536 nm)
regions first observed after 7 mins in NaCN (Fig.lssE)
were diminished to a more diffuse X-peak at 540 nm
while the B-maximum at 564 nm showing a reduction in

D.D; remained,



Figure 60
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The effect of ascorbate (5mM] an the difference
spectrum produced by a typical Isolate~A mito~-
chondrial preparation in the presence of
cyanide. .
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R - Ferricyanide
az2 (LY T - Succinate (5mM)
) R - .
(B) T same after 5 mins ——
R - Ferricyanide
, (c) N
o . T - Succinate + Antimycin~A (2 ug mg protein ")
416 \g R ~
' T (D) T - same after 5 mins
. . ' R - Ferricyanide
() , : ' .
T - Succinate + antimycin A + NaCN (1mM)

R:=~ HAeference ceil; T:= Test cell

5339.5

554 564

417

. . i
Figure 61 The effect of succinate, antimycin-A, and cyanide on the difference spectrum
produced by a typical isolate-F mitochondrial preparation
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6. The aeffect of substhatestantimycin-A,and NaCN on

isolate-F mitochondrial preparations

Addition of 5 mM succinate to the test sample
while the reference sample was oxidised by ferricyanide
(?ig. 61A) producea a small increase in absorbance at
430 nm and a diffuse increase in the & and £ regions
of the spectrum. 5 min after the treatment, the Soret
peak at 430 nm was significantly increased (Fig. 618)
and two clear but small peaks were dispernible at 564
and 554 nm in the -region indicating the reduction
of b and ¢ type cytochromes. The corresponding ﬁ-region

was diffused and unclear.

-Addition of ahtimy;in-A (ﬁpg/mg protein) to the
test cell reduced with succinate further emhanced the
430 nm Soret peak (Fig. B1C) but in the o~region the
trough between the 554 and 564 nm maxima disappeared
and the absorbance at 564 nm perceptibly increased 5
mins after antimycin-A treatment, (Fig. S51D) the 564 peak
being ciearly more enhanced rélative to the 554 peak of
the c-type. Accompanying this, the Soret peak had shifted

approximately 2 nm to * - 432 nm.

Finally in the (ferricyanide)-(succinate + antimycin-A
+ NaCN) difference spectrum (Fig. 6lE) the Soret maximum
at 432 was further enhanced while the 554 and 564 increased
little from that seen inthe (ferricyanidel)-(succinate +

antimycin-A) difference spectrum.
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Difference spectra of the CO-complexes of isolate-F

mitochondria

The difference spectrum of the CO-complexes of
isolate-F mitochondria is shown in Figure 62 in the
sequential form in which it was obtained. Since the
Soret peaks of thé cytochrome components and their
change were to be Eecorded,a different scale, i.e. the
highest resolution afforded by the Shimadzu MPS-50L

spectrophotometer was employed.

Figure 63 shows the major changes in the Soret
maxima recorded during the sequence followed in obtain-

ing the dithionite reduced CO-difference spectra.

The (ferricyanide Ox.J)-{dithionite ARed.]) difference
spectrum (Fig. B62A) shows peaks at 564 nm (b, « ]} and

534 nm ( p c and b type) with the Soret peak at 432 nm.

On treatment of the dithionite reduced sample for
1.0 min with carbon-monoxide (Fig. 628) the peak at

564 nm decreased in absorbance while the 534 nm peak

shifted to 540 nm with a slight reduction in absorbance.

Significantly the Soret-peak shifted towards a shorter
wavelength by spproximately 11.0 nm., to 421.5 nm. with

a concomitant increase in absorbance.

On reduction of the reference sample also with
dithionite (Fig. 62C] the test sample having been initially
reduced with dithionite and treated with Co for 1.0 min.,
the Soret peak shiFted 3 nm towards the shorter wavelength
to peak at 419 nm-this.time accompanied by = 0.01 reduction

in absorbance.



R - Ferricyarride
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(A) 1 . pithionite

R -.Ferricyanide

(8] T - Dithionite + CO for 1.0 min

(Immediately after CO treatment
R - Dithionite

(cJ T - Dithionite + CO for 1.0 min
421.5 + (3 mins afFter CO treatment)

R - Dithionite
(D) T - Dithionite + CO for 7 mins,
(Immediately after. 7 mins

treatment)

- -
- -
- - -

/

Flgure 62 Changes recorded in the (Oxzdxsed]-(ﬂeduced) difference
spectrum of a typical mitochondrial preparation of
isolate~F during the sequence employed to obtain the
final CO-difference spectrum viz.,(Dithionite reduce)-—-
(Dithionite + COJ



Figure 63 Changes in the Soret-maxima recorded during the ISOB3.
sequence employed to obtain the CO-~difference
spectrum of an iscolate~F mitochondrial preparation

——— .-

R - Ferricyanide
(A) 7 _ Dithionite

R - Ferricyanide
(8] T - Dithionite + CO for 1.0 mins fimmediately after CO treastmen
R -~ Oithionite - | '

el T - Dithionite + CO for 1.0 mins (7 mins after CO treatment)

A:- Reference Cell; T:- Test cell
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In the & and ﬂ regions, (Fig. 62C) the peak at
584'nm disappeared and a nmew peak appeared at 572 nm,
accompanied by a trough at 560 nm. The peak at 540 nm
remained unaltered.

When CO was bubbled continuously fer 7.0 mins.,
the Soret peak at 418 (Fig. 620] increased significantly
in absorbance and a marked trough appeared at 445 nm while
two new peaks appeared at 457 nm and at 507 nm. The
trough at 560 nm deepened but the peaks at 540 and 572
remained unaltered.

A clear peak corresponding to the o -peak -of the
aS-CD complex was not seen at 594 nm although a diffuse

peak was observed at 5398 mm (Fig. 620).

The time dependent changes in the CO-differsnce spectra

of isolete-F mitochond-ia

The changes in the absorption maxima of the CO0-
difference spectra with time following reduction of the

reference sample with dithionite is shown in Figure 64.

After 3.0 mins following treatment of the test
cell with CO, the Soret peak was observed at 429 nm
(Fig. 64T41]. The broad trough with midpoint at 483 nm
observed in the (ferricyanide DX.J-[5204 + Cca) difference
spectrum was replaced by a peak at 458.5 nm on treatment
of the reference sample with dithionite (Fig. 64Tz2); in
addition the Soret peak at 421 nm shifted to 419 nm with
a consequent reduction im absorbance and a new peak (at
572 nm) and trough (minimum at 580 nm) appeared while the

540 nm peak became more prominent.
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Figure 64 The time dependent changes in the CO-difference
spectrum of an isolate-F mitochondrial

preparation
419

| 421 T R = Ferricyanide
‘ j/ ‘ 1 T - Dithionite + CO for 3.0 mins
R - Dithionite (after Ferricyanide)
T,-T ' ,
1l '4 T

- Dithionite + CO

1. .

AA = 0.02

-

—-‘QQnm l_

4\ Base Line

- N :‘o‘r T"l

e
s - 3 mins. after reduction of reference sample with Dithiomit
i.e. 5 mins after CO-treatment of test sample. tg

TS- - 10 mins. after reduction. of reference sample with Oithioni

i.e. 7 mins after CO-treatment of test sample .
e
a - 15 mins. after reduction of reference sample with Dithh:nﬁ

i.e. 12 mins after CO-treatment of test sample

- T
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Table 25
. The concentration of cytochromes in mitochondria isolated

from isolates-A and F of A.avenae

Cytochrome Wavelength Ma jor Concentration

Pairs {nm) Coefficient (n.moles/mg protein)

(m.molar Isolate-A  Isolate-F
cm™ ')

| (=2 + a,) . 605 - 630 12.0 0.140 0.148
b-types 563 - 577 14.3 0.272 0.299
cy - 554 - 540 18.8 0.113 © 0.126
c 550 - 535 21.0 0.057 0.061

- .
" The concentration of cytochrome-a, in the 2 isolates
cannot be calculated according to the Matrix method

of Williams (1964J). The method of Chezsh (18703) was

employed for this and is given in Table 286,



Table 26

181C

‘Approximate concentrations of the CO-reactive cytochromes

in isolates A and F of A.

avenae

Cytochrome Wavelength Millimslar Concentration 4
type pairs Extinction (h.moles mg.protein”
Coefficients Isolate-F Ispolate-A
EmM
24 427 - 4445 148.0 0.078 0.060
(Cheah,1970a]
0 413 - 434 80.0 0.18 0.241
(Cheah,1870a)
Ratio ag:0 1:2.3 1:4.01
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The difference spectrum obtained at time zero
Foliowing 7.0 mins continuous CO treatment was altered
little even after 12 hrs exposure to an artificial light
source (Fig. 85). The small changes apparent were
a) the shift of Sofet peak from 4‘7 - 420 b) the shift
of 445 trough to 447 <c¢] shift of 507 peak to 504.

The 540 and 572 nm pesaks were unaltered as was the

560 nm trough.

Figure 65 compares the CO-difference spectrum 12
and 18 hrs after its inception and the maxima and minima
are basically the same except that beyond the 447 nm
minimum there is a gradual decrease in absorbance viz.
of the 504, 540, 572 and 593 peaks with the troughs at

560 deepening.

The ratio of the difference in absorbance changes
between the wavelength pairs 413-430 nm and 572-558 nm
for isclate-F was 15.95:1 which was calculated from
Figure 64 T4 i.e. 15 mins after CO treatment. The ratio

is characteristic of cyt.(Q.

Difference spectra of the CO-complexes of isolate-A

mitochondria

Figure 86 shows the marked changes in the
difference spectra of isolate-A mitochondria brought
about by the CO treatment of the dithiconite reduced
fFractions,

Figure 66 trace (A) shows the (ferricyanide Oxd.)-

(dithicnite Red.) difference spectrum with the Soret
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Figure 85
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The CO-difference spectrum of an isclate-F

mitochondrial preparation Follawing 12 x 18 hrs

exposure to a light source

420

D A= o0.02

Dithionite
Dithionite + CO
(12 hrs after formation of CO-complex])

Dithionite

‘Dithionite + CO

(18 hrs after formation of CO-complex)

A:- Reference cell; T:= Test cell
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Figure 66 The typical (Oxidised]-(Reduced) difference
spectrum of Isolate-A mitochondria compared
with the CO~difference spectrum of the same
preparation - .
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peak at 432 nm, and the ol and %Bmaxima of the combined
b and ¢ types sppearing at 536 nm and 564 nm at low
resolution, (Fig. 53 shows the higher resclution of

a similar spectrum) in order to accommodate the Soret
peak.

Figure 66 frace_[B] shows the (dithicnite #+ C0OJ)-
(dithionite + ferricyanide) difference spectrum recorded
3 mins after 1.0 min CO treatment of the test cell., The
wide trough with the minimum at . S505 nm disappeared
completely while a new deep and narrow trough with
minimum at 443 nm appesred. At the same time the Soret
maximﬁm shifted 14 nm towards the shorter wavelength to

peak at 420 nm.

Concomitant with these changes the 536 nm peak
disappeared while a new peak at 540 was observed, in its
place. The peask in the d-region at 564 nm completely
disappeared and in its place a trough appeared slmost
directly opposite where the peak had been in the (Oxd.]-

(Red.) difference spectras (Fig. 66BJ).

The peaks at 540, 572 nm and the trough at 560 nm
are charactqristic of the complex cytochrome-0 forms
with CO. The ratio of the difference in absorbance
changés between the waveléngth pairs 413-430 nm and
572-558 nm as measured from Fig. B6B was 13.75:1 which
ies similar to the ratio of cytochrome-0 observed for other

organisms,



Figure 67
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The time dependent changes in the CO-difference

spectrum of an Isolate-A mitochondrial
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Figure 68 The CO-difference spectra of an Isolate-A mitochondrial preparation

following reduction with ascorbate
A - Stagnant following aeration

A T - CO treated Ffor 3.0 mins
A - Ascorbate (5mM)

'| —— B T - Ascorbate + CO (2 min after ascorbate])

same ———— (10 min after ascorbate)

A A= 0.02

445 .
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The time dependent changes in the CO0-difference spectra

of isolate-A mitochondria

-

Figure 67 T1 to T, shows the time dependent changes

in the CO~difference spectra of isolate-A mitochondria.

3.0 mins after CO-treatment for 1.0 min. the Soret
peak at 410 nm showed the highest absorbance. The
trough at 445 nm was shallowest at this time. However
7.0 minutes after CO-treatment the Soret peak shifted
from 418-420 nm with decreased absotrbance. In contrast
the trough at 445 gradually deepened with time up to
30 mins. The peaks at 540, 572 and at 468 nm remained

little affected as did the trough at 560 nm.

The quantification of cytochrome-0 and cytochrome-as

in isolates A and F mitochondrlia using ascorbate as

reductant (After the method employed by Cheah 1570a)

Figure 68A shows the difference spectrum
obtained for isolate-A preparations upon bubbling
CO for 3.0 minutes while the reference sample was

aerated. Significant features here are the peaks at

' 420.5, 433-435 nm and at 445 nm and at 463 nm and

the peak in the g region at 559 and at 572. 2 mins.
after ascorbate was added to both reference and test
samples the (ascorbate red.)-{ascorbate + CO. 3 min.)
difference spectra (Fig. 68B) showed that the peak at
420.5 was enhanced whilg the shoulder at 433-435
remalined along with the trough at 445nm, The

peak observed in (aerated)-(CO-reduced] difference
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Figure‘BQ Changes in the difference spectra of Isolate-A mitochondrial preparation

recorded during the sequence employed to obtain the ascorbate-reduced
CO-difference spectrum

463
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Co (bubbled for 3 mins)
Ascorbate (SmM)

Ascorbate + CO (2 mins after ascorbate)

same —— (10 mins after ascorbate)

Ascorbate

Ascorbate + CO + NaCN 3mM

same as 0 -~ 10 mins after NaCN treatment
same as 0 - 20 mins after NaCN treatment

same as 0 - 30 mins after NaCN treatment

572

__1,‘ f

~—— A B__/ \ a "
_.,'ecxnml.__
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spectrum disappeared and the 572 nm peak was enhanced,

while a prominent new peak appeared at 585,

10 mins after the simultaneous addition of
ascorbate to both the reference and test samples,
(Fig. B88C) only the Soret peak at 420.5 increased

while the others remained unaltered.

Figure 69D shows the effect of 3 mM NaCN added
to the test sample pre-treated with ascorbate and CO
while the reference was reduced with ascorbate i.e.
the (ascorbate reduced])-(ascorbate + CO + NaCN)
difference spectrum. The Soret peak remained at
420.5 but a large increase in the optical density
at this wavelength occurred (Fig. 690). The shoulder
at 433-435 was still present., The minimum at 445 nm
shifted towards 443 nm. The maxima at 540, 572 are

characteristic of the 0-C0O complex.

Table 26 shows the quantities of the two cytochromes
25 and 0 as computed using the extinction coefficients of
Cheah (1870a). It is apparent from these figures that in

isclate-A the ratio of cyt.ag; cyt.0 is 1:4,.01.

Figure 70 shows the CO-difference spectra obtained
with isolate~F, The intermediate stages are omitted.
The procedure followed was identical to that described
for isoclate-A. Figure 7DA shows the {ascorbate red.)-
(ascorbate + CO + NaCN) difference spectrum recorded 3 min
after NaCN application. It shows the characteristic

Soret peak of the 0-CO complex at 420 mnm and the trough



Figure 70 The effect of NaCN on the ascorbate reduced CQ—diFFerence'spectrum of an

isolate-F mitochondrial preparation

A - Ascorbate [(5mM)

A BB 1 _ Ascorbate (5mM] + CO + NaCN (3mM)
A - 3 mins. after NaCN treatment of test cell
B - 10 mins. afFter NaCN treatment of test cell

“"AA = 0.01

-
e - Sy a T O mm e ——
—— -

562

445 as4 - ' :
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at 445 nm formed by the overlapping maxima of the
ag-CO complex with that of the 0-CO complex. The
maxima at 572, 540 nm are characteristic of the D-<COD
complex and that at 595 nm in the X peak of the az-Co

complex,

The concentration of cyt.0 and cy‘c._a_3 calculated

from these spectra are givem in Table 26. The ratio

of cyt.ag : cyt-0 for isolate=-F was 1:2.3.

When dithionite was added -to both the reference
and test samples of isolate-A mitochondria (Fig. 71C)

i.e, (ascorbate 4 dithionitel]-(ascorbate + NaCN + CO +

~dithionite) difference spectrum the Soret peak shifted

to 418.5. The shoulder at 433-435 still remained, The
trough at 445 deepened, the maxima at 540 and 572
increased and for the first time a trough asppeared at
560 nmm which was routinely observed in dithionite
reduced CO-difference spectra (but not observed in

ascorbate reduced CO-difference spectral. This suggests

~ the dithionite reduces an extra pigment which is mot

reduced by ascorbate.

The detection of hydrogen peroxide on mitochondrial

incubates of isclates A and F

No H;0, Formation was detected in either of the
two isolates. The spectrum of authentic tetraguaiacol

is given in Figure 72,



?igure 71 The effect of dithionite on the ascorbate reduced CO-difference spectrum

of an Isolate-A mitochondrial preparation
R - Ascorbate (5mM)
i L.
: (A) 1 . Ascorbate (5mM]) + CD + NaCN (3mM)

"R = Dithionite + Ascorbate (5mM])
(8] T -~ Ascorbate + CO + NaCN {3mM)

R - Dithionite + ascorbate 5mM

1

AA = 0.02
433-435

€ I 540 572

T .

R:~ Reference cell; T:i- Test cell

-l T - Dithionite # ascorbate + CO + NaCN
20 nm '

VYSE64
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Figure 72 The spectrum of authentic Tetraguaiacol

A - Ether

T - Ether extract of i 480
Tetraguaiacol formed by l
HRP acting on 100 ul of

a 3% HEOE solution

diluted in 5.0 ml
water :

340 400 450 500

. 'l'f'"
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13. Detection of catalase activity in mitochondrial

preparations of isolates A and F

The boiled i.=2. heat denatured mitochondrial
suspensions of both isalétes gave the tetraguaiacol
spectrum (Fig. 73) and the light brown-red cdlour was
clearly seen. However the unbeiled mitochondrial
preparation gave no (brown-red) colour and ether
extracts of the post-incubation mixture gave no
absaorption even suggestive of the presence of tetra-
guaiacol. This indicates that the mitochaondrial
preparations .of isolate-A and F have significant
catalase activity, while boiling the mitochondrial
suspension effectively inactivated the enzyme.
Similar experiments on the cytoplasmic fractions
remaining after mitochondria were centrifuged out

also showed high catalase activity.



Figure 73 Catalase activity in the isolate-A

mitochondrial preparations

| ] | !
350 400 450 500
Boiled mitochondrial preparation
——— Unboiled mitbchondrial preparafion

— e —— o o —

e ®asneey

baseline (Ether vs. Ether)

Tetraguaiacol formed by

authentic HEOE

1872A
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Discussion

The (fFerricyanide)-(ferricyanide + dithionite)
room temperature difference spectra of isolate-F mito-
chondria showed the presence of at least one b-type
[ ~-maximum 559.5 ﬁmJ, c-type ( meaximum at 551.8 nm)
and a-type ( X-maximum 803.3 nm) cytochromes. The
difference spectra of isolate-A mitochondria were very
similar showing b-type, é and a~-type cytochromes the
& maxima of which were observed at 560.5 nm, 551.8 nm

and 603.5 nm.

However at liquid nitrogen temperatures the maxima
observed for isolate-A mitochondria were at 557.7 nm
and 552 nm. The First corEBSponds to an approximate
decrease of 2-3 nm of the room-temperature (R.T.)
maximum of 560.5 mnm, but the 551.8 nm maximum which
should have shifted 2-3 nm to between 548 and 549 nm
at 779K was not apparent; instead a shoulder at 552 nm.
was observed. This discrepancy suggests the presence of
at 1ess£ one extra pigment at about 554-555nm which was
not resclved by the low temperature spectra. A similar
discrepancy was seen in isolate-F mitochondria. Although
no attempt was made in the present studies to resoclve
these maxima the discrete use of substrates together
with higher concentrations of mitachondria may be

employed to clarify this {(John M. Palmer pers. comm.)

The x-maximum of the cyt-c of both isolates A
and F at 552 and S51.5 nm respectively is different to

the ¢-maximum described for. Ascaris muscle mitochondria
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which is situated according to Chance and Parsons (1963)
at 547 nm; according to Kikuchi and Ban (1961) who
placed it at 549 nm. However the cyt.b described in

Ascaris by Kikuchi et al (1959), in Moniezias expansa

(Cheah, 1966, 1968) and in Moniliformis dubius (Bryant,

18966) has an aﬁméximum at 553 nm at 779K which is
close to the 552 nm maximum observed at 77°K in both

isolates of A. avenae.

On the other hand, the Ascaris soluble cyt.bsso,
isolated snd characterized by Cheah (1972) had dual

peaks at 560 nm and 552 nm at 77°K. However in both
isolates of A. avenae, although a praominent shoulder

was present st 552.nm, the main peak was at 557.7 nm.
Cheah (1972) also placed the Ascaris cyt.c at 548 nm
which differed with the S47 nm placement by Chance and
Parsons (1966) and with that observed by Kikuchi
and Ban (1961) st 549 nm. In the 779K difference spectrea
of A. avenae isolates A and F there is a suggestion of

shoulder in this region which may be the c-cytochromes

of A. avenae.

However, the absorption maxima of the'major pigment
in A. svenae isolates A and F observed at 557.7 and
557.5 nm in (ferricyanide oxidised])-(ferricyanide and
dithionite reduced) difference spectra at 77°K, cotrespond
very closely with the 557 nm (77°K) O-maximum of the

ma jor b-type pigment observed in Caeroﬁhabditis‘briggsae

mitochondrial preparations by Bryant, Nicholas and

Jantunen (1967). The b-type cytochrome in the
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(ferricyanide Ox.)-(dithionite red.) difference spectra

from another free-1iving nematode Turbatrix aceti

exhibited an absorption maximum at 545 nm at room temperature

(Rothstein et sl., 1970)

Although the (Ferricyanide oxidised)-{Ferricyanide
+ dithionite) diFéerence spectra (recorded at 240oC)
indicated the majoF cytochrome in the mitochondria of
isolates A and F absorbed maximally at == 560 nm, the
(Ferricyanide oxidised)-{dithionite reduced) difference
spectra on every occasion produced the maximal absorption
in the & -region at 564 nm, which is close to the 566 nm
b-type pigment reported in T. aceti. However thle in
T. aceti the 565 nm pesk represented the second most
abundant cytochrome, in A. avenae the b-type cytochrome
with the 564 nm peak was the major pigment. In T. aceti

the major pigment was a c-type with X -peak at 550 nm.

An interesting feature in the mitochondria of
isolates A and F was the presence of significantly more

b-type than c-type cytochromes. This agrees with the

observations made on Caencorhabditis elegans mitochondrial
preparations by Murfitt, Vogel and Sanadi [5978] but are
contradictor& with observations made on T. sceti mito-
chondria by Rothstein et al., (1970) where he found the

c-cytochromes to be predominant.

The evidence from the polarographic studies
(Chapter 7A) showed that this apparent "deFicienéy" of
c-type cytochromes in A. avenae mitochondrial preparatiors

was not due to a loss of cyt;33 since the addition of
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exogenous ferrocytochrome-c had no effect on the

state-3 A0, of the preparations. Furthermore the
difference spectrum-((dithionite reduced)-(ferricyanide
oxidised]) of whole-worms of A. avenae isolate-F showed
the same proportional absorbance in the a-region of'

the b and ¢ type cytochromes suggesting the predominance
of cyt.b in the intact worms as well. The ratio of
c-type: b-type cytochroﬁes for isolate-~F was 1:1.6 and

that for isolate-~A was 1:1.1.

The X-maxima of the a-type cytochromes observed
in (ferricysnide oxidised)-(dithionite reduced) differencs
spectra of isolate A and F at room temperature (R.T.)
were respectively at 603.5 and 503.3 nm. However in
isolate~A the ratio of b-type: a-type cytochromes was

1:1.84 while the ratio for isolate-F was 1:2.01.

The aeration of the reference (mitochondrial) sample
while the test (mitochondrial) sample was left stagnant
showed the reduction of b (& 560 nm), ¢ ( ¥ 554/5) and
a (« 600 nm) tyhe cytochrome§ in the difference spectrum
of isolate-~A. This was direct evidence that these
component cytochromes were involved in reSpiratory

electron transfer.

The difference spectra obtained with antimycin-A
were not ideal since, the concentrations of mitochondria
used for these studies were inadequate and the spectra
relatively poor. The resclution afforded by the Shimadzu

(MPS-S0L) was not adequate to resolve the spectra beyond
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those obtained. Therefore the spectrophotometric
data obtained with antimycin-A although discussed
here, should be considered with caution until Ffuture

clarification.

The small although significant increase in
absorbance of theig-type ( X=-560 nm) cytochrome in
the presence of anfimycin-A suggests that this compound
blocks electron transfer between b and c type cytochromes,
although the lack of a complete decrement in absorbance
in the 554/5 & peak attributable to the c-type cytochrome
suggests that the c-cyt. component remains in the reduced
state even in the presence of antimycin-A. This may be
due either to the rélative insensitivity of the becyto-~
chrome to complete inhibition by antimycin-A or the
reduction of the c-type cytochrome by some other compound
other than the b X560-cytochrome. This corresponds with
the polarographic data which indicated D-?D% inhibition
of the state-3 mitochondrial oxygen uptake of isoclate-A

mitochondria.

The effect of antimycin-A on isolate-F mitochondrizsl
(Fig.57) difference spectra was similar to fhat observed
For.isolate—A. Here again antimycin-~A was not successful
in eliminating the 554 ol-peak of the c-type cytochrome
although polargraphic data indicated (Chapter 7A) that
80-80% inhibition (with E‘Fg antimycin-A/mg protein) of
the state-3 mitochondrial oxygen uptake occurred in the

presence of antimycin-A.
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Thus although the presence of a b-cytochrome
which is only pertially sensitive to antimycin-A may
account for these observations another explanation
is possible viz. the presence of a component capable
of transferring electrons direct fo the c-type and
by-passing the E-fype, when the latter is blocked by

antimycin A.

'In fact such a process has been shown to operate
in Ascaris muscle mitochondria (Hayashi and Terada,
1873). They showed that certain flavin oxidases could
transfer electrons to Ascaris cyt.c (& 550 nm] to form
ferrocytochrome c, which, in the case of Ascaris is

re-oxidised by a cytochrome-c peroxidase.

According to the evidence obtained by them the
terminal oxidase in Ascaris is an oxygen pressure
dependent and KCN insensitive "flavin-containing oxidase'™
which produces H202 which is re-used to oxidise ferro-
cytochrome-c mediated by the cyt.c-peroxidase. Thus
the possibility that the cyt.c component in A.avenae
may be able to accept electrons from some flavoprotein
component and remain oxidised in the presence of
antimycin-A cannot be ruled out without further
exper imentation, particularly because a) no accumulation
of HZDé due to the presence of cyt.o could be shown in
A. avenae mitochondria (to be dicussed later in this
section) and, b)) significant catalase activity was
observed in the mitochondrial Fractions prepared from

both isoletes of A. avenae.
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The fact that NaCN (1-3 mM] considerably
altered the difference spectrum of both isolates A
and F is further evidence that the pigments reduced
by substrates and by antimycin-A were invelved in

mitochondrial respiration.

In isolate-? preparations reduced by NaCN a
Soret maximum (of én a-type) at 432 nm and QX maxima
at 534 and 564 nm were observed; the latter indicsting
that ¢ and b type cytochromes were being reduced.
However the x-pesks of a-type cytochromes were not

clear in these difference spectra.

The effect of NaCN on isolate-A mitochondria in
the presence of succimnate as substrate was immedistely
observed (see Figure 580) with the development of a
Soret peak at 434 nm and a prominent shoulder (unknown)
at 460-462 nm. The o« and A regions were ernhanced with
7.2 min incubation in NaCN (Figure SSE] and showed
reduction of the major:pigment at 564 nm (&-b-type)
with a shoulder in the region 555-5860 nm, which may be
the urresolved maxima of the c-type and the other b-type
pigments. In the B-region a broad peak wifh mid-point
at 536 nm may represent the f-pesks of the b and ¢

type cytochromes.

fhe shoulder which developed in response to NaCN
at 460-462 nm (Figure 590) diminished with time in the
presence of NaCN but appeared on the application‘oF
ascorbate to the test-cell, [Fiéure 60A) with a

concomitant decrease in abscorbance at 560 and 564 nm
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and a shift of the mid-point of the broad f-peak
towards 540 nm. This suggests that the major b-type

[ ¢ ~564) can be oxidised by ascorbste.

It is interesting toc note that Cheah ([1368)

observed that the cyt.0 of Halaobacterium cutirubrum

could be reduced 5y ascorbate per se., Since cyt.0

is a b-type cytochfome, the X ~-peak at 564 nm may
represent the O-type pigment with the ability to accept
electrons directly from ascorbate. However there
appears to be a complex of b~cytochromes with one

being effectively reduced by «&-glycerophosphate (u.ssoi
and the second one being reduced by NaCN ( X 584)
demonstrating the ability to be re-oxidised by ascorbate.
In future work these b-types may be resolved by emplqy—
ing different substrates, higher mitochondrial |
concentrations and high resolution spectra conducted

at liquid nitrogen temperatures,

The differential sensitivity of isolate F and
isolate-A whole worms to Naqﬁ ( Chapter 5] and the
partial inhibition of the ascorbate-TMPD induced state-3
oxygen consumption rate in isolate-A mitochondrial
fractions 15 consistent with the spectral changes -
observed with the mitochondrial fractions of these
isolates in response to NaCN. This is because the
relatiye concentrations of the O-cytochrome and the
Ega-cytochromes and/or the degree to which each cytochrome
mediates terminal electron transfer will ultimately

determine the net response elicited by each isolate
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when exposed to sodium cyanide or to any other

respiratory inhibitor.

In this context, Lemberg and Barrett (1873)
explained - "Respiratory systems in which cytochrome-0
is the terminal oxidase differ in.their sensitivity to
carbon'monoxide and cyanide. Cytocﬁrome-g appears to
be less sensitive to cyanide than is cytochrome-a,

and the degree of imhibition varies with the system

in which cytochrome-0 is the terminal electron acceptor",

Evidence of this come from studies on the

respiration of various organisms. The NADH-oxidase of

Acetobacter suboxydans was 65% inhibited by 0D.75 mM KCN
(Lemberg and Barrett, 1873) while that of aerobically-

dark-grown Rhodospirillum rubrum was unaffected by

0.3 mM KCN (Taniguchi and Kamen, 1965 as quoted by

Lemberg and Barrett, 13873).

In contrast the succinate-oxidation of free-living

cells of Rhizobium jsponicum werevery sensitive to
cyanide, being completely inhibited by 10 FM KCN

(Appleby, 1968 as quoted by Lemberg and Barrett, 1973].

Similarly the ascorbate-DCIP system of Acetobacter
vinlandii was 95% inhibited by 40 pM KCN (Jones and
Redfearn, 1967 - as quoted by Lemberg and Barrett, 1973].
Cheah (19869) reported that the ascorbate-TMPD-oxidase

of Halobacterium cutirubrum was B84% inhibited by 0.5 pM

cyanide. However the succinate oxidation by Moniezia
expansa mitochondrial fractions was not affected by

concentrations of cyanide up- to 10 mM (Cheah, 13968)
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and azide 1In concentrations greater than 0.1 mM
proved stimulatory and antimycin-A in concentrations

less than 1075 M had no effect {Cheah, 1968]).

Ahodopseudomonas capsulata which had only

an 0-type cytochrome ( o -562 nm; ﬁ—525 and }-426 nm)
and no s-type cytochrome, was 50% inhibited by KCN
and azide at 10 uM and was active in a ges mixture
of 80% CO + 10% O, (Klemme and Schlegel, 1969 - as

quoted by Lemberg and Barrett, 1973].

Further reports on the ’abnormal’ response to
CO + cyanide by helminths was discussed in Chapter S.
Therefore although the two isclates of A. avenae
investigated here have mot very dissimilar cyteochrome
profiles in their mitochondria preparations, the
significant difference in the sensitivity of these
preparations and whole worms to respiratory inhibitors
(Chapter 7A) may be due to very different metabalic

schemes operative (in vivo)] -in each isolste.

The CO-binding pigments

The (dithionite reduced)-(dithionite + CO)
difference spectra for isolate-F mitochondria after
1:0 min CO treatment shows the formation of more fhan
one CD-coﬁplex since the J-peak at 421.5 nm was at a
significantly lower wavelength than that expected for
the Soret-peak of tHe cyt.a3-C0 complex which generally
occurs at between 427-430 nm (Cheah, 1970a]), and was af

a slightly higher wavelength than 425-521 nm, the wave-

length at which the Soret maximum of the cyt.0=-Co
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complex of a number of organiéms is known to occur
(Lemberg and Barrett, 1973; Daniel, 1370]). 1In fact
the 421.5 nm maximum results from the overlespping
maxima of the CO-complexes of cyt.0 and cytochrome

a5 (Cheah, 1966, 1968, 1970a).

Cheah (1970a, 1968) obtained a similar Soret-
peak at 425 nm for the CO-difference spectrum of

Halobacterium salinarium which was due to the dual

presence of cyt.ag and cyt.g in the membranes of this
organism. According to Cheah the ratio of the two
cytochrome species and their CO-affinities dictate

the location of the Soret-peak in CO~difference spectra
of different organisms or different species of the same

organism.

The shift of the Soret peak in isolate~A and F
preparations with very short (i.e. less than 2.0 min])
CO-treatment seem to indicate that the CO-affinity of
the A. avenae cyt.0 closely parallels that of cyt.aqg.
However on prolonged treatmeﬁt of the isolate-F mite-
chondria with CO (7.0 min exposure) the Soret-peak was
observed to shift to 447 nm indicating that more cyt.0
was combining with CO with the increased duration of
treétment.' The soret-maximum of isolate-~A mitochondris
[4?0 nm) observed upon 1.0 min CO treatment did not
shift towards the shorter-wavelength on prolonged treat-
ment with ca.

The spectra of both isolétes A and F suggests
that cyt.aq had fully combined‘with CO following 1.0 min

treatment since the trough at 445 nm which represents
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the Soret-peak of the ag-CO complex (the result of
overlap of the 427-430 mnm 8,-C0 peak and the 415-421 nm

0-C0O peak) was little altered with longer CO treatment.

In this respect the CO-affinity of the A.avenae

cyt.0 seem to be much higher than the cyt.0 of

Bacillus megaterium which required 15 mins bubbling

with CO in contrast to the Cyt.a; of the same organism
‘which had fully combined with CO in 30 seconds (Broberg
and Smith (1967) as quoted by Lemberg and Barrett, 13973).
Similar lowlrelative reactivity of the cyt.0 of

Halobacterium cutirubrum was reported by Cheah.[1989)

On the other hand the dithionite reduced cyt.0 of

Moniezia expansa had fully combined with CO within

11 mins, showing intermediate CO affinity (Cheah, 1966,

1868). In contrast the cyt.0 in ascorbate-TMPO reduced

membrane preparations of Mycobacterium phlei had fully
combined with CO as had its eyt.ag after 30 seconds of
bubbling with CO (Revsin and Brodie,(1969) as quoted by

Lemberg and Barrett, (1873)). Similarly Daniel (1570)

“investigating the CO-affinity of the cyt.0 of Acetobacter

suboxydans reported S50% of the cytochrome as having

cdmbined with CO at a CO~concentration of S'SAFM'

Regarding the charactéristics of the (oxidised]-
[reducéd] x-absorption maxima of the O-type cytochrames,
this.survey of the literature indicates that with a few
exceptions QO-type cytochromes can be divided into two
groups, one with main ®K-maximum at 555-558 nm and the

other group with the main absorption peak at 564-585 nm



210

(Daniel, 1970). The (dithionite reduced]-(ferricyanide
oxidised) spectra of A. avenae (isolates A and F) show
a cytochrome of the b-type which has a maximum at

564 nm. It is most likely that this is the CO-reactive
pigment in A. avenae and it is also 1htere§ting to note
that this is the major pigment in mitochondrial pre-

paration of both isolates of A. avenae.

The characteristics observed in the « andls regions
in the (dithionite reduced)-(dithionite reduced + CO)
difference spectra in isolate-A and F mitochondria which
were attributéble to the g-CO‘complex of the cytochrome-0
of A. avenae were maxima at 540 mnm, 572 nm and a minimum
at 560 nm. The Soﬁet-peak in both isolates were between

417 and 420.

However prolonged treatment of isolate-F mito-
chondria with CO i.e., 7.0 min treatment, while causing
the Soret maximum to shift towards 417 nm (From 420 nml,
also produced 2 additional peaks, one at 457nm and |
another at 507 ﬁm which did ﬁot sppear with short-term
(1.0 min) éo-treatment. Surprisingly no analogous maxima

were observed with isolate-A preparstions.

This anomaly may be taken to imply the presehce of
additional co-reactive substances, which understandably
have lower affinities to CO than cyt.0 and cyt. 2.
On the other hand the data may also be tsken to imply
that the cyt.0 of this isolate has more than one CO-

binding site since evidence obtéined (Daniel, 1970)

étrongly suggests the :possibility that cyt.0 may be



Table 27:

Absorbance characteristics of cytochromes-0

in various species.

Difference spectra maxima and minima of o-type cytochromes

Co-reduced minus reduced Reduced —oxidized Ref. .

Organism
. peaks and troughs a-peak
nm (tr) . nm
Stapiylococcus albus  567-568  535-337 416-418 - 565 Castor and
. tr 550° - ’ Chance (1953)
Acetobacter 567-568 535-537 416-418 565 Chance (1953a)
suboxydans tr 550 L E . .
Achromobacter 572 536 ° 418 - 563 Arima and Oka
. tr 554 (1965)
Rhodospirillum 576 540 419-421 564 Taniguchi ‘and
rubrum tr 560 - . . Kamen (1963)
Rhizobium japoricum 574 539 415 " 562 Appleby (1969b)
free cells . tr 356 - (559-2, 77°K) :
Myxococcus Xanthas 575 —_ 415 562 Dworkin and
’ ' ‘ Niederpruem
. (1964 -
Acetobacter 568360 536 417 557565 Daniel (1970)
suboxydans Co
Vitreoscilla 570 553 416 5554565 Webster and
tr 550 . . Hackett
‘ : (19662,b)
Leucothrix mucor 566 533 416 558 Biggins and
tr 550 , . : Dietrich (1968)
Leptospira sp. 575 540 ° 417 — Baseman and Cox
- (1969)
Bacillus — — 410-415 557 Broberg and
megaterium KM Smith (1967)
Acetobacter 567 535 417 . 558 Iwasaki (1966)
‘suboxydanrs
© (1AM 1828) .
Staphylococcus aurens 568 533 415 555-557 Taber and
. ) . Morrison (196%)
Halobacterium 578 - 539 416 559 . Cheah (1969)
cutirubrum tr 560 .
Staphylococcus 573 537 417 558 - Jacobs and
epidermis : : Conti (1965)
Escherichia coli 567 - 538 416 - — Revsin and
. tr 538 : ‘ . Brodie (1969}
Haemophilus 565 332 416 —_ White and
parainfluenzae tr 547 s Smith (1962)
Mycobacterium phlei 567 538 416 —_ Revsin and
tr 557 Brodie (196%9)
Rhodapseudomonas 570 540 415 — Sasaki et al.
spheroides . . (1970)
Tetrahymena 372 —_ 418 . —_ Perlish and
_pyriformis ©tr 557 Eichel (1971)

AFter Lemberg & Barrett (1973)
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a polymeric protein (similer to cyt.a + ag complex)

at least in Acetobacter suboxydans.

Pointing ouf that very few CO-affinity-studies
have been undertaken, Daniel (1870) suggested that
other O-cytochromes may also exhibit multiple sites
of action, i.e. af least two interacting-CO-sensitive
sites. Whether A;avenae.iSQIate-F and/or isolate-A
possesses cytochrome-0 with two or more co-operative
CO-reactive sites can be clarified in the future, by

assessing the slope of the Hill plot for the O-cytochrome.

fhus these CO-difference spectra of A. aQenae
mitochondria unquestionably demonstrates the presence
of (at least) two co-reactive cytochromes viz. cyt.aq
and the other showing all the characteristics of cyt.Q

and resembling the O-type pigments described for

Moniezia expansa (Chesh, 1966, 1968, 1974) and almost

identical to the cyt.0 of Rhodospirillum rubrum {Taniguchti

and Kamen as quoted by Lemberg and Barret, 1973) See

Table 27.

Furthermore the fact that the Cd-diFFerence spectrun
of isolate-~F mitochondria altered little with 168-~18 hrs
exposure to artificial light sources (see Figure SSA and 8)
confirms the characteristics of the cyt.0-C0 complex
regardﬁng its stability and resistance to photodisscciation
unlike the 53-80 complex. In fact the sharp though small
trough at 447 nm which represeﬁts the ES-CD peakiformed.
by the 1 min exposure to CO became less deep with passage

of time (see Figure 64 T, to'TAJ and probably indicates
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the slow but steady deterioration of the 85-C0 complex,

in the presence of light.

The CD—diFFeEence spectrum 12 and 18 hrs after
the 7.0 min CO-treatment of the isolate-F mitochondrisas
was different to the zero-time one showing that most if
not all of the Es-po complex and perhaps some of the 0-CO
complex had broken down and the Soret-peak which was at
417 nm at zero time had shifted to 420 nm with the
concomitant reduction in absorbance. However the other
maxima characteristic of the 0-CO complex at 540 nm,
572 nm and the trough at 560 nm were still evi&ent even

after 18 hrs after the formation of the complex.

Quantification of CO-reactive pigments of A.avenae
. - —

mitochondria

In applying the most comprehensive method developed
for the quantitative assessment of cyt.a; and cyt.Q in
situations where these two terminal oxidases occur
togetheﬁ, Cheah (1970a) used ascorbate instead of

dithionite as the réducing agent. The ratio of cyt.0
and 84 calculated using this technique and the extinction
coefficients quoted by Cheah (see Table 26) showed that,
of the b-type cytochromes, in isclate-F fractions
approximately 60% constituted the CO-reactive b-types,
i.e._cytochrome(s] 0. Of the b-types in isolate-A,

cytochrome(s) 0 constituted approximately 80%.

Similar ocecurrences of high concentrations of C0-
reactive cytochromes have been reported for another free-

living nematode Turbatrix aceti (Rothstein et al., 1970)
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They reported that unusually high concentrations of =
Co;binding haemoprotein was present in T.aceti which
amounted to ''some 6-Ffold greater quantity than that
of any single member of the respiratory chain
cytochromes", Altﬁough Hothstein.gg gi;[19703 could
not confirm that the CO-binding haemoprotein was an
O-type cytochrome since the CO-spectra could nbt be
observed, ey suggested that it bore some resemblance

to the DO-cytochrome described by Cheah»(1988).

It is also interesting to note that in A.avenae
isolate-~F Fractioﬁs the CO-reactive-b-type cytochrome
i.e. cyt.0 was 20% greater than the total a type pigments
i.e. (a + EBJ and Qas only 4% less than the total c type
(i.e. c + 513 cytochromes. However in isolate-A mitos
chondria cyt.0 was present in 70% greater quantity than

cyt.(a + ESJ and was 40% greater than the total c-types.

In using ascorbate in the attempt to quantify the
0 and ag cytochromes, another interesting feature was
observed. The ([aerated])-(CO-reduced] difference spectrum
- showed the formation of the expected,g3
complexes (peak 420 and trough 445 nm respectively)

-00 and 0-CO

in the absence of any other reducing agemt, and sufprisingly
a third Soret-peak i.e. an additional peak at 433-435 nm
which was not shown in the dithionite-reduced Co-épectra.
This peak at 433-435 nm remained noticeably unchanged in

the subsequent {ascorbate + CO)-(ascorbate] difference
spectrum as a shoulder on the descending limb of the

420 Soret-peak of the 0-C0 complex, (see Figures 68 and 63)
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and remained even in the presencé of NaCN in the
(aécorbate]—[ascorbate + CO + NaCN] difference spectrum,
although it seemed to gradually diminish on incubation

with NaCN.

This shoulder at 433-435 nm cannot be attributed
to either the ES-CO complex or to the 0-CO complex since
these were represented by the minimum at 445 nm and the

maximum at 418 nm respectively.

However the only analogous reference to an
absorption maximum in this (433-435 nm)] region of the
Spectrﬁm involving an O-type cytochrome was thé absorption
maximum observed for an oxygenated form of cyt.0 in the

cyanophyta Vitreoscilla sp. by Webster and Orii (1977).

This was Oxy-cyt-0 and was observed in whole cells of

Vitreoscilla and absorbs maximally at 435 nm. Webster

and Orii (1977) also showed that although the formation
of the oxygenated form of the cyt.0 was inhibited in

the presence of cyanide, the addition of cyanide after
the formation of the oxygenated species had little effect
on the absorption at 435 nm and suggested that cyanide
had a stabilising effect on the QQQQenated Eyt.g. These
workers also demonstrated the formation of the oxygenated
cyt.0 on the addition of NADH which was replaced by the

reduced cyt.0 when the solution became anaerobic (Fig.74).

While these results by Webster and Orii (1977)
were the fFirst evidence for the functional involvement'
of the oxygenated compound of a cytochrome in living

cells, they cited evidence which suggested that the
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'Figure 74 Cyclic changes of cytochrome-0 during terminal

respiration of Vireoscills sp.
(After Webster & Orii, 1977)
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reduced, axidised and oxygenated form of the O-cytochrome
all participated in the cyclic changes of the cytochrome
during terminal respiration. Spectra of the oxygenated
cyt.0 were also obtained when starved cells of

Vitreoscilla sp. were used as reference aagainst

unstarved cells, and the interpretation was that the
amount of the oxygenated form is increased when the
supply of electrons to the cyt.0 oxidase system is

diminished, by starving the cells (Webster & Orri, 1877).

If the cyt.0 of A.avenae behaves ir a similar
manner (see Figure 75) at least one physiological role
of cyt.0 may be speculated upon. The cyeclic-changes
in cyt.0 would enabie it to provide reducing equivalents
viz., electrons to maintain electron transport during a
temporary absence of oxygen in the surrowsmding environ-
ment, by‘recycling the Oa which could be reproduced from
Hao2 - if the system also includes a substrate specific
peroxidase (i.e. a ferrocytochrome-0-hydrogen peroxide

oxido reductase) or a catalase (i.e. a hydrogen peroxide

oxido reductase) as shown in Figure 75.

Although theevidence for the’ occurrene;e of the
oxygenated c&t.g in A.avenae isolate-A mitochondria as
presented in this study is admittedly not substantial,
the presence of catalase activity was unguestionably shown.
Evans (1968) has demonstrated catalase sctivity in some
Australian isolates of A.avenae using starch-gel-
electrophoresis and also showed quantitative variation

among the isolates of this enzyme.
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Although the scheme presented here in Figure 75
is hypothetical it must be remembered that where
cyt.0 mediates electron transfer the synthesis of
H,0, is a universal occurrence. Whether this toxic
compound is allowe& to accumulate in vivo in organisms,
possessing cyt.0 has been debated extensively. In
fact Cheah (1874) while demonstrating the formation
of HEDE in Ascaris muscle mitochondris suggested that

this may be an artefact of in vitro experiments,

Although in the present studies on A.avenae
mitochondria, the production of H,0, could not be
detected by spectrophotometric methods, significant
catalase (i.e. hydrbgen peroxide oxido reductase]
activity was evident and thus the scheme postulated
is mot wholly hypothetical, although further experiment-
ation on the lines employed by Webster and Orii (19877)
will be necessary to confirm actual functioning of

the system.
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CHAPTER 8

Finmal Oiscussion

Prior to the commencement of the current study,
it was generally accepted that A. avense possessed
attributes such as Fapid rate of reproduction,‘avail-
sbility of populations reproducing by amphimixis or
parthenogenesis, short generstion time, and wide host
raenge which made it an ideal test organiam; As such
A. avenae was employed notably for studies on nematicide~
toxicity, effects of anoxia, hypobiosis and for energy-

budget assessment;

The most eritical short-coming in A. avenae as a
model organism is tﬁat it is not conducive to genetic
analysis by the induction and manipulation of mutant
clones (Evans & Womersley, 1880). However the
existence of numerous neturally occurring populations

= eco-strains = biotypes = isolates) differing in their

" eco-biological characteristics whiist retaining homogeneity
as a speeies maybalLeviate the latter short cominé. The
‘aim of the present project was to expand knowledge of the
biology of several ecological isolates of A. avenas and

to assess whether or to what extent such isolates of this
ubiquitous species were homogeneous with respect to

respiratory physiological characteristics.

Thus, if it were possible to find an isclate, the
respiratory physiology of which paralleled that of animal
parasitic helminths, at least in basic features, the

value of A. avenae as a convenient, low-cost model-



system fFor anthelminthic studies (with the long-term
aim of the control of such socio-economically important

disemses such as filariasis, onchocerciasis] would be

anhanced.

In attempting to physiologically cheracterize
several isolates of A. avenae established during the
present study, it was saspparent that certain important

. differences existed among three such isolates.

The evidence from the rates of population develop-
ment, the Arrhenius plots of the population develocpment
rates, fhe generation time studies, and the'obearvations
on chilling=tolerance of the isolates of A. svenae
(Chaptér 3) indicates that biological processes suxch as
oviposition, eclosion, moulting and sexual maturation
which dictate the intrimsic fecundity of each isolate
ore temperature dependent, with each isolate exhibiting
transition points at whicﬁ significant changes im ths

rate of development are seen,

The different values of Arrhenius activation

”energy(E*J in the pre-transition and pdst-transitioﬁ
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states probably indicate the spproximate energy require- .

ment of an enzyme system, the different isoenzymes of
which are aétivatéd at the transitioﬁ points. Omn the
other Hand these E* changes may reflect the cumulative
energy requirement of a number of multi-enzyme systems.
Thus isolate-F may have isa-enzymes which operatﬁ with
optimal efficiency at a temperature below tﬁat of

another;
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This was further substantiated by the observ;
ations on the Arrhenius plots of the rates. of oxygen
cbnsumption {Chapter 4) which clearly show that in
isolate A (Ffrom Malawi) the depression in the QOE was
much reduced, below 20°C, compared to the two U.K.
isolates; while isolate A showed a much greater and
sustained increase in the.QD2 - [(well asbove those

observed for the two U.K. isolates] from 25°—30°C.

These observations while indicating the occurrence
of "thermotypes" within the species, is consistent with
the hypothesis that reduced temperatures alter some
physiqal propertQ of the tissue membranes. Thus the
direct physical alteration of the membraner phase of
cellulsr components can elicit a great many physiological
changes one of which could be the reduction in permea-
bility (below a critical temperature) of the mito-
chondrial membranes to oxidizable substrates, thus
affecting the depression in the oxidative rates reflected

in the QDE.

The decline in the temperature induced maximsl 002
of iscolate-A following sustained incubation in aquecus
phase at.30°C is particularly notable, (Chapter 5) since
a similar decline in the temperature induced maximal QO2

of Strongxlitis ratti larvae has been reported previously

(Barrett 1968b; Von Brand, 1979). Though the under-

lying mechanism has not been elucidated (Von Brand, 1979)
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it is possible that under sustained high temperaturés .
direct physical altgration of the membraner-phase of

the organisms subcellular organelles (particularly

those of mitochondria) alters the permeability of the
membranes to oxidizable substrates. That this phenomanonl
was observed in isolate A is curious, but other
similarities of this particular isclate to certain
respiratory properties of helminths such as Moniezia and
Ascaris, probably indicaées a close affiliation to

parasitic forms, which will be further discussed below.

Under anaerobic conditions both isolates A and F
produced ethanol, but trace amounts of glycerol were
apparaﬁtly produced aerobically (by whole worms) although
under anaerobic conditions slightly greater quantities
were detected in isolate A incubates (Chapter 5B) This
observation, coupled with the QO sensitivity of whole
worms to SHAM, suggests the possible operation of the
relatively "unusual™ oxidase - X -glycerophosphate oxidase
(GPD) - linked to glycolysis for the reoxidation of
NADH+H® which has been implicated in the production of
glycerol, specifically iﬁ the absence of oxygen in

numerous trypansome species. (T. rhodesiense, T.evansi,

T. equinum and T. equiperdum - Bowman B Flynn,v1S7S).

Ir is of Ffurther interest to note that o -GF0 has been

reported Iin the parasitic cestode Taenia taeniaeformis

by Weinbach and Von Brand (1970). However these

observations with SHAM obtained with whole organisms of
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A. avenae had to be approached with caution until the

effects on mitochondrial fractions were ascertained.

It is remarkable that A, avenae isclates exhibited
notable differential sensitivity to cyanide in whole
animal assays, though it can be argued, that this was due
to different permeability characteristics and/or

cuticular barrier effects inherent in the isolates.

However the remarkable stimulatory effect of
cyanide on the QO0, of isolate-A (Chapter S5A) whole worms
was reminescent of aobservations reported on Moniezia

expansa (Cheah, 1966, 1968, 1974) and Ascaris lumbricoides

(Cheah, 1370b, 1978) where the effect was linked to the
occurrence of alternate electron transfer sequences (other
than the classical cy<. 3533 involving cytochrome 0.

Thus on the one hand, whole animal assays of isolate-F
suggest the operation of a typical mammalian type
respiratory sequence exhibiting extreme sensitiwvity to
cyanide; while isolate-A is different resembling more

the type of system generally observed.in parasitic

helminths and trypanosomes.

It was therefore deemed important to investigate
the possible origins of these differences by examining

mitochondrial fractions of these two isolates.

Since existing literature on the isolation and
preparative techniques for nematode mitochondria were

conflicting (Chapter 7 .- Introduction) a modified
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technique was deviged during this study and the latter
standardized isolation procedure was employed to compare
the mitochondrial preparations of the two isolates

showing the greatest difference in cyanide sensitivity.

The diFFerence spectra of the mitochondria of
both isolates indigated the presence of a+aj, b and c-
type cytochromes. Although quantitative differences
were apparent, (Chapter 7B -~ Discussion) the spectra
were basicelly similar st 23°C and 77°K; The (oxidised)- .
(reduced) difference spectrum of isolate~A fractions
were notably similar to those obtained with ﬁEQE mito~
chondrial fractions (J. Palmer pers. comm.l}. More
significantly the presence of extensive quantities of
a CO-binding pigment was apparent in both isélates
(Chapter 7B ] and furthermore the CO-difference spectra
of both preparations were fundamentally similar te those

described for Moniezia expansa, Ascaris lumbricoides

muscle mitochondria and Halobacterium sp. by Cheah (19866,

1968, 1968, 1970b, 18974) where the dual-occurrence of
cytochrome (Efﬂaj and cytochrome-0 were confirmed and

quantified in each instance.

However, the sensitivity of the state-3 Qo, bF
mitochondrial fractions of the two isolates (as deter-
mined ﬁolarographically) to.the classical respiratory
inhibitors were straightforward though diverse.
Isolate-F mitochondria weré sensitive to rotenoné,

antimycin-A and the ascorbate-TMPD oxidase activity
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was almost completely inhibited by cyanide although CO
and - SHAM were required for complete inhibition (Chapter
BA]. Isolate-A preparations in contrast were much less
sensitive to antimycin~A and cyanide although SHAM and

CO were again necessary for complete inhibition. The
rotencne sensitivity however was similar in both
isolates. The inhibition by SHAM of a minor percentage

of the state-3 mitochondrial QO0, in both isolates (Chepter
7A) may be considered as evidence of the operation of the
® -GPO complex, if it is assumed that SHAM is a specific

inhibitor of the latter complex.

Thus the respiratory metebolism in A. avenae probably
invelves multiple oxidases although further work (viz.,
observation of photochemical action spectra)l is necessary
in order to confirm the functional invalvement of the
O-type cytochrome in actual terminal oxidation and the
suggested hypothetical involvement of its oxygenated faorm

dur ing anaerobiosis (See Chapter 6B - Discussion].

Bégardingvthe possible bperatiun in A, avenas of the
X~-GPO complex (in conjunction with glycolysis]), the
specific inhibitory action of SHAM on this complex as
reported by Hill et al., 1976 has to be confirmed by
other workers since Palmer (1981) has suggested that
- SHAM may have other unspecific effects on peroxidases
(Schonbaum, 1973, as quoted by Palmer, 1981) and poly-
phenol bxidases (Rich et =l., 1978, as quoted by Palmer,
1981). However for the present it is justifiable to

speculate that glycerol may result from the coupling
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of glycolysis to the GPO-caomplex via GP-dehydrogenase
where in the absence of oxygen, DHAP acts as the
electron-acceptor and substrate amounts (as opposed
to catalytic amounts) of DHAP are reduced to GP and

hence to glycerol by the action of a phosphatase.

Although there is ample evidence gathered by
other workers [Madih, Crowe and Loomis, 1878) that
a Californian isolate of A. avenae synthesizes glycerol,
the postulated metabolic scheme put forward by these
authors (involving the decline of the specific activity
of isocitrate lyase (IL) and malate synthase (MS) could
be an alternative if not the major pathway via which
A. avenae synthesizés glycerol upon induction of
anhydrobiosis. However, although MS in their postulation
is one of the key regulatory enzymes governing glycerol
production, at the time of publication they did not "yet
have clear data on the IL and M5 activities in the 12-36
hour period" and stated that the problem was then still
under stﬁdy. Glycerol syntheéis in A. avenae-accurding
to these workers, occurs only when the water content of
the "pellets" of desiccating worms drop below a critical

level (2.4 mg water/mg dry wt.).

However, it is likely that A. avenae has a capacity
for the continuous synthesis of glycerol even under normal
aerobic conditions, which perhaps may be increased under

drying conditions.
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If respiring nematodes can only obtain oxygen
Froﬁ the thin Film of water they are normally surrounded
by, lack of oxygen may be the signal for impending
desiccation, leading to a redirection of metabolism
(et least in A. avenae) in Favour of glycerol accumul-
ation. If this be the case, this hypothesis finds
support in the observations on trypanosomes where it
has been shown that through the mediation of the X~GPD/
glycolysis cycle, one mole each of pyruvate and giycerol
accumulated anaerobicelly per mole of glucose metabol ised

by T. rhodesiense (Grant and Fulton as quoted by Bowman

and Flynn, 1876]).

Under gerobic conditions however, glucose was shown
to be quantitatively converted to pyruvate by the coupl-
ing of glycolysis to GPO by GP-dehydrogenase {Chapter 6).
Thus the non-availability of oxygen was apparently the
trigger for glycerol accumulation in this aorganism, although

the significance of the latter compound to T. rhodesiense

is not known. Whether such a scheme is operative in
‘A. avenae is open to speculatiocn and debate despite the
fact that the importance of glycerol to at least one

isolate of A, avenae has been proved.

These studies therefore have revealed some of the
remarkable metabolic schemes this versatile organism has
adopted for survival under different conditions. For
instance, the flexibility it shows in the re-oxidation

of glycolytic NADH+H® itself is diverse, i.e. LOH mediated
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lactate production; ADH mediated ethanol production
and possibly a third - the coupling of X-GP-dehydro-
genase to mitochondrial X-GP-oxidase cemplex; <the
latter possibly developed for intrinsic-survival value

for the synthesis of glycerol.

Thus it seems that‘éollecfively, the species
A. avenae poasessaé a diverse metabolic repertoire,
the details of which, in any given isolate, are the
result of selection pressures. The diyerse geographical
distribution of A. mvenae is probably a consequance of

this metabolic diversity.

As a nematologist therefore one may question why
the aphelenchoids have not parasitized higher animals
whereas other representatives of the group have success-

fully exploited higher plant-forms (viz., Rhadinaphelenchus

cocophilus internally parasitic in the coconut palm;

Aphelenchoides besseyi, parasitic on the rice-plant; and

Aphelenchoides retzemabosi on ornamentals) and certain

groups of insects (viz., Contortylenchus sps.).

Does this inability to parasitize higher-animals
invalidate the model? The answer is possibly a negative
one because the archetype aphelencoid with its mycbphagous
habit, and metacorpalheterotopy (Paramonov, 1872) probably
left the rhizosphere and followed its fumgal host into the
root tissues of the higher plants - the phenomenon
Paramonov (1972) describes as mycochilophagy. A similar

association of fungi with certain insect groups may have .
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been the evolutionary origins of insect parasitic
sphelenchoides. Since higher animals had probably
little or no such close association with Fungi, the
evolutionary process towards parasitism of hiéher

animals, was not available to the sphelenchoides.

From an acolﬁgical view point, A. avenae
represents a rcbusf type of species drawing on its
versatile metabolic repertoire to survive in widely
differing habitats and host-fungi some of which produce
potentially lethal toxins. Perhaps A. avenas has
developed efficient catabolic schemes for the detoxific-
ation of such toxins in order to survive while feeding

on them.

From a physiological point of view, A. avenae
shares at least one common denominator with some prokaryotes

(such as Acetobacter suboxydans, Rhodospirullum rubrum,

and Halobacterium sps.), the cyanophyta Vittreoscilla

sps. and some parasitic helminths (such as Asceris,

Moniezia, Fasciola and Taenia taenaeformis] viz., the

‘oseccurrence of cytochrome-0. What then is the metabolic
advantage to any organism posseséing cyt. Q‘és an alternate
oxidase? Is it for short term survival in hypoxic or
anoxic conditions or is it involved in the lowered
metabolism - i.e. hypobiosis associated with incipient
cryptobiatic states induced by desiccation {anhydro-

biosis), osmotic stress (osmobiosis) and anoxia (anaerobiocsig)?
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From an eco~-biochemical context, the production
of ethanol under anoxic conditions can be caonsidered
advantageous over lactate production, since it is
easily excreted and remetabolised (Cooper, 1971) when
favourable cunditioﬁs return. As éuggested earlier,
the synthesis of glycerol in response to low-oxygen
tensions, although metabolically plausible, needs

Further researche.

From the point of view of pest-contreol ., A.avenae
would be an ideal orgsnism for anthelminthic screening
programs since some isolates of the species may have
greater resistance- than others to intoxication. It
could be an ideal mﬁdel for studying induction of resist-

ance to commonly used pesticides/nematicides.

The similarity between the

respiratory pigments of Aphelenchus and those of parasitic

helminths leads inevitably to speculation on the origins
of par;sitism. The anceétral lRelminths may initially have
possessed a cytochrome system which suited the organism

" for the colonization of environments with fluctuating
oxygen tensions. Since an intestine of a higher organism
would fall into this category (Bryant, 1870) the archetype
" helminth was most probably pre-adapted for parasitism,

A. avenae is probably much closer to the archetype in

that it branched off early in the evolutionary process,

and although it apparently specialised in one direction -
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viz., pharyngeal structure and ﬁycophagous habit - it
seeﬁs to have retained the original versatile metabolic
repertoire so successfully that it is perhaps still
evolving - not so much structurally but metabolically -
in response to selection pressures which continually

operate in various microclimatic conditions.
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The population develohment of the isolates with time at 10°C,

No. of Hours after inoculation

45 95 165 195 240
ISOLATE-A 4 4 _ 14
3 6 5 - 10
a 3 3 - 11
5 5 4 - 12
5 3 5 - 8
A < = - 11
ME8Diey 4.17 a.0 4,33 - 11.00
s. D. 0.98 1.28 0:82 - 2.0
s. E. 0.40 0.52 0.33 - 0.82
ISOLATE-E , 4 . o1 =
5 5 5 19 14
3 5 5 12 23 <
4 4 5 13 21
5 5 5 22 25
5 3 7 11 28
M28Dity 4.33 4,33 5.67 16.33 24.83
s. O. 0.82 0.82 0.82 4,88 5.49
s. E. 0.33 0.33 0.33 2.0 2.65
ISOLATE-F 4 5 & 18 75
3 5 7 14 52
4 5 7 14 59
5 4 5 17 72
5 5 8 11 81
5 3 5 18 79
N88Bity 4.86 a.s 6.33 15.33 71.33
s. D. 1.03 0.83 1.21 2.80 9,003
s. E. 0.42 0.48 1.14 3.676
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Appendix 3=1,2

The population development of the isolates with time at 15°¢,

Nao. of Hours after inoculation

45 95 145 165 195 240 2390
ISOLATE=A. ¢ 4 14 o 49 97 85
5 5 12 - 58 a5 105
5 5 9 - 65 85 85
5 5 14 - 58 79 87
5 5 12 - 52 76 107
5 5 15 - 56 50 92
ME8Diey 5 4.83 12.17 - s58.00 87.00 95.47
s. DO. 0 0.41 2.14 -  7.45  B.517 9.13
S. E. 0 0.17 0.87 - 3.00 3.47 3.73
JSOLATE-E 4 5 27 - 135 135 151
5 5 24 - 112 140 144
5 6 22 - 128 128 148
P 5 26 - 133 110 123
5 5 18 - 107 115 130
5 5 17 - 105 _140 1265
Ye8Qi+ty 4.87 s5.50 =22.33 - 120.0 128.0 137.0
s. O. 0.52 0.55 4,13 - 13.54 12.88 12.10
s. E. 0.21 o0.22 1.69 - 5.52 5.26 4.85
ISOLATE-F 4 5 31 - 150 186 215
5 : 8 38 - 149 138 183
& 6 a5 - 155 175 198
5 8 a7 - 143 153 210
5 5 33 - 158 159 188
s 5 29 | - 140 167 202
Me8Ri+y s.168 6.16 38.17 - 143,16 173.0 193.50
s. D, 0.41 1.47 7.22 - 5.85 16.91 12.34

S. E. 0.17 0.60 2,95 - 2.80 5.80 5.04
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Appendix 3«1.3

The population development of the isolates with time at 20°¢c.

No. of Hours after inoculation

45 95 130 145 1865 195 240
ISOLATE-A 4 3 12 32 57 141 175
5 5 17 a1 64 130 173
6 7 14 37 48 117 164
5 5 12 34 a4 120 148
5 5 19 2g a1 145 150
5 5 15 3g 55 123 158
¥882ity sS.0 5.17 14.83 35.33 51.67 129.33 162.33
s. D. 0.63 1.33 2.73 4.50 8.52 11.50 12,79
s. E. 0.28 0.54 1.4 1.84 3.52 4.88 ©5.22
ISOLATE-E g 9 38 e 84 285 443
5 11 35 - 91 261 665
5 13 31 - g2 247  sg4
4 8 39 - 72 255 476
5 14 29 - 94 245 530
5 15 40 - 75 270 693
Ys8%i+y 5.0 11.87 35.33 - 84.66 260.50 565.17
S. O. 0.63 2.0 4.50 - 8.33 15.12 100.77
S. E. 0.26 1.14 1.84 - 3.81 6.17 41,13
ISOLATE-F 4 26 61 - 230 303 745
7 31 56 - 271 398 583
] 18 40 - 189 295 821
5 35 63 - 284 415 845
5 22 45 - 243 385 771
5 21 58 . - 202 320 803
¥e80i+y s5.88 25.17 54.00 -  235.50 352.66 778.00
s. D. 0.81 6.97 9S.34 - 37.38 52.62 58.53
S. E. 2.84 3,81 - 15.25 21.56 23.89
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The population development of the isolates with time at 25°¢ ,

ISOLATE-A

No. of Hours after inoculation

45 95 145 195 240
3 6 80 234 457
5 5 101 206 a40
4 5 g2 222 a15
5 5 83 240 a20
5 s 104 205 4as5
e 5 g5 227 434
4,685 5.33 92.50 222,34 436.83
1.03 0.52 3,57 14,40 17,441
0.42 0.21 3.90 5.88 7.10
6 23 344 406 11686
7 14 304 ags 1557
5 18 311 510 1206
8 13 264 305 B9S
8 27 348 400 1586
5 16 266 290 826
6.50 18.0 305.0 401.0 1206.0
1.38 6.07 35,88 91.96 319.48
0.586 2.48 14.64 37.53 130.40
10 35 504 624 1640
5 30 404 694 1770
8 . 36 358 778 2360
23 433 538 2000
5 19 3ss 449 2110
9 24 388 299 2100
7.8 27.83 411.9 558.84 2097.66
2.18 6.911 46 .28 178.04 482.83
0.88 2.82 18.89 72.67 188.83
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The populafion‘devélopmeht of the three isolates with time at 30°C.

No. of hours after inoculation

45 95 120 140 165 195 240 290 300
ISOLATE-A 18 143 ag2 621 729 = 1298 5715 ° 8605 -
16 148 391 509 737 1326 5210 7905 -
16 171 363 571 674 1210 4775 7225 -
15 192 334 518 509 1087 §730 8515 -
17 187 329 639 628 1105 5165 7285 -
18 181 385 570 663 1230 4635 7825 -
Mean density 16.67 170.33  364.00 571.33 673.33 1209.33 5205.0 7893.33 -
s. O. 1.21 20.53 26.91 52.49 51.87 97.73 457.84  585.57 -
5. E. 0.49 8.38 10.98 21.43 21.17 39.89 186.79  239.01 -

&eve
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No. of hours after inoculstion

45 95 120 140 165 195 240 290 300
- ISOLATE-E 13 155 - A38 505 775 6470 - 8980
20 150 - 520 495 635 5570 - 8500
18 165 - 436 540 544 5380 - 8440
23 130 - 522 570 766 4880 - 9490
20 145 - 475 435 710 6010 -  8B10
20 170 - 483 463 599 6000 - 8660
Mean demsity 19.00 152.50 - 479.0 503 705.0 5735.0 - 8780.0
S. D. 3,35 14.40 - 37.66  439.26 58.84 530,91 - 395, 32
s. E. 1.37 5.88 - 15.37 20.18 24,02 216.7 - 161.42
ISOLATE-F 21 225 351 - 680 1693 5845 12235 -
25 198 428 - 835 1710 5810 12145 -
23 275 . 400 - 705 1550 7155 11050 -
20 285 439 - 770 1390 6995 9950 -
25 230 364 - 752 1410 5895 9795 -
24 255 478 - 822 1607 7025 11215 -
Mean density 23.0 244.67 410.00 - 760.67  1560.0 6620.83 11085 -
S. D. 2.10 32,95  47.93 - 61.73 137.04 620.20 1040.59 -
S. E. D.86 13.45 19.56 - 25.20 55.93 253.14

ose2



Appendix 3=2.1

Statistical treatment for the comparison of population

densities developed by the three isolates at 10,

Related "t'"-test data.

Harvest Isglates sub ject t-value p.value

Time to test

H45 A and E 0.16 p 0.05 NS

H45 A and F 0.77 p 0.05 NS

HIS " A and E 0.89 p 0.05 - NS

HIS5 A and F 1.95 p 0.05 NS

HSS E and F 0.93 p 0.05 NS

H165 A and E 4.88 0.001<p<0.01 =

H1E5 A and F 4.24 0.001{p{0.01 %

H165 E and F 7.69 p{0.001 s
H195 E and F 4.28 0.001 p 0.01 %%

H240 A and E 5.14 p<0.001 *xx*

H240 E and F 8.05 p<b.001 %Xk

251



252

Appendix 3=2.2

Statistical treatment for the comparison of population

densities developed by the three isolates at 15°¢C,
ARelated "t'"-test data.

Harvest Isolates sub ject t-value p.value

Time to test '

HAS A and E 1.41 p)0.05 NS
H45 A and F 0.51 p/0.05 NS
H95 " A and E 0.869 py0.05 - NS
HO5 E and F 0.93 py0.05 NS
HO5 A and F : 1.95 p)0.05 NS
H145 A and E 4.88 p<0.001 iese
H145 E and F a.24 0.001<p<0.01 ~ #x
H145 A and F 7.69 p<0.001 Aok
H195 A and E 8.95 p<0.001 Hete
H1S5 E and F 4,28 o.oo1<b<@.o1 ek
H300 A and E 6.14 p<0.001 ook

H300 E and F 8.05 p<p.001 st
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Appendix 3-2.3

Statistical treatment fFfor the comparison of population

densities developed by the three isolates at 20°c.

Related "t'"'-test data.

Harvest Isolates sub ject t=-value p.value

Time to test

H45 A and E 0 py0.05 NS
H45 E and F 1.43 p)0.05 NS
H45 A and F 1.44 py0.05 NS
HS5 A and E 4,67 p<0.001 %k
_HS5 E and F ‘ 4,005 0.001¢(p<0.01 gz
H95 A and F 6.28 p<@.oo1 Hedeie
H130 A and E 8.61 p<0.001 e
H130 E and F 4,008 0.001¢p (0. 01 ek
H130 A and F 8.95 p<0.001 Hefee
H165 A and E 5.78 p<0.001 Heseste
H165 E and F 5.09 p{0.001 B
H240 A and E 8.78 p<0.001 Fesets

H24o . E and F 4.08 0.001(p{B.01 tete



Appendix 3-2.4

Statistical treatment for the comparison of population

densities developed by the three isolates at 25°c.

Related "t'"'-test data.

Harvest Isolates subject t-value p.value

Time to test

H4S A and E 2.38 0.01{p<B.05 %
H45 E and F 0.95 p)0.05 NS
H45 A and F 2.74 D.D1<p<0.05 %
HI5 A and E 4.54 n<0.001 st
- H9S . E and F 2.38 0.01{p<0.05 %
HO5 A and F 7.23 p<0.001 s
H185 A and E 4,27 o.oo1<b<§.o1 o
H195 E and F 1,75 p)0.0S NS
H195 A =nd F 4.19 o.oo1<§<@.o1 e
H240 A and E 5.38 p<{0.001 st
H240 E and F 3.53 o.oo1<@<@.o1 e

H240 A and F 7.98 p<0.001 et
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Statistical treatment Ffor the comparison of population

Appendix 3-2,5

densities developed by the three isolates at 30°%c.

RAelated "t"-test data.

5.91

Harvest Isolates subject t-value p.value
Time to test

H45 A and E 1.65 p,0.05
H4S5 E and F 2.25 pd0.05
H4S5 A and F 5.86 p<D.DD1
Ha95 A and E 1.58 p»0.05
'HI5 E and F 5.70 p{0.001
H35 A and F 4,26 0.001(p {0-01
H420 A and F 1,98 p>0.05
H140 A and E 5.65 pdD.05
H165 A and E 5.29 p<0.001
H1E65 E and F 7.34 p<0.0Dl
H165 A and F 2.21

H240 A and E 1.68 p)0.05
H240 E and F 2.41 0.0140.0s
H240 A and F 4,08 0.001<p<0.01»
H290 A and E 2.79 0.01/p(0.05
H230 E and F 4.56 0.001¢(p<0.01
H290. A and F p<{0.001

NS

ots
-~

s
by

NS

3¢

3

3
3

3¢

T elsaledts

roch
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Data for Arrhenius plots of population growth rates for isoclates A, F and E.

Appendix 3=3.1

Nos. of nematodes

Tempehatdre Isolate. " Rate of population Log Rate
%% %k 1/°k Code aFter 240 hrs. growth (Nos./hr.) log (Nos./hr.)
MEAN (n=6)

10°c 283 .003533 F 80.00 0.3333 T1.4771
24.83 0.1035 1.9852

11.00 0.0458 2.3388

15°c 288 .003472 173.00 0.7208 T.1422
E 128.00 0.5333 T1.2730

A 87.00 0.3625 1.4407

20°c 293 .003412 F 778.00 3.2417 0.5108
E 565.17 2.3542 0.3718

A 162.33 0.6750 1.1707

25°c 298 .003355 F 2097.66 8.7403 0.9415
E 1206 .00 5.,0250 0.7011

A 436.83 1.8201 0.2601

30°c 303 .003300 F 6620.83 27.5868 1.4407
E 5735.00 23.8958 1.3783

A 5205.10 21.8879 1.3352

sse
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Appendix 3=3.2

Results of the Linear Regressions computed fFor the

Arrhenius Plots for population growth rate.

ISOLATE y = (m) x + (c] Regression
for the temperatures Coefficient
10%, 15°c and 20°C. ()
SLOPE INTERCEPT
(m) (c]
A : +9.67x10°  31.91 0.7
E +19.45x103 66.60 0.7
3
F +16.39%10 56,73 0.7
ISOLATE y = (m) x + (c) Regression
For the temperatures Coefficient
10%, 15°c and 20°c. (r3
SLOPE INTERCEPT
(m]) (ec])
A +22,39x10°  75.30 0.8
E +8.96x10°  30.90 0.8
: 3 ’
F +8.29%10 28.81



logyq
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Adults

logyq
Nos. of

Larvae

logyq

L/A+3.0

Appendix 3-4.1

The variation of L/A ratio of isolate-A developing for 15 days at EOOC.

Harvest Time in Hours

45 95 135 168 215 240 280 300 320 340 360

0.69214 0.52244 0.82347 0.663831 1.32899 1.46731 1.,84714 1.91381 2.01840 2.13776 1.84298

+ + + + + + + + + + +

0.019 . 0.051 0.033 0.023 0.030 0.016 0.014 0.015 0.031 0.014 0.014

1.14125 0.47712 1.242388 1.74296 2.11838 2.12603 2.10150 2.13776 2.13567 2.13872 2.37535
+ + + + + + + + + + +

0.025 0.050 0.031 . 0.020 0.029 0.010 0.011 0.015 0.033 0.017 0.015

1.19645 2.93693 3.38951 4.07364 3.78937 3.65872 3.,25436 3.22394 3.,11726 2,998385 3.53236
4+ + -+ + + ' + + + + + 4

0,027 0.054 0.035 0.025 0.030 0.017 0.014 0,015 0.031 0.015 0.01S

The confidence intet‘vals[C.I.=9-57g‘>—<] For a two—talled test at =0.05 (n=B8;d.F=5) are

indieated in the corresponding logarithmic plots on Fig. 8

Bs2



Appendix 3-4.2

The variation of L/A ratio of isolate-F developing for 15 days at 20°C.

Harvest Time in Hours
45 a5 ) 135 168 215 240 280 300 320 340 360
log10 0.68161 0.96988 0.74046 0.88422 1.86628 2.38080 3.17631 2.88119 3.22599 3.176038 3.03529

Nos. of + + + + + + + + + A + +
- - - - - -, i - - - -

Adults 0,021 0.051 0.033 0.069 0.051 0.054 0.014 0.015 0.020 D.015 0.016

log10 1.07935 1.32899 1.72015 2.36235 2.60906 2.74009 2.59326 3.15966 3.15604 3.43296 3.53702
Nos. of + + -+ -+ -+ + -+ -+ + + +

Larvae 0.023 0.041 0.0351 0,071 0.053 0.050 0.015 0.022 0.023 0.015 D.019

log1D 1.22891 3.35910 3.97979 4.47812 3,74277 3.35928 1.41697 3.27847 2.93004 3.25686 3.60168
L/A+3.0 + + + o+ + + + + + + +

0.023 0.045 0.034 0.068 0.054 0.053 0.015 0.021 0.022 0.015 0.020

The confidence intervals (C.I. = 2.57 S;) for a two~tailed test at =0,05 [(nh=6;d.f=5) are

indicated in the corresponding logarithmic plots on Fig. 8.
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Adults

10910
Nos. of

Larvae

log10
L/A+3.0

Appendix 3-~4.3

The variation of L/A ratio of isolate-E developing For 15 days at 20 C.
Harvest Time in Hours
45 95 135 168 240 280 300 320 340 360
0.71323 0.80140 0.66838 0.88422 2.34175 2.86648 3.23863 3.00346 2.99402 2.80436
+ + + + + + + + + +
0.022 0.045 0,023 0.021 0.032 0.033 0.041 0.014 0.020 a.022
1.79598 0.82347 1.53567 1.92598 2.57441 2.37043 2.57824 2.58206 2.838963 3.25106
+ + + * + + + + + +
0.023 0.045 a.027 0.029 0.033 0.030 0.035 0.011 0.020 0.027
1.48623 3.02206 3.85728 4,04175 3,23266 2,.50335 2.33961 2.57859 2.80560 3.44570
+* + + + + + + + * +
.0.023 0.045 0.028 0.030 0.033 0.034 0.041 0.015 0.023 0.027
are

The confidence intervals[C.I;=2.57S§] for a two-tailed test at =0,05 (n=6;d.f=5)

indicated in the corresponding logorithmic

plots on Fig. 8.
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Larvae

10910
L/A+3.0

The variation

Appendix 3=-4.4

of L/A ratio of isolate-A developing for 15 days at 25°C.

Harvest Time in Hours

45 95 135 168 215 240 280 320 360
0.85475 0.41328 1.41424 1.83033 2.08134 1.80386 2.37167 2.96738 3.25349

+ + + + + + + + +
0.043 0.017 0.019 0.012 0.010 0.038 0.060 0.041 0.045
1189909 0.59217 1.46570 1.86840 2.268176 2.57478 2.657240 2.58334 3.298936

+ + + + + + + * +
0.021 0.015 0.020 0.022 0.012 0.041 0.054 0.043 0.048
2.25532 3.17887 3.05447 3,03724 3.18038 3.77092 3.30072 2.71598 3.04586

+ + + + + + + + +
0.044 0.017 0.021 0.024 0.012 0.042 8,062 0.044 0.048

The confidence intervals (C.I. = 2.57 S;] for a two-talled test at.- =0.05 (n=6;d.fF=5) are

indicated in the corresponding logorithmic plots on Fig.. 9.
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Adults

Ledyg
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Larvae

logyq
L/A+3.0

The confidence intervals (C.I. = 2.57 S;) for a two-tailed test

Appendix 3-4.5

The variation of L/A ratios of isolate-F developing for 15 days at 25°¢,

Harvest Time in Hours

45 g5 135 168 215 240 280 320 360
0.80140 0.36735 2.13987 1.83019 1.36172 1.96217 2.92582 2.85712 2.64081
z b : 2z z il i M - 2
0.055 0.045 0.021 0.063 0.036 0.041 0.051 0.048 0.053
0.12355 1,34888 2.00715 2.60816 2.98923 3.30387 3.47124 3.66984 3,87143
¥ il : : z : z T z
0.035 0.040 0.024 0.051 0.051 0.054 0.062 0.058 0.057
2.32244 3.98153 2.86726 3.71796 4.62757 4.32149 3,54541 3.81271 4.23081
2 z pd il : : 2 : p

40.057 0.048 0.085 0.084 0,052 0.057 0.0682 0.080 0.058

indicated in the corresponding logarithmic plots on Fig 9.

at X=0.05 (n=6;d.f=5] are
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10910

Nos. of

Adults

logyg

Nos. OF

Larvae

10910

L/A+3.0

The éonFidenca intervals (C.I. = 2.57 S;J for 8 two-talled test

Appendix 3-4.6

The variation of L/A ratios of isolate-E developing for 15 days at 25°¢c.

Harvest Time in Hours

45 95 135 168 215 240 280 320 360
0.75281 ¥.180468 1.81517 1.96217 1.50051 2.03873 2.77670 3.51219 3.33048
* * * * s * * * *

0.038 0.060 c.021 D.042 0.038 0.042 0.044 0.061 0.021
1.18045 1.31513 ‘2.01140. 2.40879 0.82170 3.03848 2,9898196 2.74636 3.63393
* s * * * * * * *

0.033 0.037 0.030 0.037 0.033 Q.051 0.050 0.051 0.0;7
2.06666 4,49558 3.19622 3.44661 4.28219 3.99974 3.205268 2.23416 3,30345
* : 2 * 4 * : : >
0.063 0.033 0.044 0.040 0.053 0.053 0.063 0.061

0.040

indicated in the cdrreSponding logarithmic plots on Fig. 9.

at =0.05 (h=63;d.f=5) are
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Appendix 3-4.7

The variation of L/A ratios of iscolate-F developing for 12 days at 30°¢c.

Harvest Time in Hours

45 95 135 168 195 215 240 280
10910 1.00732 g.80140 1.56419 2.24038 2.80322 ' 3.22228 2.58920 3.14731
Nos. of * * * * * * * *
Adults D.018 0.024 0.021 0.022 0.015 0.016 0.042 0.037
log10 1.03482 2.35088 2.565705 2.79685% 2.98242 3.12683 3.794865 4.,99409
Nos. of * * * * * * * *
Larvae 0.023 0.038 0.041 0.041 0.043 0.048 0.051 0.061
ldg10 3.02730 4.54948 4.082886 3.55648 3.17919 2.90455 4.,20544 4.,84677
L/A+3.0 * * * * * * * *

D.026 0.038 0.042 0.045 0.047 0.051 0.057

0.064

The conflidence intervals (C.I. = 2.57 S;J for a two-tailed test at =0.,05 (n=6;d.f=5) are

indicated in the corresponding logaﬁthmic plots on Fig. 10.
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logyg
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The variation of L/A ratios of isolate-E developing for 12 days at

Appendix 3-4.8

30°¢c.

Harvest Time in Hours

45 g5 135 168 195 215 240 280
1.06069 0.98497 1.68421 2.11835 2.54940 2.422146 3.46319  2.18565
: r * : 2 : z z

0.033 0.017 0.032 0.023 0.015 0.019 0.031 0.025
0.76566 2.15481 2.41692 2.56506 2.53677 3.18516 3.46209 3.89553
e M i i T : i :

0.023 0.022 0.027 0.031 0.033 0.041 0.033 0.037

2.70496 4.16984 3.73270 3.44668 2.98738 3.76301 2.99060 4.70987
: : : 2 ¥ : : 2

0.035 0.026 0.035 0.034 0.041 0.045 0.033 0.038

The confidence intervals (C.I. = 2.57 S;J for a two-~tailed test at =0.05 (n=6;d.f=5) are

indicated in the corresponding logarithmic plots on Fig10,
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Appendix 3-4.9

The variation of L/A ratios of isolate-A developing for 12

days at 30°C.

Harvest Time in Hours

indicated in the corresponding loganthmic plots on Fig. 10.

45 95 135 168 195 215 240 280
log1D 0.68384 0.93751 1.84720 1.81291 1.56026 2.16115 2.76355 3.23037
Nos. of + + + + + . + +
Adults 0.014 0.022 0.014 0.016 0.014 0.023 0.017 0.015
1091b 1.52048 2.22367 2.63714 2.85622 3.06954 3.32366 3.71153 3.85404
Nos. of -+ -+ + + + + -+ +
Larvae 0.023 0.031 0.029 0.040 0.043 0.046 0.048 0.052
1qg10 3.83653 4.,66008 3.78624 5.04532 4.50928 4.16280 4.,94798 4,62367
L/A+3.0 + » + + + + - +

0.036 0.039 0.040 0,082 0.048 0.049 0.050 0.054
The confidence intervals (C.I. = 2.578;] for a two-tailed test at =0.05 (n=6;d.f=5) are

88e



Appendix 3=5.1

The effect of NaCN incorporated medium on the change of composition of isolate-~A at 30°C.

Nos. of adults

(control group)

Nos. of adults
in NaCN/PDA

Nos. of larvae

(control groupj

Nos. of larvae

in NaCN/PDA

Total Nos.

(control group)

Total Nos.
(test group)

Harvest Time in. Hours

a5 95 135 168 195 215 240

4.83 7.66 70.33 65.0 35.33 144 .83 580.12

+ 0.98 + 2.1 + 10.15 + 8.15 + 3,85 + 23.16 + 145.74
5.0 5.17 14,33 12.17 22.0 48.17 125,33

? o.83 21,12 T 1,78 Y211 ¥ a4 * 15.18 * 39.81
33,17 167.33 . 433.66 718.17 1073.66 2107.0 5146.8
Ta.s 418,78 Z40.19 T a31es T 715 11288 2 198.17
16.33 72.50 505.17 779.00 1200.17 2403.33 6601.33
* o.15 * g.18 2 48,75 Z 39.17 2 80.55 ¥ 195.15 X 3gs.52
37.0 174.33 503.17 791.33 1210.0 2250, 83 5726.66
% a.a1 2 25,38 ¥ ag.25 T es.71 = 118.67 ¥ 238.15 ¥ 440.15
21.5 77.86 §19.17 802.0 1222,5 2453,5 6730,17
Z 3.81 Z 8.91 ¥ 49.48 ¥ 98.15 Z 143,32 ¥ 271,14 I sss5.30

For Statistical Analysis of the data

The S.E. obtained for the 10910 data

see Appendix 5.3 and Appendix 5.4.

of B replicates was used to compute the Confidence Intervals

(C.I. = 2.56 x log1D S.E. for a two-tailed test ato(=0.05;n=6;d.fF=5] indicated in f%pweii

£92



Appendix 3-5.2

The effect of NaCN incorporated medium on the change of composition of isolatesF at 30°C.

Nos.of adults

(control group)

Nos.of adults
in NaCN/PDA

Nos. of larvae

{control groupj

Nos. of larvae

in NaCN/PDA

Total nos.

(control group)

Total nos.

in NaCN/PDA

For Statistical Analysis of the data see Appendix 5.5 and Appendix 5.6,

Harvest Time in Hours

45 95 135 168 195 215 240
5.17 34.33 71.33 179.5 203.17 169.33 410.50
Z o.83 Z 5.11 Z 8.91 Z416.87 Z1s8.87 Z41a,es I 52,51
5.0 12.33 23.33 38.50 161.17 204.50 - 311.66
.12 I 2.68 T 4.1 ¥ 15.54 T 1a.18 Y 19.18 T 48.37
17.17 196.36 - 431 .84 65682.17 1201 .33 4041 ,27 6260.0
T 1.82 ¥ 18.55 2 11.45 Y J0.15 ? 105.43 Y 218.88 I 285.17
13.17 218.0 451.33 893.66 1284.0 3680.66 6704.5
2 1.98 T 22.85 % 14.33 T 93.81 % g98.81 2 227.78 ¥ 320.98
22.66 230.66 503.17 861.66 1710.5 4210.86 6670.5
t 2.43 Z 30.81 2 49,30 2 79.18 2 149,15 I 318.81 I 241.15
18.17 271.50 480.66 932.17 1645,17 3885.17 7015.17
I 3.38 Y a3.73 I s8.15 2 108.53 I 1484.31 I 320.33 2 419.41

The S.E. obtained for the 10910 data of B replicates was used to compute the Confidemnce Intervals

(c.I. = 2.56 x 10910 S.E. for a two-tailed test at&=0.05;n=6;d.f=5) indicated in fq”"eiz.

r
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Appendix 3-5.3

Statistical treatment for the comparison of larval numbers produced by isolate-A in normal-FDA

and cyanide-incorporated-PDA. [Related "t"-test data)

Harvest Time Nos. of larvae ' Nos. of larvae t-value p-value
in Hours in controls = S.0. in cN/PDA T s.D.
(n=6) (n=6) d.fF=10
HAS 33.17 2 4.15 16.33 I 2.15 8.05 p<0.001
+ +
HO5 167.33 = 18,78 72.50 % 9.18 10.09 p<0.001
' + +
H135 433.66 = 40,19 505.17 = 48.75 2.51 .01 (.05
H168 718.17 £ 31.86 779.00 = 39.17 2.68 .01¢p {005
H195 1073.66 = 78.15 1200.17 = 80.55 2.50 .01{p<{0.05
H215 2107.0 = 112.66 2403.33 ¥ 196.15 2.91 .01 (.05
H240 , 5146.8 ~ 198,17 6601.33 -~ 385,52 7.47 p<0.001

B8e2



. Appendix 3-5.4

Statistical treatment For the comparison of adult numbers produced by isolate-A in normal-PDA

{controls) and in cyanide~incorporated-PDA. (Related "t"-test data)

Harvest Time Nos. of adults Nos. of adults t-value p-value
in-Hours in controls- - S.D. in CN/PDA 2 s.0O.

{n=6) | - (n=6) d.f=10
HAS 4.83 I 0.98 5.0 2 0.83 ,.298 'é>0.05 NS
HO5 , 7.66 = 2.10 ‘ 5.17 Z 1.12 2.34 0.01¢p .05
H135 70.33 X 10.15 14.33 2 1.78 a.82 p<0.001
H168 | 55.00 > 8.15 12.17 T 2,11 12.97 p<0.001
H195 36.33 ~ 3.85 22,00 T 4.10 5.68 p 0. 001
H215 144,83 X 23.16 48.17 I 15,18 7.70 p<0.001
H240 | 580.12 = 146.74 125.33 = 39.61 5.66 p0.001

0«e



Appendix 3~5,5

Statistical treatment for the comparison of adult numbers produced by isclate-F in normal-PDA

(controls) and cyanide-incorporated-PDA. (Related "t"-test data)

Harvest Time Nos. of adults ' Nos. of adults t-value p-value
in Hours in controls = S.0. in CN/PDA z S.0.
(n=6]) {n=6] d.fF=10

H4S 5.17 > 0.83 5.0 2 1.12 0.274 py0.05

+
HI5 34.33 ~ 5.11 12.33 * 2.66 2.588 0.01¢p{0.05
H135 71.33 2 a.91 23.33 2 4.15 10.21 p<0.001

+ +
H168 179.50 2 16.87 38.50 ¥ 15.51 13.82 p{0.001
H195 209.17 X 18.87 161.17 I 14.18 a.s2 o.oo1<§<b.o1
H215 169.33 X 14.85 204.50 - 19.18 3.25 0.001{p<{0.01

R ]

Y
H240 410.50 = 52,51 311.66 - 48.37 3.082 0.01<b<©.05

L2



Appendix 3-5.6

Statistical treatment For the comparison of larval numbers produced by isolate~F in normal-PDA

(controls) and in cyanide-incorporated-PDA.

(Related "t"-test data)

Harvest Time Nos. of larvae Nos. of larvae t-value p-value
in Hours in controls 2 S.O. in CN/PDA z s.o.
(n=6] (n=6] d.f=10

H4S 17.17 = 1.82 13.17 2 1,95 3.33 0.001¢p<0. 01

+ + /,
HO5 195.36 2 16.55 218 1 22.65 1.79 p<{0.05

+ +
H135 431.84 - 11.15 451,33 - 14.33 2.39 p{D.05
H168 682.17 = 70.15 893.66 - 93.61 4.02 o.oo1<§<@.o1
H195 1201.33 % 105.43 1484.0 X g98.61 4.35 0.001¢p<0. 01
H215 4041.27 ~ 216.66 3680.66 = 227.76 2.55 0.01(p<0.05
H240 6260.0 2 285.17 6704.5 X 320.98 2.30 _o.o1<§<@.05

242



Appendix 3-6,1

The effect of low temperature [O—BOC.] treatment of non-starving Young adult females from three

isolates of A. avenae on the population growth subsequent to treatment.

Nos. of nematodes produced by MEAN S.E. Nos. of nematodes produced MEAN S.E. significance
5 fFemales (treated at 0-3°C.) Z s.o. by 5 Females (controls) z S.0.
after 130 hrs. at 30°C. (n=6) (n=6) after 130 hrs. at 30°C. (n=6) (n=86)
ISOLATE-F
384, 414, 394 420, 398, 409
389, 421, A2 1.3 432, 386, B - 6.90 A S B
374, 422, 27.71 417, 401, 16.90 NS
ISOLATE-A
281, 278, 263.17 3s0, 353, 370
245, 259, c z 6.18 351, 339, n 2 10.49 C&D
268, 248, 15.09 387, 401, 25.69 seesi
ISOLATE-E
311, 343, 326.0 371, 404, 384.83
341, 323, E = 5,92 389, 363, F o2 8.41 EGF
309, 323, 14 .46 365, 407, 20.60 e
Significant values of "t"-test (d.f = 10) :-
Not significant - NS; p<0.05 - %3
p{0.01 — oy pdD.001 = ok

€2



Appendix 3-6.2

The effect of low temperature (D-SDC.) treatment of non-feeding young adult Females From three

isolates of A. avenae on the population growth subsequent to treatment.

Nos. of nematodes produced byjMEAN S.E. '|Nos. of nematodes produced | MEAN . {S.E. [significance

5 fFemales (treated at 0-3°C.) z S.0D. by 5 females (controls) z S.0.
after 130 hrs. at 30°C. |(n=6) |(n=6)|after 130 hrs. at 30°C. (n=5] I(n=6)
ISOLATE-F
359, 361, 378.0 3s0, 368, 356.0
3s7, 395, A 2 B.71 342, 372, B 2 5,63 A & B
3ga, 373, 16.43 340, 3854, 13.80 NS
ISOLATE-A
210, =207, 221,50 335, 333, 352.0
235, 219, c = 4.69 3s9, 371, n 2 6.66 C&D
232, =228, 11.50 348, 356 16. 32 st
ISOLATE-E
311, 340, 3265.0 323, 350, 335.0
341, 344, e 2 7.08 347, 321, Fo2 6.14 E&F
308, 312, 17,26 320, 349, 15.03 e
Significant values of "t"~-test (d.f = 10) :-
Not significant - NS; p<0.05 - x;
p{0.01 - w%; p{0.001 - s

b2
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Appendix 3=7.1

The effect of low temperature on the percentage mortality

of isclates F and A. [(Angularly transformed data.)

(Results of 6 replicate treatments.)

Per iod of , Isolate~F Isolate-A

incubation at % Mortality % Mortality
0-3°C in days (n=8) (n=5)
5.1, 5.4, 12.9, 9.8,
7 10.8, 5.5, 10.0, B.6,
0.8, 4.8, 12.6, 6.3,
s.s, 5.2, 16.4, 18,7,
14 7.2, 4.8, 12.6, 9.3,.
4,9, 9.8, 12.0, 8.4,

4.4, 18.3, 14.2,
21 8.3, 8.5, 9.8, 10.0,
5.0, 14.1, 17.9,

8.8, 6.7, 23.4, 9.3,
28 .1, 3.9, 21.8, 18.0,
5.9, 4.3, 17.1, 12.1,
5.1, 11.9, 22.0, 1a3.s,
35 .0, 8.8, 20.4, 18.0,
12.8, 5.1, 17.8, 14.8,
15.8, 15.3, 27.0, 17.2,
ag 12.1, 8.8, 12.1, 18.3,
8.6, 11.9, 22.0, =27.8,
17.0, 413.0, 21.3, 31.8,
56 12.9, 10.0, . 24.3, 40.1,
17.2, 8.8, 38.3, 30.0,
63 - - - -
20.5, 19.8, 44,5, 21.3,
70 8.3, 14.0, 13.1, 48.3,
14.4, 7.5, 30.8, 34.8,
25.1, . 16.8, 54.1, 50.1,
105 8.5, 24.9, 4.9, 33.8,
16.8, 7.7, 38.7, 43.7,

Means are statistically analysed in the following Appendix,
Appendix3-7.2,
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Appendix 3=7.2

Aesults of a "t"-test analysis of the mean percentage

mortalities of isolates F and A (angularly transformed

data) following low temperature (0-3°C.) treatment.

(Results of individual replicates are given in preceding

Appendix, Appendix3-7.1)

Period of Isolate-F Isolate-A . p
incubation at Mean % : Mean % 2
0-3°C in days Mortality S.D. Mortality S.0.
7 5.38 3.09 9.67 2.83 p)0.05
(NS )
14 6.9 2.26 12.57 3.47 p)0.05
(NS)
21 8.4 3.32 14,05 3.567 p>0.05
28 5.62 2.18 16.37 5.46 p<0.05
35 ' 8.95 3.05 17.43 3.26 p<@.o1
a2 12.05 3.02 20.40 B.27 0.01<§<@.05
56 13.15 3.47  31.23 7.49 pd0.001
63 - - - - -
70 14.08 5.49 33.15 11.87 .oo1<§<@.o1

105 16.80 7.56 44,72 7.31 p<§.oo1



Appendix 3=7.3

Mortality of isolates F and A in suspensions of sterile

distilled water at 25°C. ambient. {(Angularly transformed

data. )

(Results of B replicate treatments. )

Period of

incubation at

Isolate-F
% Mortality

Isolate-=A
% Mortality

0-3°C in days (n=6) (n=85)

5.0, 0.1, 2.7, 5.1,
7 3.1, 0.2, 0.1, 1.9,
2.8, 6.3, 2.4, 2.2,

14 - - - -
8.8, a.s, 5.4, a.s,
21 0.9, 4.7, 0.7, 0.2,
1.2, 8.6, 3.4, 0.7,

28 - - - -

35 - - - -
10.7, 7.8, 7.1, 5.8,
a2 9.8; 3.1, 5.9, 5.2,
7.9, 5.0, 7.0, 6.5,
10.5, a.1, 11.5, 10.s5,
56 10.8, 5.9, 8.1, 5.3,
8.5, 2.9’ 5.9’ 8.7,

63 - - - -

70 - - - -
16.5, 11.1, 12.2, 5.5,
105 15.9, 7.5, 12.7, 10.3,
11.0, 7.0, 9.8, 5.5,

Means are statistically analysed in the following Appendix,

Appendix 3-7.4
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Appendix 3=-7{4

Results of a "t"-test anzlysis of the mean percentage

mortalities of isclates F and A (angularly transformed

data) following incubation at 25°C. ambient.

(AResults of individual replicates are given in preceding

Appendix, Appendix37.3 )

Period of Isolate-F Isolate-A P
+ +

incubation at Mean % Mean %

0-3°C in days Mortality S.0. Mortality S.0.

7 3.08 2.869 2.4 1.8 NS
14 - - - - .-
21 4,83 3.42 3.5 3.8 NS
28 - - - - .
35 - - - - -
4? 7.35 2.87 6.75 0.34 NS
56 .70 3.63 8.50 2.23 NS
63 - - - - -
70 - - - - -

105 11.50 4,03 9.50 2.94 NS

Significant values of "t"-test are given in column p:-

NS - p)0.05

278
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Appendix 3=7.5

Comparison of the percent-mortglities of isoclates A and F

with time due to low temperature regime. (Related "t"-test

data) -
(% mortality transformed angularly for statistical treatment)

Duration of t;value p-value
incubation at 0-3°c. [dF=10)
(days]

7 1.88 p,>0.05 NS
14 1.88 p>0.05 NS
21 - 2.229 p0.05 2
28 _ 2.54 p{0.05 %
a5 4.24 .001¢p<0. 01 et
az 2.57 o.o1<?<b.os e
56 4,88 p . 001 s
70 3.24 o.oo1<@<@.o1 ke
105 5.95 p<@.001 estests

Comparison of the percent-mortalities of isolates A and F

(controls) at 25°C. ambient. (Related "t"-test data. ]

Duration of t-value p-value
incubation at 25°C. (dF=10) .
7 0.483 >0.05 NS
14 0.580 >0.05 NS
a2 0.465 >D.05 NS
56 0.942 >0.05 NS

105 0.892 > 0.05 NS
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Appendix 3~8.1

The population growth (at SOOC.J of the three isolates

of A. avenae following anaerobic treatment.

Nos. of mematodes at Nos. of nematodes at
120 hrs. harvest 120 hrs. harvest
following anaerobic following treatment in
treatment fFor 120 hrs. air saturated medium
(at 25°C.) For 120 hrs. (at 25°C.)
(n=6) (n=8)
MEAN -~ S.0. MEAN = 5.0.
ISOLATE-A
408.50 420.50
+ +
36.84 24 .52
(38.65) NS (25.82)
ISOLATE-F
344,66 364,33
+ +
24,33 22.47
(36.15) NS (23.35)
ISOLATE=E
372.33 386.50
+ +
34.47 28.54
(35.99) NS (30.061)
Significant values of "t"-test: é}D.DS = NS

The Confidence Interval for 5 degrees, at&(=0.05

i.e. 2.57 x S.E. (two-tailed] is given in parenthesis.



Appendix 3-8.1

The effect of anaerobic (100% N2) treatment of isolate-A on the Mortality/Viability of individuals

(Analysed using 2 x 2 Chi Square)

Replicate Control Test Degrees of . p
Group Group Freedom
1. 14 18 1 0.07
Mortality - ' , NS
A
2 it 20 1 0.28
MEAN 14 19
1. 82 72 1 0
Viability % NS
2. - 78 1 0
MEAN 82 75
1. , 86 82 1 0]
Total Survival % ‘ NS
2. o _80 : 1 0
MEAN 86 81

Significant values for 2 x 2 Chi Square test :- é>0.05:==NS

L 3



Appendix 3-9.,2

The effect of anazerobic (100% N2] treatment of isclate-F on the Mortality/Viability of individuals

(Analysed using 2 x 2 Chi Square)

Replicate Control Test Degrees of . p
Group Group Freedom
1. 186 18 1 0.26
Mortality % NS
2. 14 20 1 0.07
MEAN 15 19
‘ 1. 72 58 1 1.11
Viability % ' NS
2. 76 50 1 2.88
MEAN 74 59
1, _ 84 g2 1 0
Total Survival % NS
2, 88 _80_ 1 0
MEAN B85 81

Significant values for 2 x 2 Chi Square test

- é>o.05 = NS

cge



Appendix 3=9.3

The effect of anaerobic. (100% Na] treatment of isolate-~-E on the Maortality/Viability of individuals

{(Analysed using 2 x 2 Chi Sqguare]

Replicate Control Test Degrees of p
Group Group Freedom
1. 8 10 1
Mortality % rNS
2. 12 14 1
MEAN .10 12
1. 86 74 1
Viability % NS
2. 82 78 1
MEAN 84 76
1. 9z a0 1
Total Survival % _ NS
= 88 86 1
MEAN 90 88 |
Significant values for 2 x 2 Chi Square test :- p>0.05 = NS

£8e



Appendix 4-1.1

The effect of harvest time omn the Q0. of isolate-E.

QDE

Batch

‘Batech

Batch

Mean X

S.0.

(n=18)

Time of harvest (days])

284

Ys! 50 80 70 80 100 140
5 .89 5,78 6.00 5.86 5,87 5.84 G.05
5.84 5.73 . 6B.15 5,91 5.09 5.62 5.83
5,99 5.88 6.20 5.01 5.03 5.77 5.90
6.04 5,90 5.05 5.08 5,93 5.89 5,98
5.01 5.76 5.17 5.04 5.92 5.66 6.00
5.87 5.33 5.03 5.88 6.04 5.80 5.88
5.82 5.71 5.75 5.60 5,83 5.58 5.79
5,77 5.66 5.80 5.66 5.687 5.36 5.57
5,92 5.81 5.90 5.76 5.77 5.52 5.64
5.97 5.69 5.95 5.82 5.51 5.42 5,72
5.94 5.86 5.93 5.79 5,80 5.39 5,74
5.80 5.83 5.77 5.63 5.84 " 5.55 5.62
5,52 5.58 5.88 5,75 5,94 5.94 5,64
5.57 5.41 5.83 5.53 5.80 5.84 5.54
5.67 5.46 5.73 5,69 5,74 5.62 5,35
5.72 5.61 5.58 5.59 5.88 5.93 5.65
5.69 5,58 5.86 5.72 5.90 5.97 5,31
5.55 5,44 5.70 5.56 5.78  5.64 5.56
5,81 5.70 5.91 5.77 5.85 5.67 5,74
0.16 0.17 0.415 0.18 0.14 0.19 0.2
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Aopendix 4-1.2

The effect of harvest time on the QD2 of isolate-F of A. avenae

Time of harvest (days)

50 80 70 90 100 140
Qg, 5.53 5.44 5.37 5.18 5.24 5.10
5.43 5.55 . 5,52 5.23 5,39 5.15

Batch 5.59 5.47 5,42 5,33 5.29 5.30
1 5.47 5.6 5.57 5,38 5.44 5.25
5.57 5.45 5.40 5.35 5.41 5,27
S.49 5.57 5.54 5,21 5.27 5,13

5.23 5.48 5.45 4,92 4.98 5.31

5.33  5.34 5,30 5.07 5.13 5.41
Batch 5.27 5,41 5.36 5.12 5.18 4,92
o 5.53 5.52 5,51 4.97 5.03 5.10
5.29 5.54 5,47 5,09 5.15 5.29
5.37 5.38 5,33 4,95 5.01 4.93
5.51 5.09 5.05 5,11 5.28 . 5.20

5.57 5.23 5.21 4,90 5.40 5.00

Batch 5,41 5.15 5,22 4,92 5.07 4.83
3 5,45 5.289 = 5,25 5,01 5.24 5.18
5.55 5.13 5.11 5.02 5.44 5.05

5,47 5,25 ' 5,08 5.18 5.03 4,81

Mean X' .5.45 5,38 5,15 5.11 , 5,22 5.11
s.o. 0.122 0.15 0.18 0.15 0.16 0.17

(h=18)



Appendix 4-1.3

The effect of harvest time on the QD2 of isolate-A

[ - -1
(QD2 units:- nmO, min

Qo,

Batch

Batch

Batch

Mean X’

SI’D'
(n=18])

mg dry wt~

i

Time of harvest (days)

286

50 60 70 80 80 120
5.45 5.35 5.54 5.65 5.23 5.29
5.65 5.50 5.74 5.45 5.43 5.08
5.47 5,32 5.56 5.47 5.27 5.24
5.63 5.52 5.72 5.63 5.39 5.24
5.46 S.34 5.74 5.48 5.24 5.22
5.64 5.49 5,57 5.62 5.42 5.16
5.46 5.13 5.35 5.38 5.29 5.53

5.28 5.31 5.53 5.58 5.09 5.22
5.28 5.33 5.37 5.40 5.25 5.34
5.44 5.15 5.55 5.56 5.13 5.54
5.43 5.30 5.38 5.42 5.28 5.31
5.29 5.16 5.52 5.54 5.10 5.26
5.25 5.06 5.34 5.45 5,46 ' 5.16
5.43 5.27 5.54 5.47 5.22 5.05
5.45 5.29 5.36 5.56 5.10 4.85
5.27 5.11 5.52 5.60 5.22 5.03
5.42 5.42 5.37 5.48 5.44 5.84
5.28 5.26 ' 5.51 5.36 5.15 5.20
5.42 5.27 5.51 5.51 5.26 5.24
0.43 0.13 0.14 0.15 0.18 0.21
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Appendix 4-2.1

The effect of temperature on the Q0. of isolate-E
1

(@0, units:- nmo, min~ 1 mg dry wt )
Assay temperature

Qo0, . 288°K 293K 298k 303°K 308°%
f.92 3.28 4,03 4.88 .17

2.14 3.06 4.25 4.93 5,95

Batch 2.19 3.01 - 3.98 4.64 6.22
1 1.87 3.33 4.30 4.66 5.90
2.26 2.94 4.37 5.00 6.29

1.80 3.40 3.91 4.54 5.83

2.90 3.20 4.46 5.2 .5.84

1.78 2.98 4.24 4,90 5.62

Batch 1.73 3.25 4,54 4.85 5.89
2 2.05 2.93 4.19 5.17 5.57
2.12 3.32 4,37 5.24 5.95

1.86 2.86 3.91 4.78 5.50

1.58 2.97 4.58 5.18 5.83

1.80 2.75 4,36 4.98 6.05

Batch 1.85 3.02 4,63 5.23 6.10
3 1.53 2.70 4.34 4,91 5.78
1.69 - 2.83  4.70 5.30 6.17

1.92 3.09 4,24 4,84 5.71

Mean 1.88 3.04 4.30 4.95 5.91

(n = 18)

S.D. . 0.21 0.22 0.23 0.22 0.227



Appendix 4-2.2

‘The effect of temperature on the Q0, of isolate-F

Qo,

Batch

Batech

Batch

Mean
(n=48)

S.0.

T |
(002 units: nmO, min

Assay temperature

mg dry wt-1J

288°K 293°K 298°k 303K 308K
1.578 2.291 4,897 5.466 5.892
1.827 3.079 4,956 5,271 5.855
1.802 3.311 4.729 5.208 5.739
1.888 3.390 4,744 5,450 5.744
1.902 3.080 4.970 5.461 5.886
1.805 3.321 4.980 5,389 5.986
- - 4,729 5.460 5.854
1.871 3.238 4.810 5.416 5.828
1.850 3.267 5.230 5.354 6.189
2.180 3.461 5.161 5.726 5.849
2.070 3.497 4.880 5.694 6.229
2.091 3.228 5.450 5,756 5.869
1.761 3.508 4,830 5.3686 6.209
1.840 3.238 4.481 5.016 5.519
1.421 2.e18 4.582 5.417 5.858
" 1,750 3.168 4.880 5.4086 5.538
1.511 2.887 4.783 5.325 5.834
1.500 2.925 4.630 5,540 5.487
1.762 3.127 4,734 4.916 5.887
1.80 3.19 4.85 5.38 5.85
0.20 0.22 0.20 0.23 0.21

288
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Appendix 4-2.3

The effect of temperature on the Q0. of isclate-A

Assay temperature

288°k 293°% 298°% 303°K 308°k

. Bateh 1 (n=6)
1.71 2.74 3.42 5.652 7.03

Batch
1 + - + + +
0.12 0.14 0.10 0.98 0.79
Batch 2 (n=6)
1.48 2.51 3.81 5.21 6.87
Batch - . - - .
2 - - - = -
0.11 0.85 0.12 0.11 0.14
Batch 3 (n=6)
4.37 2.38 3.27 5.14 6.73
Batch <+ L 4 L <+ *
3 0.43 0.16 0.15 0.14 0.98
Mean 1.52 2.54 3.50 5.28 6.88
{n=18)

S.0 0.22 0.24 . 0.23 0.21 a.22



Appendix 4-3.1

The effect of hyperbaric N, on the Q0, of 3 isolates of

A. avenae (aoa units: nm0, min-1.mg dry wt-1)

Isolate Control Group Control Group Test Group Test Group
Zero time in SOW Mean Q0. following Zerac time Mean QO0, following:
Mean QDa 12 hrs in air Mean QOe 12 hrs In N
{n=6x2) saturated SDW [n:SkE] saturated SSH
(n=6x2) {n=6x2)
F 5.28  0.20 5.71 2 p0.33 5.31 = p.22 a.52 2 p.30
+ +
A 5.32 - 0.23 S.1%1 - 0.21 5.4 -~ 0.18 5.18 - 0.31
E s5.22 £ 0.25 5.40 2 0.30 5.2 2 p.20 4.78 ¥ g.28

sz



Appendix 4-4.1

The effect of hyperbaric 0, on the Q0. of 3 isolstes of

A. avenas, { Incubated for 12 hr at 25°c)
Isolate Control Group Control Group Test Group Test Group
Zero time Mean Q0. after Zero time Mean 002 zfFter
Mean QO, 12 hrs In air : Mean QO, 12 hrs in 02
(n=6x2) saturated SOW (n=6x2) saturated SOW
(n=6x2) (n=6x2)

F 5,32 = 0.30 5.92 2 0,32 5.41 ¥ 0.33 5.62 ¥ 0.28

A 5.43 X 0.34 5.08 = 0.35 5.28 2 p.20 5.46 2 0.33

E 5.38 2 0.11 5.45 2 0.34 5.40 £ 0.18 5.28 ~ 0.25

LE2



Appendix 5-1,1

 The effect of NaCN (3mM) on the Q0. of isolate-A: derived from mass cultures (culture

temperature = 259C) of varying age

Culture ‘Normal QO, Qo in 3mM NaCN % Inhibition ‘Overall Means £ S,0. (n=18)
Age Normal QOa in % .
.Ba?ch Baéch Bageh Ba?ch B?ééh Bagch Ba?ch Bagch Baéih QD2 3mM NaCN Inhibition
5,55 5.386 5.35 4.49 4.44 4,36 18.85 17.00 18.28 5.42 4.43 18.04
+ +*> +* +* -+ +> -+ -+
SD - - - L - - - -
‘ 0.08 0.09 0.09 0.06 0.05 0.23 0.13 0.10
S5.42 5.25 5.18 4,34 4,25 4,24 19.79 18.50 18.04 5.27 4,27 18.77
60 % % 2 % > % ' 2 z
0.08 0.09 0.08 0.09 0.18 0.14 : 0.13 0.11
5.64 5.45 5.44 4,61 4,41 4.38 18.16 18.79 18,79 5.51 4,47 18.74
70 + + + + + + + +
0.09 0.09 0.09 0.18 0.11 0.12 0.11 - 0.12
5,55 5.48 5.48 4.50 4.50 4.4 18.69 17.68 18.02 5.51 4.49 18.13
80 -+ * +* + * + +
0.08 0.08 0.08 o.12 0.19 0.11 0.04 g.19
: 5.33 5.19 5.26 4,39 4.24 4.33 17.64 18.30 17.49 5.26 4,32 17 .81
a0 + + + + + + + +
0.09 0.09 0.14 0.12 0.11 0.07 0.12 o.11
S5.24 5.36 5.18 4,22 4,38 4.23 18.69 18.10 18.50 5.24 4,28 48.43
120 + + + + o+ +* + +
0.09 0.12 0.34 0.05 0.40 Q.28 0.21 0.18

262



Appendix 5-1.2

The affect of NaCN (3mM) on the qoa of {splate-F derived from mass cultures (culture

temperature = 25°C) of varying age

Culture Normal QO, DDE in 3mM NaCN % Inhibition Overall Means = S.0. (n=18)
Age Batch Batch Batch Batch Batoh Batch Batch Batch Batch Normal QDE in %
: 1 2 3 1 2 3 1 2 3 Qo, 3mM NaCN  Inhibition
5.53 5.33 5.51 1.21 1.36 41.05 78.11 74.10 841,03 5,45 4.20 77.74
S0 + + + + + + + +
0.02 0.10 0.07 0.08 0,089 0.08 0.12 0.15
5.51 5.44 5.19 1.33 1.14 1.29 75.86 79.04 75.14 5.38 ° 1.25 " 76.88
. + + + + + + + +
60 - - - - - - - -
0.07 0.08 0.07 0.09 0.08 0.08 0.18 0.10
5.47 5.40 5,15 1,08 1,43 1.28 80.10 73.44 75.67 5.34 1.28 76.73
70 + + + . + + + + -+
- 0.08 0.08 0.08 0.07 0.08 0.10 0.16 0.17
5.28 5.02 5.02 1.15 1.40 1.37 78.22 72.11 72.71 5.10 1.30 74.34
80 + + + + +* + > +
0.08 0.08 0.10 0,08 0,09 0.09 0.15 0.13
5.34° 65,08 5.24 1.49 1.11 1.21 72.08 78.,13 76,81 5.22 1.27 75.87
100 + + + *" * + + -
0.08 0.08 0.18 0.09 0.08 0.04 0.13 D.19
5.20 5.11 5.01 1.35 1.32 1.25 74,04 73,97 74.85 5.10 1.30 74.28
+ + + + + + ' + +
140 - - - - - - - -
0.08 0.16 0.16 D.08 0.09 0.05 0.12 0.11

ege



Appendix 5-1.3

The effect of NaCN (3mM) on the Q0. of isolate-E, derived from mass cultures (culture

temperature = 25°C) of varying age

Culture Normal Qoé - ClD2 in 3mM NaCN % Inhibition Qverall Means + S.0. {(n=18)
Age Batch Batch Batch Batch Batch Batch Batch Batch - Batch ggrmal Qo5 in %
1 2 3 1 2 3 1 2 3 2 3mM NaCN ‘Inhibition
5.94 5.87 5.62 5.72 5.65 5.48 3.63 3.63 2.38 5.81 5.61 3.21
+ S + + + + ‘ _ ' + +
40 - - - - - - - - -
0.08 0.08 0.08 0.27 0.267 0.179 0.16 0.12
5.83 5.76 5.51 5.68 5.67 5.31 2.53 1.53 3.60 5.70 . 5.55 _ 2.55
.50 + + + + + + ’ * +
0.08 0.08 D.08 0.25 0.26 0.235 0.17 g.21
65.10 5.85 5.78 5.84 5,69 5.62 4.18 2.61 2.55 5.91 5.74 3.11
80 * + + + + + + +
0.08 - D0.08 0.08 0.32 0.303 0.198 D.15 0.112
5,96 5.71 5.64 5.66 5.40 5.35 5.08 5.28 5.1 5.77 5.47 5.15
70 + + + +* + + + +
0.08 0.09 0.09 0.34 0.359 0.32 0.16 0.18
5,98 5,72 5.84 5,67 5.40 5.52 5.11 4,86 5.47 5.85 5.53 5.086
+ + + + . + + + +
80 - - - - - - - -
0,08 0.09 0.07 0.32 0.31 0.07 0.14 0.13
5.73 5,47 5.82 5.42 5.22 5.48 5.38 4.51 5.78 5.87 5,37 5,22
100 + + + + + * . + +
0.08 0.09 0.15 0.37 0,33 0,34 0.19 0.13
5.94 5.68 5.50 5.66 65,37 5.22 5.04 5,46 5.28 5.71 5,44 5.26
140 b : * 4 : * : ¥
. n.08 __0.08 0.14 pD.32 0.3 _0.35 0.21 0.21

14:1



Appendix 5-2,.1

The recuvery.(at 239C) of isolate-F (acclimatized to 23°C) following initial

exposure to 6mM, NaCN (Data for Control group)

QD2 of control Incubation (at 23°C) QO2 of control Q0, in 6mM,NaCN % Inhibition by

group at zero ©  Period (=recovery group after - after '"recovery" 6mM NaCN, of

time period) of control "recovery" of controls controls after
group period at 23°C "recovery" period

5.03 < 0.15 1 4.95 X p.os8 0.98 % 0.18 79.88

5.09 T 0.13 2 4.92 T 0.10 1.02 * g.24 79.19

5.10 2 0.11 4 5.12 £ p.12 1.18 I p.12 76.94

5.10 ¥ 0.18 6 _ 5.26 ~ 0.09 1.10 X 0.14 79.01

5.25 £ 0.10 8 5.17 ¥ 0.1 1.20 ¥ 0.17 76.60

5,31 ¥ 0.15 24 ' 5.46 ¥ 0.10 1,08 ¥ p.2e 80.10

5.26 £ 0.19 48 5.58 2 0.18 1.12 ¥ p.24 79.90

All values are Mean > S.0. (n=6)

Q0, units:- nmoalmg dry wt/min

S6e2



Appendix 5-2.2

The recovery (at 23°C) of isolate-F (acclimatized to 23°C) following initial exposure

to 6mM NaCN (Data for "Test" group)

N

002 of Tast 002 of Test ARecovery period Qo, of Test Q0, in 6mM % Inhibition
group at group at zero of Test growup group after NaCN after by 6mM NaCN of
zero time time in 6mM at 23°C. (hrs) Hegovery at recovery *Test® group
NaCN 23°C af ter recovery
4.95 ¥ 0.14 1.03 £ 0.12 1 1.24 ¥ 0.12 0.70 £ 0.15 41.52
5.03 > 0.10 1.16 L 0.11 2 1.22 2 0.14 o0.68 £ 0.142 43.51
_a.,92 2 0.11 1.08 2 0.14 a 2.41 = 0.15 1.42 2 0.14 - 40.80
5.12 ¥ 0.14 1.07 2 0.12 6 3.17 < 0.11 1.74  0.16 45.03
a4.98 ¥ 0.14 1.18 ¥ 0.17 8 3.58 ¥ 0.14 1.8 ¥ 0.17 48.01
" 5.47 £ 0,418 1.08 2 p.24 24 5.15 * 0.19 1.38 £ 0.19 73.18
5.41 T 0.21 1.08 2 0.49 48 5.06 ~ 0.18 1.20 ¥ o.20 76.15

All values ars Means z S.D., {n=6)

008 units: -

nmoa/mg dry wt/min

S62



Appendix 5-3.1

The recovery (at 30°C) of isolate-F (acclimatized to 30°C] following initisl exposure

*  to 6mM NaCN (Data for "Test" group)

Qo, of Test hDa of Test Recovery Period Q0. of Test Q0. in 6mM % Inhibiéion
group at group at zero of Test group group after NBEN after by BmM NaCN of
zero time time in 6mM at SDOC-[hrs) Recovery at recovery "Test" group

) NaCN 30°C after recovery
7.91 £ p.20 1.61 2 o0.412 1 1.72 X 0.18 0.92 ¥ 0.14 46.42

B8.11 2 0.21 1.97 £ 0.13 3 2.63 £ o.22 1.26 ¥ o.12 52.01

.24 £ 0.21 1.58 £ 0.14 4 3.31 ¥ 0.15 1.66 ¥ 0.17 . 49.65

7.6 Z p.22. 2.10 ¥ 0.13 6 4.05 7 0.13 2.02 ¥ 0.13 50.05

8.03 X o0.24 1.55 ¥ 0.186 24 7.76 £ 0.09 1.58 ¥ p.12 79.80

All values are the Means = S.0. (n=6)

Qo, units: - ana/mg dry wt/min

i8¢



Appendix 5-3.2

The recovery (at 30°C) of isolate-F (acclimatized to 30°C) Following initial exposure

to EmM NaCN (Data for Control group)

Q0, of Control
group at zero

Incubation (at 30°c)
period (=recovery

Q0o of Control

group after

in 6mM,NaCN
%er "hecovery"

% Inhibition by

6mM,NaCN of

time period) of Control "racovery" oF Controls Controls after
group period at 30°c "recovery' period
8.10 = 0.33 1 7.95 2 0.13 1.81 = 0.14 77.18
7.81 = 0.16 3 7.55 2 0.419 1.53 2 0.16 79.65
7.92 L p.18 4 7.80 X p.12 1.55 2 0.19 80.08
8.05 ¥ 0.28 5 7.91 2 0.14 2.08 I 0.17 73.91
8.03 % 0.29 24 7.76 ¥ 0.09 1.45 % g.22 81.10
All values are the Means =~ S.0. (n=6) ,
Q0 units:- nmoe/mg dry wt/min
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Appendix 5-4.1

The recovery [(at 30°C) of isolate-F (ecclimatized to 23°C) following initiaml exposure

to 6mM cyanide (Data for "Test" group)

Q0 of Test o, of Test Recovery period bDa of Test Qo, in SmM ‘% Inhibition

group at group at zero of Test group group after NaCN after by 6mM,NaCN
zero time time in 6mM at 30°C (hrs) Recovery at recovery of "Test" group
NaCN _ 30°C af ter recovery
4,98 T o0.21 1.19  p.14 1 1.20 2 g.12 0.719 2 0.12 . 40.07
5.12 I 0.18. 1.02 2 0.12 3 2.32 2 p.12 1.33 = 0.1 42,33
5.09 % 0.11 1.18 % 0.11 4 2.71 ¥ o.12 1.55 % 0.14 42,51
5.20 £ p.12 1.08 T p.12 6 3.31 X 0.11 1.78 % 0.14 45,01
5.25 = 0.15 1.04 % 0.15 8 4.92 T p.16 2.15 2 0.1s 50.03
5.19 ¥ p.22 1.14 T 0.19 24 _ 7.81 % p.22 2.02 X 0.15 74.08

All values are Means = S.D. (n=6)

Q0, units:- ana/mg dry wt/min

662



Appendix 5-4.2

The recovery (at 30°C) of isoclate-F (ecclimatized to 23°C) following initial exposure

to 6EmM, NaCN

{Data for Control group)

Incubation (at 30°C)

Qo, of Control
period (=recovery

group at zero

002 of

Control

group after

Qo
'aF%e

in 6mM, NaCN
r "recovery"

% Inhibition by
6mM, NaCN of

time period) of Control "racovery" of Controls Controls after
group period at 30°C "recovery" period
5.19 =~ 0.14 1 5.28 ~ 0.13 1.12 T 0.11 78.71
- 3 - - -

5.01  0.11 4 5.62 = 0.16 1.31 £ 0.14 76.68

5.25 % 0.15 6 5.80 ~ 0.15 1.21 2 o.12 79.04

5.16 = 0.17 8 5.87 ¥ 0.15 1.156 2 0.14 80.14

5.24  g.21 24 7.95 I g.e3 1.75 2 0.17 77.87

All values asre Means = S.O. (n=6)

Q0, units:= nmoe/mg dry wt/min

Qoe



Appendix 5-5.1 The effect of prolonged incubation (at 30°C) of isolate-F in 6 mM NaCN
‘ on the Q0, compared with the immediate effect of 6 mM NaCN

Hrs. incubated Qo, of controls Q0, upon immediate Qo, following prolonged
spplication of incubation with 6mM
6mM NaCN NaCN %

Zero time 5.31 =~ 0.23 1.20 2 0.11

1.0 5.38 = 0.17 1.27 % 0.18 (NS) 1.26 2 o0.12
2.5 5.50 = 0.18 1.26 2 0.08 sokk 0.76 2 g.12
4.5 5.69 < 0.20 1.35 I 0.12 sk 0.68 = 0.08
6.0 - - -

8.0 5.90 < 0.20 1.24 I 0.08 s 0.s8 2 p.05 °
24, 7.0 2 0.16" 1.65 = 0.18 k&% 0.47 % o0.12
as. 7.65 ¥ o0.18 1.44 T 0.31 Aok 0.38 % op.0s8 °®

168. 6.94 I 0.15 1.45 2 0.32 sokk 0 a

Additional>cyanide [10"2ﬁJ did not have further inhibitory effect

All values are Means = S.0. (h = 6)

NS = Not significant; p<0.05 = % ;5 p <0.01 - %*¥k; P 0.001 = gk
Q0, units : nmoa/mg dry wt./min

VOE



Appendix 5«6.1 The effect of prolonged incubation of isolate-A (whole-worms) in 6mM
NaCN, on the 002 and the response of treated worms to a further application
(10f2MJ to NaCN, (Values are the Means 2 s.0. of 6 replicates])

Hre. . QD2 of Q0. of worms QDa of the NaCN % Inhibition (I)/oOr
incubated controls Fo?lowing treated worms ZStimulation(s) upon
at 30°C ' incubation in following further further aspplication
6 mM NaCN at 30°C application of of NaCN to NaCN
[10-2M Finel conc.) treatad worms
NaCN
Zero time 5.30 2 0.14 - : - ’ D -
2 5.45 2 D.15 sk 4.90 = 0.15 % 4.68 X 0.14 4.,48% (I)
4 5.85 < 0.10 4,49 = p.13 °© 4.49 2 0.13 )
6 6.56 > 0.10 a.28 ¥ 0,458 = a.28 * 0.186 0
8 6.85 2 0.19 4.6 2 0.10 ® 4.18 ¥ 0.10 )
24 2.66 L g.11 4.02 2 0.21 ns 5.49 X o.18 36.56% (S)
48 2.55 ¥ g.12 4.23 2 0.18 Ns 5.36 2 0.11 26.71% (S)

Q0, units = nmoalmg dry wt./min
a - No Further response to cyanide in excess of & mM
All values are the Means Zs5.0. NS = not significant; * - p<0.05 ; #%%x p<0.01, p<:0.001— £°3°3 "

<0g



Appendix 5<6.2 The immediate effect of 3 mM NaCN on the QO, of isolate-A (cultured at 25°C)
followjing incubation for various periods of time at 30°C (Values sre the
means - S.D. of B replicates)

Hrs. incgbated aoa of controls Q0. in 6 mM NaCN % _Inhibition (x)/0r
at 30°C : ‘ (ifimediately after hstimulation(S) of
' application) Q0, (Mean of 6)

Zero time 5.30 =+ 0.14 5.27 2 0.11 0.56% (1)
2 | 5.45 2 0.15 %% 5.16 = 0.10 5.32% (1)
a 5.85 2 0.10 sk 4.95 X 0.11 15.38% (1)
6 6.56 = 0.10 %% 4.1 2 g.12 29.72% (1)
8 6.85 % 0.18 4,45 I 0.1 35.03% (I)
24 : 2.64 I 0.11 5.25 L 0.12 doiek 101.14% (s)
a8 2.55 ¥ g.12 5.11 2 0.15 Ns 100.39% (S)
168 2.32 ¥ p.18 4,82 X 0.13 NS 107.75% (S)

Q0, units: - nmoa/mg dry wt./min

'

Eo0Ee



‘Appendix 5-6.3

The effect of prolonged incubation (at 30°C) of isolate-A in 6mM NaCN

on the Q0, compared with the immediate effect of 6 mM NaCN

Hrs. incubated goa of controls Qog on immediate Q0, fFollowing prolaonged
addition of NaCN incubation in NaCN
6 mM 6 mM
Zero time 5.30 X 0.14 5.27 ¥ 0.114 -
2 5.45 % 0.15 5.16 X 0.10 % 4.0 2 o0.1s
4 5.85 = 0.10 4.95 I D.11 s 4,49 ¥ p.13
- 6.56 % o0.10 4.61 I .12 swkx a.28 ¥ 0.16
8 6.85 = 0.19 4,45 Z Q.11 ok 4,17 X g.10
24 2.64 ¥ 0.11 5.25 % D.12 sk a.02 I p.21
a8 2.55 % p.12- 5.41 I 0.15 sk 4,23 2 o0.18
168 2.32 % g.18 a.82 I o0.13
Qo, units = nmoé/mg dry wt./min

All values are Means 2 S.O. (n = B)
NS = not significant; *% - p<0.05; ok p{0.01; sk p < 0.001

voe
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Appendix 5-7.1

The effect of anaerobic (100% NEJ treatment of isolate-F
(cultured at 30°C) on the Qoe and the response to 3 mM

NeCN (Values sre Means -+ S.0.; n = 8]

Q0, of 'test’ qoa'oF o, after Qo, of
group at zero controls anaerobic controls
time at treatment after 24 hrs
zaro time for 24 hrs at 30°c
at 30%
5.31 5.28 4,81 7.85
+ + + +
D.18 I 0.15 II g.12 III 0.22 Iv
Qoe in 1.45 2.68 1.82
0.13 V 0.18 vl 0.22 VII
Mean 78.11 % 44,13 % 76.81 %
%
Inhibi-
tion

Qo, unitssy- ana/mg dry wt./min

Related t-test analysis of the above data
X v IT p > 0.05

I v ITI P L 0.001

v v VI Pl 0.001
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Appendix 5-7.2
The effect of anaerobic (100% NE) treatment.oF isclate~A

(cultured at 30°C) on the Qo0, and the response to 3 mM

" NaCN (Results are means z S.0.; n=26)

Q0, of 'test!? Qo, of QQ., after Q0. of
- group at zero = controls at 24 hrs anaerobic controls
time zero time treatment at after 24 hrs
30°c at 30°C
5.4 5.32 5.18 5.11
R ¢ M 3 ¢ z I11 T 1
0.15 0.14 0.15 0.18
002 inm 6.50 S.18 6.34
3 mM r v * VI I vii
NaCN 0.23 0.45 0.23
*No response
+to NaCN
Mean
% change . {+)22.18% ' . 0 (+J)24.07 %
iﬁ 002

Q0, units:- nmue/mg dry wt./min
Related 't-test analyéis of the above data
IX v IITI p>0.05 (NS)

v v Vi p <0.001
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Appendix 7-1.1 o~Glycerophosnhate utilization RCRs and ADP:0O ratios

of isolate-A mitochondrial fractions

Replicate .Cb utilization
(n.atoms/min/mg nrotein)
In SmM. o~-GP With added Respiratory ADP:O
(State-4 QO ADP (150uM)  Control Ratio
after cycle’l) (State-3 Q0, Ratio
‘ cycle-2) (RCR)
Batch 1
1 114 327 2.87 2.10
2 129 312 2.42 2.24
3 120 287 2.39 2.09
L 103 247 2.40 2.11
Batch 2
122 289 2.37 2.22
110 313 2.85 2.25
7 124 349 2,82 2.18
Batch 3
108 305 2.83 - 2.23
126 351 2.79 2.25
10 106 261 2,47 2.12
11 104 250 2,41 2,16
Batch 4
12 134 328 245 ‘ 2.09
13 129 366 2.8 2.25
14 132 365 2.77 2.08
Mean | | 118,64 310,71 2.62 2.169

S.D. _ 10.93 40,14 0.23 0,069
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Appendix 7-1.2 Succinate utilization, RCRs and ADP:0O ratios

of isolate-A mitochondrial fraction

Replicate 0; utilization

'(n.atoms/min/mg protein) gﬁiﬁzitory g:lg
In SmM With added Ratio
Succinate (150pM ADP) (RCR)
Q0, State-4 Q0, State-3
after cycle 1 cycle~2
Batch 1
1 118 431 3.65 1.49
2 115 396 3ol 1.39
3 119 431 3.62 1.34
L 120 380 3.17 1.47
Batch 2
5 124 Lol 3.42 1.35
121 LLO 3.6L 1.3k
114 367 3.22 1.48
- Batch 3
8 110 396 3.60 - 1l.33
121 392 3.2k 1.47
10 124 395 3.19 1.38
Batch &4
11 126 459 3.65 1.4k
12 . 123 397 3.23 1.34
13 119 430 3.61 1.48
14 117 398 © 340 1.43
Mean 119.35 409,78 3.43 l.41

S.D, = k.37 25,94 0.19 0.06




Appendix 7-1.3
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&-Glyccrophospha.te utilization, RCRs and ADP:0 ratios

of isolate~F mitochondrial fraction

l‘leplicate (n. atgfns;:é,l,zzt;gztem) ﬁiiﬁ:ﬁfcow gaD: 13
In SmM a-GP With added lz;z;c)’
(State~4 QO, (150uM ADP)
after QO, State-3
cycle 1) cycle-2
Batch 1
1 55 129 2.35 2.18
2 73 170 2.33 2.27
3 68 138 2.19 2.16
L 57 127 2423 2.13
Batch 2
5 69 156 2.26 2.29
6 72 137 1.90 2.14
75 147 1.96 2.26
Batch 3
70 161 2.31 2.24
7h 142 1,92 2.28
10 71 153 2.16 2.16
11. 76 142 1.87 2,20
Batch 4
12 68 130 1.91 2.15
13 57 i3l 2.30 2.27
14 63 125 1.99 2.15
Mean 67.35 142.0 2.12 2,20
S.D. 7.12 13.80 0.184 0.059
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Appendix 7-l.4 Succinate utilization, RCRs and ADP:O ratios

of isolate-F mitochondrial fraction

Replicate . 02 utilization Respiratory ‘ADP:0
(n.atoms/min/mg protein) Control Ratio
In SmM With added ?;2;‘;
Succinate ADP (100pM)

(State-4 QO; (State-3 QO;

after cycle 1) of cycle 2)

Batch 1
1 8L 193 2,30 1.80
2 75 154 2.06 1.93
3 79 180 2.28 1.79
A 85 211 2.49 1.82
Batch 2
5 93 193 2.08 1.96
6 90 226 2.51 1.81
7 88 217 2.47 1.95
8 70 146 2.09 1.93
Batch 3
9 87 215 2.47 1.91
10 89 224 2.52 1.89
11 86 211 2.45 1.92
Batch &
| 12 87 177 " 2,04 1.81
13 73 154 2.11 1.94
14 92 213 2.32 1.90
Mean ) 85.14 193.85
S.D. A 8.099 27.48 2,29 1.88

10,188 0,062
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Appendix 7-2.1 The effect of Rotenone on the state-3 QO

of isolate-A mitochondrial fraction utilizing

a-GP as substrate

Replicate State-3 Q0; in 2mM %
QG; Rotenone Inhibition
Batch 1
1 271 165 39.11
2 263 148 43,82
3 285 188 34.03
L 292 187 35.95
Batch 2
5 291 180 38,14
6 264 164 37.87
7 - 295 174 41,01
8 286 192 32.86
Batch 3 ,
9 204 168 42,85
10 286 169 40,90
Mean . 282,7 ‘ 173.5 38.64
s.D. 12.18 13.50 | -

S.E. 3.85 [-f. 26 . -
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'Appendix 7-2.2 The cffect of antimycin-A on the state-3 QO of

isolate-A mitochondrial fraction utilizing

a-GP as substrate

Replicate State-3 Q0, in Ant.A o %
Q0; (1pg/mg Inhibition
protein
Batch 1
1 331 268 19.0
2 310 261 15.8
3 320 (320) Zero
L 322 (325) Zero
Batch 2
5 319 (319) Zero
6 . 332 296 10,8
7 317 (317) Zero
8 319 (319) Zero
Batch 3
9 318 265 16.6
10 332 (332) Zero
11 329 288 12.5
12 _ 331 ‘ 269 18,7
Mean 323.33 298 ) 7.78
S.D, 7.36 26.56 -

S.E. 2612 7.67 -
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Appendix 7-2.3 The cffect of NaCN on the ascorbate TMPD-oxidase

activity of isolate-A mitochondrial fraction

utilizing a~GP as substrate

Replicate State-3 "Rate in . %
with ImM NaCN Inhibition
- Ascorbate+
TMFD
Batch 1
1 355 126 64,5
2 362 143 60.4
3 358 122 65.9
L 369 140 62.0
Batch 2
5 365 136 62.7
6 370 142 61.6
7 356 126 64,6
8 359 122 66.0
Batch 3
9 363 140 61.4
10 367 145 60,4
11 363 138 61.9
12 368 132 . 6k
Mean 362.91 134.33 62.95

S.D. 5.08 8.40 1.99




Appendix 7-2.%& The effect of SHAM/Azide on the state~3 QO0, of isolate-A mitochondrial

utilizing a-GP as substrate

(3mM) presence of SHAM + Q0; by Azide 3mM
S1AM Azide
Batch 1 1 280 227 18.92 70 75400 69.16
2 294 223 2l 1/ 79 73.12 64.57
3 289 234 19.03 7h 7he39 68.37
4 297 234 21.21° 86 71.0% ' 63 .24
Batch 2 5 285 219 23.15 67 76,49 69.40
o 6 303’ L5 19.14 98 67465 60.00
Batch 3 7 289 219 24,22 7h 7h.39 66.21
8 284 - 227 20.07 77 72.88 66.07
Mean 290.12 228.5 21.23% 78.12 73.12 ‘ 65.87
S.D, ’ 750 8.8%4 - 9.87 - -
S.E. : 2.67 3.13 - 3.5 - -

vie



Appendix 7-2.5 " The effect of SHAM/Azide on the state-3 Q0, of isolate-F mitochondrial utilizing

a~GP as substrate

Replicate  State-3 QO in % Q0 in 3mM % In. by % Inhibition of
: Q0 SHAM Inhibition  Azide in SHAM + SHAM insensitive
(3mM) presence of Azide Q0; by Azide 3mM
SHAM
Batch 1 1 183 140 22,65 15 91.80 89.28
2 162 131 19.1%4 14 91.35 89.31
3 159 122 23.27 19 88.05 ) - 8h.h2
Batch 2 A 169 133 21.30 23 86.39 82.70
) 5 171 128 25.14 8 95,32 93.75
-6 164 129 21.34 16 90.24 87.59
_ 7 160 128 20.00 2k 85.00 81.25
Batch 3 8 159 129 18.86 27 83.01 79.06
9 168 129 23.21 33 80.35 7h .41
10 170 130 23.52 22 87.05 83.07
Mean 166.5 129.9 21,84 20.1 87.85 84,48
S.D. 7.41 - 4.53 - 721 Lk 47 -
S.E, 2.34 1.43 - 2.28 - -

=g 32



Appendix 7-2.6 The effoct of rotenone on the state~3 Q0, of

isolate-F mitochondrial fraction utilizing

o-GP as substrate

Replicate ‘State-3 th in 2mM ; %
2. Rotenone Inhibition
Batch 1
1 169 103 39.05
2 181 106 41,43
3 177 98 L, 63
4 186 117 37.09
Batch 2 )
‘ 5 179 116 35.19
6 170 100 £1,11
7 182 111 39.01
8 163 104 36.19
Batch 3
9 184 106 42.39
10 : 181 115 36.46
11 ‘ 173 102 41,04
Mean 176.81 107.0 . 39.41
S.D. 7.18 6.72 -

S.E, 2,16 202
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Appendix 7-2.7 The effect of antimycin-A on the state-3 QO of

isolate-I' mitochondrial fraction utilizing o-GP

as substrate

Replicate State-3 Ant.A % Arc.Sine Pi
Rate lpg/mg Inhibition
protein
Batch 1
192 25 86.9 78.57
2 178 23 87.0 78.49
180 23 87.2 78.72
Batch 2 )
L 202 19 90.5 81.02
198 27 86.3 78.02
Batch 3
6 195 28 85.6 7737
7 201. 21 89.5 80.39
8 183 18 90.1 80.09
9 196 24 87.7 78.8L
S.D. 9.09 3 - . 1.19

S.E, 3.03 1 - 0.39
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Appendix 7-2.8 The effect of NaCN on the ascorbate-TMPD oxidase

activity of isolate-I mitochondrial fraction

utilizing a-GP as substrate

Replicate Ascor/TMPD NaCN Inhibition

. State-3 3mM %
Batch 1
1 160 14 91.25
2 157 20 87.26
3 178 17 90,44
A 164 20 87.80
Batch 2
5 167 18 89.22
6 - 179 23 87.15
7 156 18 88.46
8 165 22 86.66
Batch 3
9 158 19 87.97
10 165 21 87.27
11 173 19 89.01
12 176 : 17 90.34
Mean- 166.50 19.2 . 88.56
s.D. 8.24 2.4 -

S.E. 2.381 0.7 -




Appendix 7-2.9 The effect of CO on the residual QO, of isolate-F mitochondria utilizing o-GP

as substrate in the presence of Na(l

Ascor/TMPD Q0 in CO ~ % Inhibition
Replicate Q0 in after of NaCN insensitive of Ascorbate/TMPD
3mM NaCN NaCN Q0 by CO oxidation by CN +CO
Batch 1 1 14 9 35.71 94,37
2 20 11 45.00 92.99
3 17 10 41,17 94,38
L 20 13 ' 35.00 92,07
© Batch 2 5 18 11 38.88 93.41
6 23 13 43.47 92.73
7 18 12 33.33 92.30
8 - - - -
Batch 3 9 19 12 36.8k 92.540
10 21 14 33.33 91.51
11 19 12 36.84 93.06
12 17 11 35.29 93.75
Mean ’ 18.72 11.63 37.71 92.99
S.D. 2.37 1.43
0.71 0.43

Sie



Appendix 7-2,10 Effect of CO on the residual Q0 of isolate~A mitochondria in the presence of
(3mM) NaCN and (3mM) SHAM

: Q0, in the Q0, in CO _ % Inhibition
Replicate pr i:i;;flp;f :::‘Ier NaCN of Cyanide/SHAM of “TMPD/Ascorbate
3mM NaCN & SHAM :'mselzlsit::we oxidation by NaCN/

3mM SHAM respiration by €O SHAM and CO

Batch 1 1 88 15 82.95 95.89

) 98 17 82.65 - . 95.21

3 105 2k 77.42 93.37

L 94 19 79.78 9L.69

Batch 2 5 107 26 75.70 92.95

6 106 19 82.07 94,86

7 99 15 84,84 95.78

8 98 25 7h .48 93.03

Batch 3 9 107 20 81.30 94,49

10 117 21 82.05 94,27

11 © 109 23 78.89 93.66

12 102 21 79.41 94,29

~ Mean 102.5 20,41 ' 80437 9437
s.D. - 7.66 ~ 3.65 - -
S.E. 2.21 1.05 - -

oceE



Appendix 7-2.11

Effect of SHAM on the residual Q0 of isolate-A mitochondria

(with Ascorbate/TMPD)

in the presence of NaCN (3mM)

Q0; in 3mM Q0, in presence % Inhibition
Replicate NaCN ;:MAZ?I::&/ :1;.{52; of NaCN insensitive of Ascorbate/TMPD
NaCN respiration by SHAM oxidation by NaCN+

SHAM

Batch 1 1 126 98 22,22 72.39

2 143 105 26.57 70.99

3 122 9k 22.95 73.74

L 140 107 23.57 62.05

Batch 2 | 5 136 88 35.29 75.89

6 142 106 25.36 71.35

7 126 99 21,42 72.19

8 122 98 19.67 72.70

Batch 3 9 140 107 23.57 70.52

10 145 117 19.31 68.11

11 138 109 21,01 69.97

12 132 102 22,72 _72.28

Mean (n=12) 134.33 10.25 23.63 71.01
S.D, 8.40 7.66 - -
S.E. 2.4k2 2.21 - -

beEe
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Appendix 7-3.2 A values of isolate-A (reduced)-

(oxidised) difference spectra as applied

in the matrix-technique of Williams (1964)

ayg = A 500-535 nm = 0.008 %

_ *
85y = A 554-540 rnm = 0.120
ags = A 563-577 nm = 0.0124 *
a,. = A B0O5-630 nm = 0.002
a5 < = 0.

Obtained from spectrum given in Fig.

Volume of suspension was 1.6 ml; protein content was 3.38 mg

Appendix 7-3.3 A values of isolate-F (reduced)-

{oxidised) difference spectra as applied

in the matrix-equation technique of Williams (%9864)

A 500-535 nm

a4 = = 0.00675
8y = A 554-540 nm = 0.0700
agg = A 563-577 nm = 0.0145
645 = A 605-6830 nm = 0.004

Obtained from spectrum given in Fig.

Volume of suspension was 1.6 ml; protein content 2.94 mg
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Appendix 7-3.4 Changes in the millimolar extinction

coefficients of (Reduced vs. Oxidised) differeance

spectra of a, b and c type cytochromes employed

by Williams, in the matrix computetion

Cytochrome : Wavelength Pairs (nm)
(605-630) (563-577) (554-540) (550-535)

*

a 12.0 -0.326 0.95 0.63
-

€, ~0.58 0.4 18.8% 10.3

c -0.22 -1.16 6.54 21.0"

ke
" Major coefficients used in the simultaneous equation

matrix of Williams (1964] for the quantification of

Cytochrcmes.



Appendix 7-3.7
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The simultaneous-equations matrix technique of Williams

(1964]) for the calculation of cytochromes in difference

SEEC tra
A 550-535 = a,.
" 554-540 = &y
" 563-577 = agg
" B05-630 = aqs

Equations used (Will

x4 =

- "
Xy = [cyt.c1J
Xgq = (eyt.b] "
X4 = (cyt,a] "

jams, 1866)

Volume =

(eyt.c) in micromoles/ml in cuvette

" " "
o " 11

" ” ”

4.6 ml

Content of Protein = 3.38 mg

21.,0Ax1 + 10.3 Xy = 3.12 X + 0.63 X4 = ayg
6.51 ><1 + 418.8 Xo + 2.55 Xg + 0.95 X4 = a5g
-1.16 x1’+ 0.91 Xy * 14.2 Xg - g.326 Xq = Bgg
-0.22 x1 - 0.59 X5 + D Xg + 12.0 X4 = 3,45
Solution for b,., c5c) dés and e,- proceeds as follows
‘b15 = a15/21.0
Cog = [a25—6.51 b15)/15.6
d35 = (335 + 4,16 b15 - 1.48 025/13.8
845 = (a45 + 0.22 b15 + 0.482 C25-0.07S d35]/12.0
Then
X4 = 345 {.e. concentration of cytochrome-g
' micromoles/ml in the cuvette
Xg = dSS + 0.0263 X4 i.e. concentration of cytochrome-b
micromoles/ml in the cuvette
X5 = 025-0.0484 x:3 - D.225 x3 . .
i.e. concentration of cytochrarne-c1
micromoles/ml in the cuvette
x1 = b15§0.03 X4 + 0,148 x3 - 0,491 Xo
i.e. concentration of cytochrome c
micromoles/ml in the cuvette

Thus if v = volume of suspension in cuvette

content in sample

and p=protein

- Vx Xé/p = ecyt.a cohcentration in nmoles/mg protein

Vx X5/p = eyt.b concentration in nmoles/mg protein

Vx x5/p = cyt.c, concentration in nmoles/mg protein

Vx x,/p = cyt.c concentration in nmoles/mg protein



