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ABSTRACT

A number of possible bases for a biological assay for the
aflatoxins were examined, of these two were selected for further study.

An inhibition assay using Bacillus megaterium was developed in combina-

tion with thin layer chromatographic analysis. This method was capable
of detecting O.1 pg of aflatoxin 31 and of differentiating between
various mycotoxins.

An induction assay using a lysogenic strain of Bacillus megaterium

was also developed. This assay has a sensitivity of 2-4 pg/ml aflatoxin
31 and is claimed to be more specific than the inhibition assay.

A nurber of other mycotoxins were examined to test the versatility
and specificity of the assays. The inhibition assay was able to detect
and differentiate between most of the toxins. The induction assay

detected only those mycotoxins reported or suspected to be carcinogenic.
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PREFACZE

It has been known for many years that certain fungi produce
substances toxic to human beings and livestock. Toxic Basidiomycetes
and ergotism have been responsible for the loss of many lives. It is
only comparatively recently however that actention has been directed to
the imperfect fungi as sources of toxins. In particular, a dramatic
outbreak of an unxnown disease among poultry in the United Kingdom,
called Turkey X Disease, was eventually traced to a substance produced

by Aspergillus parasiticus. This active principle was named 'aflatcxin'

after the Aspersillus flavus-orvzae group to which Lspergillus parasiticus

belongs.

'Aflatoxin' was soon shown to be in fact a number of related
compounds which were designated 31, B2, G1 and G2 due to the blue or
green colour of their fluorescence under ultra-violet light and the
relative positions they reach on thin layer chromatographic plates.

Not all the aflatoxins are of equal potency, B1 being the most potent and
G2 the least.

The aflatoxins are of especial interest since they have been shown to
be carcinogenic in very low concentrations in addition to their hepatotoxic
effect at higher concentrations. Aflatoxins have been reported from a wide
variety of fungi, chiefly Aspergillus and Penicillium species though other
fungi, including a Rhizopus species, have been implicated. It was also
shown that the toxins could be formed on a wide range of substrates and
could easily occur in human foodstuffs if the fungus was allowed to grow
on them.

Chemicophysical methods of detection and quantitation have been
developed, based mainly on extraction by an organic solvent followed by
concentration, separation on thin layer chromatographic plates and
fluorodensit ometric estimetions of the spots.

Chemical eassays are repid, sensitive and very precise but may not

always accurately reflect the biological activity of the substance under

test. This is particularly the case where very small chemical differences
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can make very large changes in activity. There have been shown to be at
least nine different aflatoxins with biological activities varying from
extreme toxicity to practically no effect. It is therefore desirable to
have a biological assay to complement the results of the chemical assay.

The ideal bioassay would be simple, speedy, sensitive, specific and,
of course, reproducible. Early bioassay mathods were based on the
toxicity of aflatoxin to vertebrates; the most sensitive and specific
assay being that using ducklings. Fish larvae and fertile eggs have also
been used. Later an inhibition-zone microbiological bioassay using

Bacillus megaterjum was developed and put forward as a standard method

in the Journal of the Association of 0fficial Analytical Chemists. There
have been reports in the literature of other effects of aflatoxin which
might be suitable for a biocassay system. Among these are tissue-culture
abnormalities, induction of lysogenic bacteria and suppression of
chloroplast development in germinating cress seeds.

The assay based on ducklings is relatively specific but requires
skill to perform and is not nearly as rapid or sensitive as chemical

methods. The inhibition assay using B. megaterium is more rapid and easier

to perform but is not very specific and is also less sensitive than chemical
assays though it requires much less material than does the duckling assay.
For these reasons it was considered worthwhile tb lcok for an assay
as specifiic as the duckling assay but with the advantages of a micro-
binlogical assay. A number of possibilities had already been suggested

by various authors and it was these that I proposed to investigate.
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INTRODUCTION

Mycotoxins: The word 'mycotoxin' is formed from the two roots 'myco'

from the Greek 'mykes', a mushroom, and 'toxicon', a poison, originally

as applied to arrow heads. ©Poisons and intoxicants derived from a variety
of fungi have been known and used for many centuries. Ergotism caused
frequent epidemics in Europe and is still not unknown, and doubtless other
local outbreaks of unexplained disease were also due to toxins of myco-
logical origin. It was not until the last two decades, however, that
serious attention has been directed toward the fungi as a source of

substances likely to be harmful to man and domestic animals.

History of Aflatoxins:

" Interest in aflatoxins was first aroused by an outbreak of a mysterious
disease affecting turkey poults in Great Britain. Tens of thousands of
birds died as a result of the disease. Study of the problem revealed that
21l the affected birds had been fed on rations éontaining peanut meal and
that other anirals fed the same meal could be made to show the same symptoms.
(Blount 1961, Asplin and Carnaghan 1961 ). In the same year outbreaks of a
disease of pigs and calves were also shown to be associated with the presence
of peanut meal in the ration. {(Loosmore and Harding 1961, Loosmore and
Markson 1961). A biological assay using ducklings was devised (Sargeant
et al. 1961a) to test samples of peanut meal and compounded feeds and later
Sargeant and his co-workers (1961a) were able to show that the toxic factor

wa3 formed by the common mould, Aspergillus flavus, a member of the

Aspergillus flavus-oryzae group. In view of ils origin the toxic factor

was given the name of 'aflatoxin'. Not long afterwards the structure of
aflatoxin was elucidated by Asao et al. (1963). The toxin was shown to
consist of a group of similar compounds rather than a single compound.
As information on the toxic effects of the aflatoxins accumulated it became
apparent that previous reports of unexplained disease, such as those in
laboratory anirals (Shand 1957) and in rainbow trout hatcheries (Wales and
Sinrhuber 1966) were also, almost certainly, due to the presence of afla-
toxins in the feed.

Aflatoxins have not, as yet, been found to be of great economic

importance in New Zealand. This is probably due to the relatively small
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size of the poultry industry in this country and the fact that few pig or
dairy farmers rely very heavily on stored feed for their animals.

Nevertheless as farming becomes more intensified the possibility of mould
damage to stored animal feeds will increase. 1In addition the bulk of our
dairy produce is exported, some of it to countries which have been deeply
concerned about the poséible damage to health caused by mycotoxins. Such
countries may well consider imposing a requirement that our exports be tested
and declared free of particular mycotoxins, especially aflatoxin, and for
this reason a brief examination of the problem was earlier made by the author.

Toxigenic strains of Aspergillus flavus were isolated during a survey (Freke

and Richerdson, unpublished) and thus a potential problem was revealed. The

present work was prompted by these isolations and the reasons outlined above.

The Structure of Aflatoxin:

The structures of the four aflatoxins formed by Aspergillus flavus

are given in Figure 0.1. In 1962 Allcroft and Carnaghan found that'the milk
from cows fed aflatoxin-containing rations contained a toxin with properties
similar to the aflatoxins themselves and later (1966) Allcroft et al.
suggested the name aflatoxin M (for milk toxin) for this toxic factor.
Holzapfel et al. (1966) were able to characterise this factor és consisting
of hydroxy derivatives of aflatoxins 31 and B2. Aflatoxins M1 and M2 can
also be isolated from the urine of animals fed aflatoxin-containing feeds and
from cultures of the mould itself. Two further aflatoxins (B2a and G2a) were
described by Dutton and Heathcote (1966 and 1968). These are very much less
toxic than other aflatoxins and are hydroxy derivatives of B2 and G2. Later
work by Dutton and Heathcote (1969) suggested that the B, and G, aflatoxins

2a 2a

may be derived from B1 and G1 during extraction as they are very easily formed

in the presence of alcohols under acidic conditions. They also described

two further aflatoxins, B5 and GM1. In 197 Dalezios et al. reported yet

another derivative of aflatoxin which they had isolated from the urine of

monkeys injected with aflatoxin B1 and called aflatoxin R1. The structures

of these various aflatoxin derivatives are also given in Figure O.1.
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STRUCTURES OF THE AFLATOXINS




Formation of aflatoxins:

A number of other fungi apart from A. flavus were reported as being
able to produce aflatoxin, for example other Aspergilli, some Penicillium
species (Kulik and Holaday 1967) and Rhizopus species (Van Walbeck et al.
1968). Cther workers (Mislivec et al. 1968, Wilson et al. 1967, Parrish
et al. 1963) including the present author (unpublished 1969) have been
unable to substantiate these reports, however, and it seems probable that

aflatoxins are only produced by members of the Aspergillus flavus-oryzae

group. liot all members of the A. flavus-oryzae group proauce aflatoxin

nor do all individuals of the toxigenic species produce it (Parrish et al.
1966). Those strains which do produce the toxin vary in the amount and in
the number of different aflatoxins which they produce (Diener and Davis 1966).
The substrate and conditions of growth also gffect aflatoxin produc-
tion. In synthetic media carbohydrates were reported as being necessary
as a carbon source for the production of aflatoxin. The most productive
media were those containing sucrose, glucose, fructose, xylose, ribose and
glycerol (Mateles and Adye 1965). Krebs cycle intermediates were not able
to act as carbon sources according to Davis and Diener (1968) but the
incorporation of radioactively labelled acetate into aflatoxin by

A.parasiticus in the presence of glucose has been reported by Hsieh and

Mateles (1971). Various organic and inorganic nitrogen sources haye been
shown to be capable of supporting aflatoxin production but highest yields

were obtained when yeast extract was used as the nitrogen source (Davis et al.
1967). The only metal shown to be of importance for optimal aflatoxin
production is zinc. Concentrations of up to 2 pg/ml have been reported

by Davis gt al. (1967) as necessary for maximum yields.

Schindleret al. (1967) and Diener and Davis (1966) both came to the
conclusion that optimum aflatoxin yields are obtained by incubation at 25°C
and that pealr productiocn occurs at 7 - 9 days.

The requirement for aeration seems to vary in different strains.

With strain ATCC 15517 (V - 3734/10) Mateles and Adye (1965) obtained better
aflatoxin yields in shake flasks than in stationary submerged culture but
Diener and Davis (1969) found that this was one of few strains that did

produce aflatoxin in shake flasks.
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Biosvnthesis of aflatoxin:

The cozplete biosynthetic pathway of the aflatoxins is not yet known.
Donkersloot et =2l. (1968) conclude that acctate is the major primzry pre-
cursor of aflatoxin. Schemes such as those suggested by Holker and
Underwood (4964.) and Thomas (1965) seem most protable. Acetate condenses
to form an anthroquinone of some kind from which sterigmatocystin is formed.
Aflatoxin is then synthesised from sterigmatocystin.  Elsworthy et al. (1970)
deronstrated the incorporation of radicactively labelled 5-hydroxy-

sterigmetocystin into aflatoxins 31 and G1 by Asversillus flavus, which lends

weight to this suggestion.

Toxicity of allatoxins:

The toxic effects of aflatoxins were first noticed in turkey poults
and very shortly afterwards in ducklings and young pheasants (A1lcroft 1969).
The order of susceptibility in birds was reported as being ducxllnﬂ:>‘turkey
and pheasant chicks') domestic chicken and quail chicks. In domestic mammals
the order is 3- 2 week-o0ld pigs and pregnunt sows ) calves‘)»fattening pigs
and mature cattle>> sheep. Sheep seem to be the most resistant farm animals
examined.

4 similar range of susceptibility is shown by laboratory animals,
Suinea pigs and ferrets are very susceptible, rats and dogs less so, monkeys
and hompsters somewhat less again and mice are quite resistant (Butler 1969).
Trout (Halver 4965) and zebra fish larvae (Abedi and Scott 1969) have also
been shown to be affected by aflatoxins, Carcinogenic effects were reported
for most of the species examined, the orgon generally affected being the liver.

Revorts of effects in other organisms are more sparse but mutagenic
effects have been reported in btacteria (Ames et al. 167%) and fungi (Ong 1971).
1111y (1565) rerorted chromesomal abberations in the roots of Vicia fata.
Schoental and “"hite (41965) rerorted inhibition of chlorophyll production in

watercress seedlings but Ries (1969) was not able to substantiate this claim.

/(D

Crison (16/)/ revorted that the growth of developing lcttuce seedlings was
inhibited by aflatoxin B1 but could f'ind no effect on germination or
chlorophyll foraztion.

Iffects of aflatowin in cell cultures hzve becn examined and inhibition
off a wide range of cell types hos becn reported (Tozun 4969). Legator and
Withros (1964 ) reported reduction of the mitotic rate in human embryonic
lung ce2lls by aflatoxin B1. The incorporacion of thymidine and uridine was
shown to be inhibited by aflatoxins B1 and G{ and by sterigmatocystin and
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some of its analogues. (Sngelbrecht and Altenkirk 1672). Portman and
Campbell (1970) reported inhibition of RMNA polymerzse transcription by
aflatoxin B1 and demonstrated that histone protein must te present for the

inhibition to be effective in vitro.

There are not many reports of the rclative toxicity of the different

aflatoxins. Troze of aflatoxins B, B,, G, and G, were reported by

o
1 2 ’ 1
Carnzghan gt 2l. (41963) and further reports on B, , H1, MZ and sterigmatocystin
i

were made by Holtzapfel et al. (1966) and on B,,» G,, bty Dutton and Heathcote
(1969). All these reports dealt with toxicity to ducklings. Fngelbrecht

and Altenkirk (1972) compared the effects of aflatoxins 81 and G1 and a number

of sterigmatocystin analogues on cell cultures. Pr.cillus m2saterium spores

were used by Buckelew eb al. (197?) to coimpare the toxi:zity of aflatoxins B1,
B?, G1 and G2 and a wide variety of other compounds. ibedi and Scott (1969)
also examined a range of mycotoxins using zebra fish laorvae as the test

orzanism. The results of these studies are given in T=2ble 0,2,

Tzble 0.2 Relative toxicily of aflatoxins in varisus biolezical systems.

.20 )
Dncklingé1 B.mesaterium Cell culturesj Zebra fisht

e S

aflatoxin 31 1.2 1L, 29 0.5
aflatoxin B2 3L L9 116 1.0
aflatoxin B3 not stated
aflatoxin QI 15.7 - 20 0.8
aflatoxin G2 69 A L .2
aflatoxin 2 16.6
aflatoxin ¥, 62
aflatoxin m% not stated
aflatoxin B?a non-toxic
aflatoxin GEa non-toxic
aflatoxin 31 not stated
stevigmatocystin toxic but less

than 31 9 0.24
Notes: 1. L.D. 50 (pg/vird)

. Area of inhibition zene caused by 2 pg (mm2)

LSV ]

Thymidine incorporation in arbitary units. control = 145

L. Lethal concentration 20 (pg/hl)
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Although the data are incomplete it can be szen from Teble 0.2 that
aflatoxin BI is the most toxic of the aflatoxins with M, and G1 next,
followed by B2, G2 and Mz. '
aflatoxins, is of the same order of toxicity as aflatoxin B1. Aflatoxins

Sterigratocystin, a probable precursor of the

BZa and G2a are reported as being non-toxic to ducklings and have not

been exemined in other systems.

Nethods of detection of aflatoxins:

Clearly the reports of aflatoxin toxicity in a wide variety of
organisms and its ability to be carcinogenic in a number of domestic
and laboratory animals make it imperative that foodstuffs likely to
support the growth of the toxigenic mould should be examined for toxin.
To this end a number of assays have veen devised. These fall into two

types:  physicochemical and biological.

The earliest methods, soon adopted as officizl by the Association of
0fficial Analytical Chemists, were of the physicochemical type. They
consist of extraction, purification and concentration procedures followed
by thin layer chromatography. Since the «flatexins are 2ll fluorescent
they can be lccated under Jong wave ultra-violet light.  The welhod was
rapldly izproved and the optimun conditiois defined by a host of workers
including Pons et al. (1968), Engstrom (1969), Nesheinm (1969),

Pohland et al. (1970).  The limit of detection claimed for this method
N2

is 0.01 pg/spot (Van Duuren et al. 1968) though 0.4 o 0.2 pg/spot is

probably the prectical limit.

The first biological assay was that developed by Asplin and Carnaghan
(1961 ) using ducklings. This is still protably the most widely used and
accented method cf bioassay. The method has the advantages of a degree of
specificity when the livers =re examiuned. Bile duct proliferation is not an
entirely specific response to aflatoxin damage but is strongly linked to
hepatocarcinogenicity (Legator 4969). The bioassay is capable of detecting

aflatoxin Bl at levels of 2 pg/bird in five days. It is essentially
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a qualitative method however as Legator (1969) considers it questionable

that a dose-response curve can be constructed.

Clements (1968) suggested a microbiological assay based on the

inhibition of B. mezateriun.

assay of the type used to screen antibiotics.

The method is a simple disk inhibition

It is more rapid and

easier to perform than the duckling assay but lacks its specificity. The

sensitivity claimed for it is 1 ug/ﬁisk.

The three assays described above, TLC, ducklings and disk inhibition,

are in widespread use.

described and some may be in routine use in a feew laboratories.

Other assays, particularly biocassays, have been

These

will be examined in the next part of this introduction.

Suggested bases for Bioassay systems:

A summary of suggested bases for bioassay systems is given in _.

Table 0.3.

The 1list is not intended to be exhaustive tut only to give an

indication of the range of biological effects that might be used.

Table 0.3 Summary of suggested bases for biocassay systems for aflatoxins

mammals

birds

fish

plants

bacteria

cell culture

Organism
Rat

Rat

Duckling
Duckling

Chicken

Chicken

Trout

Zebra fish larvae
Watercress
Lettuce

B. megaterium

K. coli, Staph.

aureus

E. coli

Effect determined by
L.D.50

liver changes

L.D.50

liver changes
distortion of embryo
mortality of embryo
liver changes

L.C.50

chlorosis of seedlings
inhibition of growth

inhibition, induction of lysogenic strains

induction of lysogenic strains
formation of filamentous forms
inhibition

mitotic inhibition
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Rats are more commonly available than ducklings and might be used in
their stead. The onset of liver disturbances is slower in rats than in
ducklings (Legator 1969) and rats are about three times less sensitive to
aflatoxin B1 than ducklings.

As the trout was one of the ccmmercially produced animals affected by
aflatoxin it has been considered as a test animal (Legator 1969). It has
the disadvantage however that it may take up to a year before any effect of
the toxin can be observed.

A potentially more useful organism for assay purposes is the chick
embryo. Fertile eggs can be treated with aflatoxin and their incubation
continued till hatching. The effect can be measured either by the
mortality  of the embryos or by an examination of the embryos for various
developmental disturbances at a set time after treatment. Jayaraman et al.
(1968) reported 100 kill of the embryos in 24 hours with only 0.01 pg/egsg.
Verrett et al. (1964) as reviewed by Legator (1969), produced a dose-response
curve for aflatoxin B1 in the range 0.01 pg to 0.1 pg/egs. The method is
very sensitive and relatively easy to perform but is not very specific.
Jayaraman et al. (1968) showed that a number of different compounds could
cause mortality in the chick embryo.

Abedi and Scott (1969) described an assay using zebra fish larvae.
Because of their small size 20-30 individuals could be treated in only 2 ml
of solution. The mortality of the larvae was recorded after 24 hour treat-
ment and a dose-response relationship over the range 0.25 to 1.2 pg/ml
aflatoxin B1 was claimed. The assay iself is not very specific but the
authors reported that the appearance of the dead larvae was typical of the
toxin under test.

The observation of Schoental and White (1965) that watercress seedlings
were bleached of their chlorophyll by concenirations of aflatoxin lower than
those causing innibition of germination offered another possible basis for an
assay. The effect appeared more specific than some of the other phenomena
but somewhat less sensitive.

A number of authors reviewed by Legator (1969) had observed the
formation of filaments by different bacteria in the presence of aflatoxin.
This effect is about as sensitive as the disk inhibition assay though more

difficult to quantify.
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Legator (1966) reported induction by aflatoxin B1 of bacteriophage
lambda in lysogenic E. coli and of a bacteriophage in a lysogenic strain

of Staph. aureus. In both organisms he was able to produce a dose-

response curve in the range 0.06 to 0.5 pug/ml. This phenomenon is more
specifiic than some of the others discussed and aprarently very sensitive.
It would appear to provide a sound basis for an assay system.

Induction of a bacteriophage in B, megaterium was reported by

Lillehoj and Ciegler (1970) though the concentration of aflatoxin necessary
for an effect was higher (5410 pg/ml). They sugzested induction might be
used as a qualitative assay to supplement other methods.

Finally there is the possibility of using cell cultures to assay for
aflatoxin. Inhibition of rat fibroblasts by concentrations as low as
0.02 pg/ml were reported by Daniel (1965). He was able to construct a
dose~-response curve over the range 0.02 to 0.25 pg/ml for aflatoxin B1.
Inhibition of cells is not a very specific effect btut the sensitivity of
the method is very great. Legator (1966) presented a dose-response curve
over the range 0.01 to 1.0 pg/ml using inhibition of mitosis in human

embryonic lung cells as a criterion. This might be more specific and is

certainly very sensitive.

The need for a biocassay method:

Physicochemical methods of assay are rapid, sensitive and precise.
Few of the biological phenomena discussed would provide as sensitive an
assay and none as rapid or precise. Why then concern oneself with a
biological assay? The chemical assays may not always accurately reflect
the biological activity of the sample under test. This is especially so
when small differences in the structure of the compound can make large
differences in its biological activity. Ileven aflatoxins have been
described with toxicities ranging from extreme carcinogenicity to no
detectable activity at all. These diffeerent compounds are rarely likely
to occur alone and it is difficult, if not izpossible, to predict the
biological activity of a mixture even when its components are known. It
is therefore desirable to have a bicassay method available, not to replace

but to complement the chemical method.



11.
The ideal bioassay would be rapid, easy to perform, specific to the
compound or group of compounds under test, preferably reflecting the
toxicity of the compounds in mammals, sensitive and reproducible. The
ideal bioassay probably does not exist but each aspect may be susceptible

of some improvement.

Selection of biological effects of aflatoxin for further study:

The two bioassays in general use have disadvantages. The duckling
assay is fairly specific but it is difficult to quantify, time-consuming,
far less sensitive than the chemical methods and requires specialised

conditions and skills. The B. megaterium disk inhibition assay is much

simpler to perform and more rapid than the duckling assay. It is also
more sensitive, though less so than chemical methods, but it suffers from
a lack of specificity. In an attempt to provide a bioassay closer to the
ideal than those mentioned, three phenomena were chosen for further study.
The induction of bacteriophage was chosen as being sensitive, hopefully
more specific than inhibition and likely to be easily handled in many
laboratories. The bleaching of chlorophyll in cress seedlings suggested
the possibility of an assay using a less complex green plant, perhaps one
of the unicellular algae, which might be reasonably specific, readily
quantified and easily handled. The third phenomenon was inhibition and it
was hoped to combine this with TLC to improve the sensitivity and '
specificity.

A1l these assays, if developed, could readily be performed in most
microbiological laboratories. Brief descriptions of chlorosis and induction

are given below in the next part of the Introduction.

Chlorosis:

The mechanhism of the 'bleaching' of cress seedlings by aflatoxin was
not discussed or explored further by its discoverers. The effect of
streptomycin in 'bleaching' Euglena is discussed fully by Liang Tong et al.
(1965) though they came to no firm conclusion. Their work made it clear
that the Zuglena cells themselves were not greatly affected by streptomycin

except in so far as they lost their chloroplasts. Liang Tong et al. (1965)
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suggested that, rather than selecting a mutant, th2 streptomycin was
acting directly on the chloroplast. Stanier et zl. (1971 ) describe the
'bleaching' action of streptomycin as being due to a selective effect on
70S ribosomes. These ribosomes occur only in procaryotes and in the
mitochondria and chloroplasts of' eucaryotes. In their scheme the protein
synthesis of the organelle is blocked so that the cells reproduce without
a corresponding increase in the number cf chloroplasts. The existing
chloroplasts degenerate in time and eventually none are left in any of the
cells in the culture. One could surmise that some similar mode of action

might be responsible for the chlorosis due to aflatoxin.

Induction:

The DNA-viruses of bacteria may be divided into two main classes,
virulent and temperate bacteriophages. A bacterial cell infeected by a
virulent bacteriophage is committed to multiplication of the virus within
the cell, Eventually the cell lyses and releases a large number of
progeny pnages. This is the so-called lytic response. Infection by a
temperate phage may lead to one of two responses, (a) a lytic response
comparable with that of a virulent phage, or (b) a reductive response.

This latter response is generally a rarer event occurring in perhaps 0.1 to
0.01 per cent of the infected cells. In this case the viral DNA fails to
replicate on entering the cell and becomes established as a latent phage or
prophage. This state is referred to as lysogeny and bacteria carrying
prophage are said to be lysogenic. In many systems the viral genome is
inserted as a prophage into the chromosome of the host cell. Lysogenic
cells continue to multiply, the prophage being replicated with the bacterial
chromosome, giving rise to a clone of cells all carrying the virus as a pro-
phage.

The lysogenic state is a fairly stable one but, in the course of
growth, occasional prophage are converted from the latent state to one of
active replication by excision from the host chromosome. FPhage multiplica-
tion ensues followed by lysis of the cell and release of progeny phages.
This change of state from a latent prophage to active phage multiplication

is known as induction. Spontaneous induction occurs fairly infrequently,
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one cell in a hundred or fewer, but various treatments may increase the
frequency. In some lysogenic strains of bacteria the frequency of
induction can be increased by a variety of treatments. This is a property
of the bacteriophage with which they are lysogenised. Such bacteriophage
are said to be inducible. The frequency of induction may be increased by
treatment with ionising radiations or with various chemical compounds
including nitrogen mustard, mitomycin C, organic peroxides and fluoro-
deoxyuridine. Many of these treatments may also be mutagenic or carcino-
genic. There is, therefore, reason to believe that inducing substances
may also be both mutagenic and carcinogenic. Aflatoxins have been reported
to induce and to be carcinogenic and mutagenic (Legator 1966, Lillehoj and

Ciegler 1970, Ames et al. 1973). E. coli, Staph. aureus, S. typhimurium

and B. megaterium may all carry inducible prophages and might be used to

demonstrate the inducing properties of aflatoxins.

Summary:

Aflatoxin is a substance produced by the common fungus Aspergillus
flavus and thought to be carcinogenic. It is highly desirable to be able
to monitor the production and storage of susceptible foodstuffs to ensure
the absence of the toxin from them. To do this it is necessary to have
analytical methods available to detect and quantify the toxin both chemically
and biologically. This work describes an attempt to develop further
raicrobiological assays for aflatoxin. The first section deals with an
examination of several reported effects of aflatoxin on micro-organisms
which might form the basis of a bioassay. Inhibition of growth and

induction of lysogenic B. megatecrium were chosen for further study.

Sectien II descrites the development of an assay based on inhibition,
Sections III and IV descrite development of an induction assay system and

Section V deals with the application of the two systems.
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MATERTALS AND METEODS

1. CULTURES
Fuglena gracilis strain Z was obtained from Profeessor E.F., Carell,

University of Pittsburgh, Pens. 15213, U.S.A.

Chlorella pyrenoidosa was obtained from the Forestry Research

Institute, Rotoruva, New Zealand.

Salrmonella typhimurium lysogenised with phage P22 and the wild type

Salronella tvphimurium were obtained from the Culture Collection,

Department of licrobiology and Genetics, lassey University,
Palmerston North, New Zealand.

Escherichia coli strains P4,\6 and W1lL85 were obtained from

Dr V.¥%. Mayer, Genetic Toxicity Branch, Division of Toxicology,
Food and Drug Administration, Washington D.C., U.S.A.

Staphylococcus aureus strains carrying various chages were obtained

from Mrs A. Jarvis, Dairy Research Institute, Palmerston North,
New Zealand.

Racillus megaterium strains 1368, 3694 and 3695 were obtained from

Dr W.C. Haynes, United States Departrient of Agriculture, Peoria,
I1linois, U.S.A. |

Strain 1368 is the strain used by Clements (1968)

Strain 3694 is an asporogenous strain isolated by Krueger. This
strain was called by him KM and is phage sensitive.

Strain 3695 is a sporing lysogenic strain isolated by den Dooren
de Jong (1931 ) and called by him 899a.

Strains 3694 and 3695 wiere deposited in the American collection by
J.T. Wachsman in 1969. ‘

Aspergillus flavus. Several strains of A. flavus were examined for

aflatoxin production. Some had been isolated during a survey made
for the Dairy Division of the Department of Agriculture in 1970.
Cthers were obtained from the National Health Institute, Wellington,
New Zealand and had been isolated by Dr Richardson. Reference

cultures of Aspergillus parasiticus (INIS1O19b and NRRL 2999) were

also obtained from the Commonviealth ljtological Institute, Kew,
Surrey, England and from the Agricultural Research Service Culture
Collection, Northern Regional Research Laboratory, Unites States

Department of Agriculture, Peoria, Illinois, U.S.A.
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Fenicillium citrinum strain INI2L.306 was also obtained from the

Commionwealth Mycological Institute.

2, TOXINS _
Aflatoxins B1,’B2, G1 and G2 and Ochratoxin A were obtained from
Makor Chemicals Ltd., Box 6570, Jerusalem, Israel.

Sterigmatocystin was obtained from Prof. R. Hodges, Dept. Chemistry,
Biochemistry and Biophysics, Massey University.

Radicinin was obtained from Dr M. Chick, Dept. Chemistry, Biochemistry
and Biophysics, Massey Univercity.

Dothistromin and its analogue were obtained from Mr J. Shaw,

Dept. Chemistry, Biochemistry and Biophysics, Massey University.
Citrinin was extracted from a culture of P. citrinum strain IMI24306.
The mould was grown in 25 ml malt extract, 0.5/, yeast extract 0.25%,
glucose 5% broth for eight days at 250C. The broth was extracted
tviice by shaking in a separating funnel with 50 ml of chloroform.

The chloroform extracts were pooled and washed by shaking with 20 ml
distilled water. The chloroform layer was then filtered through
activated sodium sulphate to dry it and the chloréform distilled off.
The residue was redissolved in 5 ml chloroform and the concentration
of citrinin found by measuring the absorption peak at 331 nm in a
spectrophotometer.

The Citrinin, and the Dothistromin analogue samples were kindly
checked for purity using mass spectroscopy by Prof. R. Hodges,

Derartment of Chemistry, Biochemistry and Biophysics, Massey University.

3. TEIN LAYER CHROMATOGRAPHY (TLC)

a) Method: TLC of mycotoxins and extracts of mould cultures was
performed on 1/4" plate glass plates 5 x 20 cm, 10 x 20 cm or
20 x 20 cm.
Layers of Merk Silica gel G 250 micrcmeters thick were made using
a Quickfit plate spreading system.
Before use, the plates were activated at 100°C for two hours and
alloved to cool in a closed container over activated silica gel.

Soluticns of toxins or extracts in chloroform were applied to the
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plates with a microlitre syringe. The plates were developed in an
unlined unequilibrated tank.

b)'TLC Solvents: The following solvent systems were used -

i Chloroform 97 : Methanol 3
ii Chloroform 90 : Acetone 10
iii Benzene 46 : Ethanol 35 : Water 19. The mixture was shaken

in a separating funnel and let stand overnight at room temperature to
separate into two phases. 50 ml of the lower layer were placed in the
bottom of the developing tank and 50 ml of the upper layer in a trough.
The TLC plate was placed in the trough for development.

4. FLUORODENSITOMETRY

a) Instruments: Densitometric measurements were made with a Photovolt
densitometer consisting of a Photovolt light unit model 52C with a
plate-scanning attachment, a Multiplier-Fhotcmeter model 5204, an
Integrater model 49 and a Varicord recorder model 42B.

b) ¥ethod: The equipment was assembled according to the manufacturer's
instructions with an ultra-violet light source and the appropriate
filter. A filter was placed on the detector head allowing transmission
in the 465 nm region. The Photomultiplier was used on sensitivity 3
and the recorder on response setting 1. The plate to be examined
was placed on the plate-scanning stage with the silica gel layer on
the underside. The entire light unit was covered with a velvet cloth
in order to exclude stray light. A standard aflatoxin B1 spot was
found and the recorder adjusted to give 805 full scale deflection for
the largest standard spct. The plate was then moved to a region
unoccupied by any spots and the recorder adjusted to give a base line
at 5% of full scale deflection. At the same time the integrator
was adjusted to give less than one count in twenty seconds. Areas
containing standard and unknown spots were scanned and the recordings
marked to identify the peaks obtained from each sample. The amounts
of aflatoxin in the unknown spots were calculated by comparing the
areas under the peaks of unknown samples with the areas under the

peaks of standards.
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INCORPORATION OF AFLATOXINS INTO MEDIA

Aflatoxins are only very slightly soluble in water. Extracts and

pure standards were dissolved in chloroform for chromztographic work

and some method had to be devised to add the toxins to media for

induction studies. Five methods were tried; these are enumerated

below. All methods were evaluated by TLC follovied by an inhibition

assay to compare the amount taken into solution with the amount added.

a)

Small amounts of concentrated chloroform solutions were added to

broth and the mixture shaken well. The chloroform was then
evaporated by passing air or nitrogen through the broth. This method
gave variable results and often deposited much of the material on

the glass.

Concentrated chloroform solutions of aflatoxins were placed in the
bottom of a tube and the chloroform evaporated off by a stream of

nitrogen. Broth was added to the tube and sonicated to disperse

_ the aflatoxin. 2Again the results were variable and often only

c)

20-507 of the aflatoxin could be found in the broth.

A modification of the method described in b) in which the toxin was
sonicated in 0.05% Tween 80 instead of broth. This method recovered
60~-80% of the toxin.

Concentrated solutions of aflatoxin were evaporated and redissolved
in ethanol. This solution was then added to the medium. This
method was generally fairly successful but could not achieve
concentrations of toxin higher than about 150 pg/ml.

Concentrated chloroform solutions were evaporated and redissolved in
acetone. The acetone solutions were then added to the medium to give
the final concentrations desired. This method was preferred to that
involving ethanol, partly because the meximum concentrations obtained
were somewhat higher, (200 pg/ml) but mainly because ethanol has been
shown to react with aflatoxins under acid conditions to give

relatively non-toxic compounds (Dutton and Heathcote 1969).



6. ISOLATION OF A STREPTOMYCIN-PESISTANT STRAIMN OF

RACTLLUS MEGATERIUM STRAIN Kz.r(KM/sr)

18.

B. megaterium strain KM was grown in a shaking water bath at 32°C to

mid-exponential phase (Klett 200) in 10 ml minimal

with 0.1 pg/ml nicotinic acid, 0.25% glucose and 0.1% tryptone.

salts medium supplemented
The

culture was centrifuged at 3000 x g for 15 minutes at room temperature and

the cells resuspended in 2 ml diluent peptone.

This ccncentrated suspension

was exposed to short wave ultra-violet light (lineralite lamp) for 30

seconds at 20 cm and then added to 100 ml tryptoreyeast extract glucose

(TYG) medium supplemented with 10 pg streptomycin/ml.

This .sub-.

culture was incubated at 32OC for five days and then streaked on to a

plate of TYG agar containing 10 pg streptomycin/ml.

An isclated colony

was restreaked on to the same medium and an isolated colony from this plate

was selected for propagation as the streptomycin-resistant strain.

7. MEDIA AND REAGENTS
Lennox Agar
Tryptone 10 g
Yeast extract 58
Sodium chloride 58
Agar 12 g
Distilled water 1C0C ml

Adjust to pH 7.0 before autoclaving at 15 1bs/in2 for 15 minutes.

After autoclaving add 2 ml 50% sterile glucose solution.

Soft Agar
Beef extract 38
Peptone 58
Sodium chloride 5¢g
Agar 58
Distilled water 1000 ml

Dissolve by boiling and distribute 3.5 ml amounts in bijou bottles.

Sterilise by autoclaving at 15 1b/in2 for 15 minutes.

Minimal Salts Base (MSM)
di Potassium hydrogen phosphate

Potassium dihydrogen phosphate
Ammonium sulphate

Sodium citrate (trihydrate)
Magnesium sulphate (heptahydrate)
Distilled water

7.0 g
2.0 ¢
1.0 8
C.5 g
01 g
1000 ml
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2
Dissolve at room temperature and sterilise by autoclaving at 15 1b/in

for 15 minutes. Add sterile glucose, 1 g/l, before use.

Pectone Acetate Agar (PAA)

Peptone 2.0 g
Sodium acetate 0.1 g
Agar 8.0 g
Distilled water 1000 ml

Dissolve by boiling and sterilise by autoclaving at 15 lb/in2 for
15 minutes.

Euzlena Agar (EA)

This is PAA with an addition of 2.5 g/1 glucose.

Fuzlena Culture Medium (ECM)

Peptone 58
Yeast extract 2 g
Glucose 1 8
Distilled water 1000 ml

Dissolve and sterilise by autoclaving at 15 lb/in2 for 15 minutes.

Maintenance Medium (MM)

Sodium acetate 10.0 ¢
Magnesium chloride (hexahydrate) 1.02 g
diSodium hydrogen phosphate (12.H20) 1.32 g
Sodium dihydrogen phosphate (2H2O) 0.98 g
Distilled water 41000 ml

Dissclve and sterilise by filtration.

Besal MHedium (BH)

diPotassium hydrogen phosphate 7.0 g
Potassium di-hydrogen phosphate 3.0 g
Ammonium sulphate 1.0 8
Magnesium sulphate (heptahydrate) 0.1 g

Dissclve and sterilise by autoclaving at 15 lb/in2 for 15 minutes.



B. Megaterium Growth Mediwa (BI:)

Basal Nedium 7.5 ml
5% tryptone solution 1.0 ml
2.5 yeast extract solution 1.0 ml
5% glucose solution 0.5 ml

Aseptically add the sterile solutions to the basal medium

before use.

Semi-defined Vediuvm (SDM)

Basal Nedium 9.2 ml
5% tryptone solution 0.2 ml
504 glucose solution 0.5 ml

50 pg/ml nicotinic acid solutionO.1 ml

Aseptically add the sterile solutions before use.

Tryptone Yeast Agar (TYA)

Tryptone 5.0 g
Yeast extract 2.5 g
Agar 12.0 g

Distilled water 1 1

Add ingredients to water and let stand 15 minutes.

20.

Boil to

dissolve the agar, distribute into containers and sterilise by

autoclaving at 15 1b/in2 for 15 minutes.

Tryntone Yeast Soft Agar (STYA)

Tryptone 5.0 g
Yeast extract 2.5 g
Agar 5.0 g

Distilled water 1 1

Add the ingredients to water and let stand 15 minutes.

dissolve and distribute 3.5 ml amounts in bijou bottles.

by autoclaving at 15 lb/in2 for 15 minutes.

Boil to

Sterilise
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Dilution ledium

Peptone 18
Distilled =ater 11

Dissolve peptone and distribute in epproprizte amounts
(9.9, 9.0 or 4.5 ml) in screw-capped bottles. Sterilise by

autoclaving at 45 lb/in2 for 15 minutes.

Triphenyl Tetrazolium Chloride Solution (TTC)

Tripheryl tetrazolium chloride 0.3 g
Sodium chloride 0.8 g
Potassium chloride 0.04 g
Distilled water 100 m1

Dissolve and store in a dark bottle.



SECTION T

THE EXAMINATION OF A NUMBER OF BIOLOGICAL SYSTEMS

AS POSSIBLE BASES FOR A BTIOASSAY
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INTRCDUCTION

Of the possible biological effects of aflatoxin that might be used
for an assay system, two were selected for further study. The firét was
the observation of Schoental and White (1965) that treatment of germinating
cress seeds with low levels of aflatoxin produced seedlings deficient in
chlorophyll. The second was the induction by aflatoxin of lysogenic

cultures of bacteria reported by Legator (1966) for Z. coli and Staph.

aureus and by Lillehoj and Ciegler (1970) for B. megaterium.

The reported inhibition of chlorophyll by aflstoxin was studied to
see whether a similar effect could be reproduced in a microbiological system.
This might lead to the development of a system whicihr was more rapid and more

easily controlled than the use of vascular plants. Zuglena gracilis strain

Z was chosen as the test organism and the work is described below.
The inducing property of aflatoxin was studied in some detail in

Salmonella typhimurium lysogenised with phage P22 and in Bacillus megaterium

strain 899a. Lysogenic strains of Escherichia coli and Staphylococcus

aureus were also examined. The work on Bacillus mezaterium forms the major

part of the thesis and is only mentioned briefly in this section.

a, Effect of aflatoxin on greening of Euglena gracilis.

The 'Z' strain of E. gracilis has the property of being able to grow
actively in the absence of light if it is maintained in a suitable medium.
Under these conditions it does not form chloroplasts, only proplastids.
These proplastids can be organised into fully functional chloroplasts under
the influence of light (Wolken and Palade 1953). If Zuzlena cells are
irradiated with ultra-violet light or are treated with streptomycin they
may become permanently 'bleached', i.e. they lose their ability to form
chloroplasts. The resulting bleached cells continue to grow in suitable
media however. (Liang Tong et al. 1965)

The reported 'bleaching' of cress seedlings by aflatoxin might be
analogous to the bleaching effect seen in Buglena itreated by streptomycin,
especially since streptomycin had also been shown in the same study, to cause

partial bleaching of the cress plants.
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Experimental.

A clone of Euglena gracilis strain Z was obtained as described below.

Cells were washed from an agar slope with diluent peptone water. The
suspension was serialiy diluted in diluent peptone and 0.2 ml of ‘IO-3 and
10_h dilutions placed on the surface of Euglena agar (EA) plates. The
0.2 ml was spread evenly until the surface of the plates appeared dry; the
plates werc then incubated at 250C under a fluorescent lamp for six days.
By this time small, round, dark green colonies had formed on the plates; a
number of colonies were picked from the plates on to EA slopes and the
slopes were incubated at 250C under a fluorescent light.

A single clone was used in subsequent investigations. This clone
was sub-cultured in Euglena culture medium (ECM) and incubated in the dark
at 25°C for five days. At this time no green colour could be seen in the
culture and no chloroplasts were visible when the cells were examined
microscopically. The culture was centrifuged at 10CO g for 15 minutes
and resuspended in maintenance medium (MK). This suspension was exposed
to light at 25°C and examined for chlorophyll content and cell numbers at
time O, 2.5, 19 and 24 hours. Chlorophyll was estimated by the method
of Arnon (4949). Two millilitre samples were centrifuged at 1000 g for
15 minutes, resuspended in 4 ml 80% acetone and let stand 15-20 minutes.
At the end of this time the sample was again centrifuged at 1000 g and the
absorbance of the supernatant at 652 nm measured in a Beckman spectro-
photometer. The absorbance figure was converted to concentration of

chlorophyll by the formula

Chlorophyll g/1 = Absorbance at 652 x 1000
She5

This is the total concentration of chlorophylls a + b.
Cell counts were made using a haemocytometer. The cells were fixed
by addinz one drop of LO% formaldehyde to 1 ml and shaking to ensure even

distribution of organisms before counting.
(s}
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Table 1.4 Formation of chlorophyll in Z. gracilis

Time (h) Cell numbers (X4 O-I"/ml) Chlorophyll pz/1 Chlorephyll ue/cell X4 !
0 27 59 0.21
2.5 38 1 7% ‘ 0.54
19 ’ 233 4300 18.5
2l 372 4600 12.5

This confirmed the ability of this strain to produce chlorophyll in the
light.

A dark grown culture was centrifuged at 1COC g for 15 minutes and
resuspended in Mil at twice the cell concentration. The suspension was
divided into eight 5 ml aliquots and sufficient of a 10C0 pg/ml solution
of streptomycin sulphate added to give final concentrations of 0O, 20, 40
and 80 pg/ml in duplicate. The aliquots were mixed well and exposed to
light at 2500. Samples were taken at O, 24 and 48 hours and examined for
cell count, viable count and chlorophyll. Viable counts were made by
plating on EA and incubating the plates at 25°C for five deys in the light.
Differential counts were made, where appropriate, of white and green
colonies. “hite colonies are derivgd from those cells in which chlorophyll

production has been permanently affected by the streptomycin treatment.

Table 1.2 Effect of streptomycin on Z. =rzcilis after 48 hours

Cell count Viable count 'Bleachsd' Chlorophyll/cell

(x107%) (x107%) Colonies % (uz x10')

Streptomycin pg/ml

0 152 118 0 LO.k

20 205 145 85 19.2

40 188 219 99 20,0

80 152 208 939.9 18.5

initial values oL N.D. N.D. 1.2
N.D. = not determined.

There was an increase in chlorophyll in all 2liquots but the
streptomycin had obviously had an effect as can be seen from the number of
bleached colonies. The results seem to be consistent with the greening of

existing proplastids but no further formation of new proplastids. This
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confirmed the ability of streptomycin to produce permanently 'bleached'
cultures of E. gracilis.

Since aflatoxin is not very soluble in water, ethanol was chosen as
a vehicle for the addition of the toxin. This would mean that the
culture media might contain amounts of ethanol up to ﬂ%.so the effect of
ethanol on 3. gracilis was examined.

Darkx grown cells were washed and sub-cultured in Euglena culture
medium (ZCM) containing O, 1 and 2% ethanol. The sub-cultureswere incubated

in the light, sampled at 24 and 48 hours and examined for cell count and

chlorophyll.
Table 1.3 Effect of ethanol on . gracilis
2L hours 18 hours

N a - -
Ethanol Cells X10 N Chlorophyll Cells X410 N Chloroghxll7
conc. % pe/cell X1O7 ue/cell X410

0 29 26 L 126

1 20 20 59 62

2 25 12 62 1A

Cultures grown in the presence of ethanol had clearly grown better
than the control culture though the amount of chlorophyll present in the
ethanol grown cells was less. Hutner et al. (1966) have shown that ethanol
can be used without prior adaptation by E. gracilis. It appears from theée
results that when ethanol is present it will be used, to some extent, at
the expensc of photosynthesis. Since chlorophyll production was not
cozpletely suppresscd, however, it was possible to proceed.

Dark grdwn cells were washed and sub-cultured in ECM containing 4%
ethanol and 0, 1, 2 and 4 pg/ml aflatoxin B, . The cultures were incubated

1
in the light and sampled at O, 24 and 48 hours.
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Table 1.4 Effect of aflatoxin B, _on E. gracilis

g =
0 hours 24. hours 48 hours
Aflatoxin B Coutit X10-h'Count X1O-4 ?hloroghyll7 Count X1O-4 Chlorthxll7
pg/ml g/cell X410 : pa/cell X10
0 8.5 25 25 59 88
1 9.3 20 32 60 85
2 8.3 19 30 51 61

No 'bleached! colonies were found in any of the cultures. There may
have been a slight drop in chlorophyll levels at the higher concentrations
of aflatoxin but any effect of the toxin was slight and transient. No
effect on growth was shown.

Further experiments using 10 and 50 pg/ml aflatoxin failed to show
any effect on chlorophyll production or to produce any bleached colonies.

Finally Euglena was grown in EM containing 10 pg/ml aflatoxin B1 and
2% acetone for ten days at 250C under artificial light. No differences
could be found between the control and aflatoxin-containing cultures.

Buglena pgracilis was grown in the presence of varying amounts of

aflatoxin in a respircmeter both in the lizht and in the dark to see whether
any effects on respiration or rhotosynthesis could be shown. There were no

differences between the controls and aflatoxin up to levels cf 4 pg/ml.

b. IZffect of aflatoxin on inducticn of Salrmonella typhimurium

carrying bacteriophage P22

Since the chlcroplast bleaching phencrienon could not be reproduced in
Zuglena, attention was redirected to the phage induction phenomenon. Legator
(1966) had implied that all inducible lysogenic bacteria could bte induced
by aflatoxin. It was decided to investigate the effects of the toxin on

Salmcnella typhimuriim lysogenised with phage P22 since this was available

in the department, was easily handled and gave easily readable plaques.
Two kinds of P22 phage were available, one vias the normal temperate phage

giving centred plaques while the other was a clear plaque mutant.
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Lysogenic cultures of both phage types in S. typrhirzuriun were isolated by

growing cultures of the organism in MSX to late lcg chege, inoculating them
with large numbers of phege and continuing incubestion for a further few hours.
The cultures were then plated and colcnies picked off oﬁ to slopes of
Lennox agar. Lysogenic clcnes were selected on the basis of their ability
to produce phage; the clones were designated Stz (F22T) and Stm (P22v) for
the temperate and clear plaque phage, respectively.

For convenience in estimating the numbers of cells used in various
investigations the viable counts in a logarithmic phase culture were
correlated with optical densily measurements. A culture cf S. tvphimurium
was grown from 90 X1O6 to 480 X1O6 cells/ml in 4SK at 37°C in a shaking

water bath. Viable counts and optical density measurezents were made at

intervals. Optical density (OD) was measured in a Xlett-Sumcerson colori-

meter using the blue filter.

Table 1.5 Optical Density and Viable Count in S. typhimurium

Time (minutes) 0D (Klett units) Viable Count X10-6/b1
0 17 N.D.
20 22 104
L0 32 155
90 L3 223
110 52 280
150 62 333
175 76 410
195 82 482

See also Figures 1.1 and 1.2.
The correlation between CD and viable count wes fairly good;

7 cells.

Before examining the effect of aflatoxin on the cultures it was

10 Klett units represented approximately 5.5 X10

necessary to esteblish that the cells were inducible. Their inducibility

by ultra-violet light was tested.
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Figure11

A COMPARISON OF OPTICAL DENSITY AND VIABLE COUNT
DURING GROWTH OF SALMONELLA TYPHIMURIUM (P22T)
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Pigure 4 .1 The culture was grown in a shaking water bath at 37 C in

Minimal Salts kedijum. OD measured in a Klett-Susmmerson colorimeter

using a blue filter.
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Figure 1-2

CELL NUMBERS vs KLETT UNITS FOR SALMONELLA TYPHIMURIUM  P22T
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Cultures of both lysogenic strains were grown to mid-logarithmic
phase, centrifuged at 30C0 g for 10 minutes and weshed twice in quarter-
strength Ringer's solution. The cells were resuspended in quarter-
strength Ringer's solution and diluted to give about 107 cells/millilitre.
Two ml aliquots of these suspensions were exposed to short wéve ultra-
violet light (Mineralite) for O, 30, 60 and 90 seconds. Samples were
plated for infectious centres(IC) and viable count. Viable counts were
made by plating 1 ml of an appropriate dilution of the sample in NA, IC
counts were made by adding O.1 ml of an apprcopriate dilution of the sample
to 3.5 ml molten soft agar in a bijou bottle ard adding about 0.2 ml of a
well-grown culture of sensitive organisms. The bijou bottle was inverted
three or four times to mix its contents and the agar then poured on to the

surface of a plate of Lennox agar. Both viable and IC count plates were

allowed to set and incubated inverted overnight at 370C.

Table 1.6 Effect of ultra-violet light on lysogenised S. typhimurium

Viable Count/ml IC Count/ml
Time (seconds) Stm (P22T) Stm (P22V) Str (P22T Stm (P22V)
0 107 107 5310 700
30 L X1 04 3 }(105 106 3 X1 0°
60 <1O3 <1O3 <*|O3 <103
90 {10° <10 100 13 x10°

This experiment showed that the selected clcnes were lysogenic but
was inconclusive as to the ability of ultra-violet light to induce phage
production.

The experiment was repeated using S. typhimurium carrying P22 temperate

(Stm P22T) and exposing the cells for 0, 10, 20 and 30 seconds. Viable

and IC counts were made at each time intervsal.
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Table 1.7 &ffect of ultra-violet lizht on Stm (P22T)

Time (seconds) Viable Count X1o"6/m1 IC Count X1o'6/h1
0 690 - 49
10 510 ' 62
20 400 72
30 390 101

The same experiment was repeated using S. tyvhimurium carrying
P22 'virulent' (Stm(P22v)).

Table 1.8 Effect of ultra-violet licht on Stm (P22V)

Time (seconds) Viable Count X10_§/m1 IC Count X10-§ﬁm1
0 550 8
10 44,0 I
20 200 7
30 170 - o4

Both lysogenic bacteria were inducible by ultra-violet light and
Stm (P22V) seemed scmewhat more sensitive with respect to both kill and

induction.

To confirm the inducibility of the lysogenic cultures the effect of
a radiomimetic compeund, mitomycin C, was tried on Stm (P227). Otsuji et
al. (1959) reported that lysogenic cultures of Z. coli could be induced by
mitomycin C and the compound has been widely used as an inducing agent since
their report. The organism was grown in MSL for 4 hours and divided
into two aliguots to one of which mitemycin C wes added to give a final

concentration of 1 pg/ml. Fhage counts were made at O and 40 minutes.

Table 1.9 Effect of mitomycin C on Stm (P22T)

IC Counts X10-#/hl

Time (minutes) Control. 1 pgz/ml Mitomycin C
0 22 22
40 65 5,200

Mytomycin C was clearly very effective in inducing Stm (PQZT)
having produced about a hundred times as many infectious centres as are

produced spontaneously.
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The effect of aflatoxin 31 on Stm (P22T) was exsmined; mitomycin C
and blank controls were included for comparison.

Stm (P22T) was grown to about 6 X1O8 cells/ml and diluted one tenth
into MSM and into MSM containing 1 pg/ml aflatoxin B1 or 1 pg/ml mitomycin.
The cultures were incubated at 370C in a water bath for one hour. Samples

were then plated for viable count and IC count.

Table 140 Effect of Aflatoxin 31 cn Stm (P22T)

Viable count x10'6 IC Count X1o'6
Control 187 <W
1 pg/ml mitomycin L2 17
1 pe/rl aflatoxin B1 186 <1

The original number of cells/ml was about 60 X1O6 which is nearly
the same as the sum of viable cells and infectious centres for the mitomycin
sample, Mitomycin had prevented growth of the organism and induced lysis
in a proportion of the cells. The other two samples had grown through
well over one generation and had not lysed. Aflatoxin 31 had not had any
apparent effect.

This experiment was repeated using 0, 5, 10 and 20 pg/ml aflatoxin
but omitting the mitomycin control, Samples were taken at 30, 60, 90 and
120 minutes. Viable counts and IC counts were done for each concentration

at each time interval.

Table 1.11 Viable counts/ml X1O-6 of Stm (P227) treated with aflatoxin
aflatoxin conc, (pe/ml)
Time (minutes) 0 5 10 20
30 A 109 95 101
60 127 161 152 138
90 112 165 132 185

120 234 166 178 258



She

6

Table 1.12 IC counts/ml X410 ~ of Stm (P227) treated with aflatoxin

aflatoxin ecnc. (pz/nl)

Time (minutes) 0 5 10 20
30 < 2 - | <

60 1 6 1 <1

90 2 4 14 6

120 5 < 2 '€

The results of the viable counts were rather erratic tut growth had
occurred in all samples over the period studied. The IC counts were all
low but there is no indication of any consistent difference between the
treated and untreated cells.

Since no obvious effect of aflatoxin could be shown using Salmonella
it was decided to examine those species of bacteria on which the toxin was

originally reported to have an effect and work on Salmornella typhimurium

was stopped.

c. Effect of aflatoxin on the induction of lysogenic strains of

Staphylococcus aureus.

The strains of Staph. aureus received from krs A. Jarvis were examined

for plaque appearance and ease of counting. The combination chosen was
lysogenic strain 22 and sensitive strain 29. Their KTCC strain numbers
were 8356 and 8329 respectively.

Refore treating the bacteria with aflatoxin it was established that the
ratio of infectious centres to viable cell count was 1:1C0. Legator (1966)
had claimed a 350 fold increase in infectious centre count in the presence
of 0.48 pg/ml aflatoxin B1. Assuring that the viable count remained the
same, the ratio of IC to viable count would change to 3.5:1.

Strains 8356 and 8329 viere grown for 24 hours at 37OC in Brain Heart
Infusion Broth (BHI). Strain 22 was sub~inoculated into minimal salts
medium (MSI) containing 8% BHI and grown for 4 hours in a water bath at
37°C. This culture was then distributed into aliquots of SX + BHI medium
containing O, 2 and 10 pg/ml aflatoxin and 1 pg/ml mitomycin. These four
aliquots were incubated at 37°C for 30 minutes, then sampled for viable and

IC counts. The IC counts were performed as alrcady described except that
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the lower layer was Nutrient Agar and the upper layer contained 500 pg/ml

calcium. Strain 8329 was used as the phage-sensitive indicator strain.

Teble 1.13 Effect of aflatoxin and mitomycin on Staph. aureus

aflatoxin B
———

Control 1 pg/ml mitomycin 2 _pz/ml 10 pg/ml

Viable Count
X107 190 160 190 195
IC Count

X102

< 5 ' e {1
Aflatoxin did not effect viability and there is no evidence of any
induction in contrast with the report of Legator (1966) that very high
induction rates could be obtained using only 0.48 pg/ml aflatoxin. Even
mitcmycin gave only a low number of infectious centres. In view of this
result and of other difficulties in working with this system such as
clunping of the cells and relatively poor definition of the plaques the

investigation was pursued no further.

[}

d. Escherichia coli and bacteriqphaga)\

Legator (1966) had also reported that L. coli lysogenic for phage)\
could be induced by aflatoxin. Culture of E. coli lysogenic for M and
a )\-sensitive culture were both available in the department so an attempt
was made to reproduce his results using these cultures. The lysogenic
strain was nunbered PB24O and the sensitive strain ™M 86.

PBR240 was grown in MSM at 3700 in a shak%ing water bath for four
hours. Two millilitre amounts of the culture were exposed to ultra-violet
light under standard conditions for O, 5, 10 and 15 seconds and plated for
viable ccunt and IC count using the technique described previously for

S. typhimuriun.

Table 1.14 Effect of ultra-violet light on . coli PB240
Tine (seconds)
0 5 10 15
Yiable count X10™' 146 8 49 15
IC count X102 26 27 2,000 3,000




36

; Figure13 EFFECT OF UURA-VIOLET LIGHT ON ESCHERRICHA COU PB240
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Fifure 1.3 2 ml/log culture in KSM exposed to short wave ultra-violet
lump at 2 ft. Counted in Lennox agar.
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The results are expressed graphically in Figure 1.3. Both the
kill and the induction appear to be logarithmic, though induction shows
some levelling off at 415 seconds. This strain quite clearly can be
readily induced.

The effect of chemical induction was examined usiﬁg mitomycin C.
An aflatoxin treated sample was also included in the experiment.

A culture of PB24O was grown in )SY for 7 hours in a shaking water
bath at 3700. The culture was distributed into .S containing 7 ug/ml
aflatoxin or 1 ug/bl mitomycin. A control was included. The sub-
cultures were incubated for 30 minutes at 370C in a shaking water bath.

Samples were then taken for viable and IC counts.

Table 1.15 Chemical Induction of Z. coli PB240

Control 1_pe/ml mitomycin 7 ug/ml aflatoxin
Viable count X1O-7 53 L2 27
-0
IC count X410 ° I 365 11

Mitomycin had increased the number of inflectious centres ninefold and
reduced the viable count by about 2075, Aflatoxin had caused a greater drop
in viability (50%) but a decrease rather than an increase in plaque count.
Since the concentration of aflatoxin in this experiment was much higher
than those used by Legator it seemesd possible that inhibition of the cells
might have masked induction. A lower concentration of aflatoxin was tried
in the following experiment.

PB2,0 was grown in MSM at 37°C for 5 hours z2nd diluted 1/410 into
MSM with and without 1 pg/ml aflatoxin. The sub-cultures were incubated
in a shaking water bath at 37°C and sampled at intervals to follow the
growth of the cultures. The 0.5 ml samples were shaken with 0.1 ml
chloroform to kill the cells. After 15 minutes the chloroform was
evaporated off by bubbling air through the samples at 37°C. Free phage

were assayed by the method described previously for infectious centres.
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Table 1.6 Growth of PB2L.0 in the presence of 4 p=z/ml aflatoxin

0D (Klett units) Praze counts X1O_3
Time (minutes) Control 4 pe/ml aflatoxin Conirol 1 uz/ml aflatoxin
0 15 15 1 9
30 21 21 2 6
60 28 30 7 8
100 S 36 L 7
135 L5 L8 9 5
165 58 59 6 6

Had induction occurred one might have expected to find a drop in OD
after a generation or so and a marked increase in the number of phages.
This did not occur. No induction by aflatoxin 31 could be demonstrated.

The above experiment was repeated using a higher concentration of
aflatoxin introduced into the system as an acetone solution (see Materials
and Methods Section). PB240 was grown in MSM + C.45) glucose and 1%
acetcne to an 0D of 120 Klett units. The culture wes diluted 1/10 into
MSM + 0.1% glucose and 1% acetone with and without 40 pz/ml aflatoxin B1.
The sub-cultures were incubated in a shaking water bath at 57°C. 0D
readings were recorded at fifteen minute intervals and samples were removed
and chloroformed for phage counts. The results are shown in Table 1.17

and Figure 1 .4

Table 1.17 Growth of PR240 in the vresencs c¢f 40 pz/ml aflatoxin B,
i

Optical Density (Klett units) Phzze Count X1O‘-3
Tine (minutes) Conirol aflatoxin B Coatrol aflatoxin B

0 17 14 | 23 9

15 18 16 13 16

30 22 20 27 19
L5 28 2l &4 93

60 36 32 107 102

75 Ll 36 127 194
90 L9 39 290 232

105 55 L2
120 62 Wy 1600 610
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Figure 14  crowth OF E.COLI PB240 IN THE PRESENCE

OF 10ng/ml AFLATOXIN B1
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Figure 1.4  Culture subbed into MSM suppleczented with aflatoxin in a
shaking water bath at 57°C.
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The presence of aflatoxin appears to have inhibited growth slightly
but there is no evidence to suggest any increase in phage numbers due to
“induction.

It seemed possible that aflatoxin might not be able to enter the cell.
If the integrity of the permeability barrier could be modified witﬁout
killing the cell it might be possible for the toxin to enter and cause .
induction. Lieve (1968) described the effect of EZDTA on the permeability
of various Enterobacteriaceae. She compared the sensitivity of EDTA-
treated and untreated cells to actinomycin and found that the cells of
most strains of Z. coli could be made sensitive to actinomycin by EDTA
treatment without any fall in their viability.

A PB24O culture was grewn overnight in 28}, diluted 1/10 in MSM and
shaken at 3700 for four hours. 10 ml of tﬂis culture was centrifuged at
2000 g for 15 minutes and washed twice in pH 8.0 Tris buffer and finally
resuspended in 20 ml of the Tris buffer. One millilitre amounts of” this
suspension were diluted 41/10 in buffer alone, buffer containing 0.15 mM
EDTA and buffer containing 0.15 mM EDTA and 5 pg/ml aflatoxin 31. These
suspensions were incubated in a shaking water bath at 37°C for 20 minutes

and plated for viable and IC counts.

Table 1.18 Bffect of ZDTA on PB2LO

Control ZDTA only ZDTA + aflatoxin
Viable count
x107 130 45 50
IC count
X107 140 20 120

ZDTA appears to have affected the viability of the culture. The
IC counts were ambiguous. ZDTA seemed to have reduced spontaneous lysis
below the normal level and aflatoxin to have restored it to a 1little above
the normal level. There was a sixfold difference between the two EDTA-
containing cultures which may have been due to the presence of aflatoxin.

Since this result was ambiguous it was decided to examine the changes
in permeability of the cells after treatment with ZDTA. Cells were
treated with EDTA and then presented with dilithium carbamyl phosphate

which does not normally cross the cell membrane. Together with ornithine,
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in the presence of ornithine transcarbamylase, citrulline is formed and
) may be estimated. The formation of citrulline can be used as a measure
of permeability of the cells to dilithium carba=myl phosphate.
PB240O cells were inoculated into LSil and grown to an CD of about
50 Klett units. The culture was centrifuged at 3CCO é, washed and

resuspended. This final suspension was diluted a2s follows:

Cc diluted 1/3 in Tris buffer
0.5 diluted 1/3 in buffer + EDTA to give 0.5 mM EDTA
1.0 diluted 1/3 in buffer + EDTA to give 1.0 mX EDTA

Each dilution was treated as follows:

dilution

Incubated in shﬁking water bath

at 3700 for two minutes

l - |

0,2 ml 14 ml + 0.05 ml toluene
shaken at 37°C for 45 min.

0.2 ml viable™count

T~ N -
assayed for ornithine trans-

carbamylase activity (i.e. citrulline produced)

The ornithine transcarbamylase assay was that of Jones (1962)
modifiecd as described below:
Reagents M Tris buffer pH 8.5
0.1 ¥ dilithium carbamyl phosphate (DLC)
0.1 M L-ornithine hydrochloride
5% Trichloracetic acid (TCA)
10% arsenic trioxide in concentrated hydrochloric acid

1% 2:3 Butanedione -2 oxime in 5 glacial acetic acid
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Notes DLC is unstable in solution and must be stored at
0°C when it has a half life of 18 hours.
The arsenic trioxide solution should be kept in a glass-
stoppered bottle in a fume cupboard.

The Butane oxime solution should be stored at LOC.

Method: 0.05 ml each of bqffer, DLC and ornithine were made up to 0.5 ml
with 0.2 ml cell suspension and 0.415 ml water. The mixture was incubated
in a water bath at 37°C for 15 minutes at the end of this time 1 ml TCA
was added to each tube to stop the reaction. The samples were centrifuged
to remove cells and analysed for citrulline.

Five parts of the arsenic trioxide soluticn and three parts of the
Butane oxime solution were mixed just before use. Two millilitres of
this mixture were added to each sample and the samples were boiled for
90 minutes in the dark. The samples were cooled in the dark and 2.5 ml
distilled water added to each. After standing for a further 30 minutes
the optical density of the samples was measured in a Klett colorimeter
using filter number 47. -

A standard curve was prepared using known concentrations of
citrulline and a blank control was included in each set of determinations.

The toluene-treated cells were included as a control representing
1007 permeability. The degree of permeability achieved by EDTA treatment
was exprassed as a percentage of the toluene-treated cells. The results

of this and a number of similar experiments are given in Table 1.19.

Table 1.19 The effect of *DTA treatment on the

perreability and viability of PB240

EDTA concentration {m) . Toluene-treated
0 0.4 0.5 0.6 1.0 Cells
pM Citrulline 0 0.27 0.32 0.5 0.25 0.36
% permeability 0 74 86 85 69 100
% ki1l 0 82 78 79 89 100

The proportion of cells killed was similar to the increase in
permeability which suggests that ZDTA trectment of the culture affects not

only the perreability of the cells but also their ability to survive the
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treatment. Induction can only be manifested in metabolically active cells
and cells as drastically modified as these were considered unlikely to
show any effects of aflatoxin. For this reason attempts to show aflatoxin
induction by EDTA {reatment were abandoned.

Legator's strains P4LANG and W4483 were obtained from his laboratory.
These strains were treated with aflatoxin 31 under the conditions outlined
in his report. No induction could be demonstrated even when the
concentrations of aflatoxin were increased. It was not possible to

reproduce Legator's work with either Staph. aureus or Z. coli and attention

was turned to the work on B. megaterium.

e. Bacillus megateriun

Lillehoj and Ciegler (1970) reported that a lysogenic strain of

B. megaterium could be induced by aflatoxin and that the nurbers of

bacteriophage produced were roughly proportional to the ccncentration of
aflatoxin in the mediun. Cultures of the lysogenic strain and of a
phage sensitive strain were obtained from their laboratory.

Both strains were grown for four hours in nutrient btroth. The
lysogenic strein (899a) was diluted one tenth in L'SY with and without
10 pg/ml af latoxin B1. These sub-cultures were incutated in a shaking
water bath at 3?°C for 90 minutes. At the end of this time the aflatoxin-
containing culture had cleared while the control had not. Infectious centre
counts, using strain K as the phage-sensitive organiszm, and viable counts were

made on both subcultures. The results are given in Table 1,20,

Talle 1.20 Effect of aflatoxin B, on B. mesateriun §99a
1

Control 10 pg/ml aflatoxin B,

1
Mean viable cell count/ml. g.gx106 O.O5X106
Mean IC count/ml 3.31107 9.CX1O7

A decrease in the viable cell count was asscciated with an increase
in infectious centres though this increase was smaller than might have
been expected. Nevertheless, a significant increase in the number of
infectious centres suggested that some at least of the decreese in viable

cell count was caused by phage induction rathcr than simple cell death.
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Bacillus megaterium had a2lso been used in a disk inhibition assay.

Though less specific the method was more sensitive than many other
biological assays. This biclogical response was also examined using

three strains of B. megaterium, Strain 1368, the strain used by Clements

(1968) in her propcsed microbiological assay for aflatoxin B1, and the
strains 89%a and Kil already referred to.

1, 5 and 10 pg aflatoxin B1 in chloroform were applied to disks
and the solvent evaporated off. Thick suspensions of each of the three
organisms were used to seed plates of nutrient agar. Vhen the agar had
set disks of each concentraticn of aflatoxin B1 were placed on the agar
and the plates incubated at BOOC overnignt.

Zones were formed round each of the disks though the zone round the
1 pg disk was very small on plates containing 89%a and 1368; the zones on
the plate seeded with KM were larger and clearer.

These two sets of observations became the basis of a detailed study

and their further develcpment is dealt with in the scctions which follow.
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INTRCDUCTION

The inhibition of the growth of B. megaterium by aflatoxin has

been suggested as the basis of a microbiological assay by Clements (1968).
The assay method inveclves the measurement of zones of inhibition surrounding

disks impregnated with aflatoxin placed on plates seeded with B. megaterium.

This inhibition was confirmed in the preliminary experiments
described in the previous section. The main limitations of the method
are its lacl of specificity and its low sensitivity. In the preliminary
experiments the limit of detection was 2 pg aflatoxin B1. Clements (1968)
claimed 1 pg as the lower limit but even this is not sufficiently sensitive.
It would be an advantage to be able to check the biological potency
of a sample on the same aliquot that was used for the physicochemical assay.
This is theoretically possible as the physicochemical method is non-
destructive. The amounts involved, however, must be less than 1.0 pg
to achieve reasonable resolution so that an increasc in the sensitivity
of the bioassay would be necessary. This section describes attempts to

imprrove the sensitivity of the inhibition assay.

Various methods of application of aflatoxin in wells:

1. The first attempt to improve the sensitivity was made by using the
puncked »late technique often used for antibiotic assays. Thin layers of
tryptone yeast glucose agar (TYG-Agar) were poured in petri dishes and
allowed to set. A pattern of sterile rubber bungs (6 mm diam.) was
arranged on this layer and a further amount of TYG-Agar was poured and
allowed to set. The bungs were removed leaving small wells in the agar.
Aflatoxin was added to these wells either in aqueous solution or in chloro-
form. In those instances in which chloroform was used, the solvent was
allovwed to evaporate and the wells filled with sterile water. When the
water in the wells had been absorbed by the agar a layer of TYG-Agar

seeded with a culture of B. megaterium was poured over the plates filling

trhe wells and forming a second layer. The plates were incubated at 37°C

overnight and examined for zones of inhibition.
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Table 2.1 shows the results of an inhibition assay in which the
two methods of adding aflatoxin were compared using two different strains

of B. megaterium.

Table 2.4 Bicassay of aflatcxin in agar wells

water Solution Choroform Solution
pg aflatexin B1 0.2 O 0.6 0.8 0.2 O 0.6 0.8
Zone ( 899a 11.6  18.3 15.4 214 13.3  15.8 145 1449
diam. g
(mm) 1368 14.8  13.5 10.5 15.5 19.0 15.3  18.h  18.7

Although there is no ceonsistent relationship between the emount of
aflatoxin added and the diameter of inhibition zone, inhibition is clearly
demonstrable with much smaller amounts of aflatoxin than are necessary for
the disk bioassay. Addition of aflatoxin in chloroform was just as
effective as addition in water. This suggested an alternative possibility

for improving sensitivity which is described below.

Application of chloroform solutions to plates

A solution of aflatoxin in chloroform was applied by a micro-
syringe directly to the surface of the pre-poured and dried minimal salts
medivm agar (1Ski agar) plate. A grid placed under the plate was used to
ensure that the spots were evenly spaced. Trhe chloroform was evaporated
off in a stream of warm air. The plate was then overlayered with soft MSM

agar containing B. megateriuvm strain 899a. The plate was incubated over-

. 0. . ey
night at 30°C and cxamined for zones of inhibition.

Table 2.2 Bioassay of aflatoxin by direct svots on agar

0.25 0.5 1.0
.3 11 9 1644

1 B1 0.12

O U,

Zcne diam. (mm)

(6]

The results show a definite relationship between zone size and
amount of aflatoxin. Further experiments were planned to determine the

most suitable medium, and the most sensitive orgenism.

Medium for inhibition assay

To determine whether the inhibition bioassay cculd be improved by

altering the medium, plates were poured with tryptone yeast extract (TYG)-Agar
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and. MSM agar. These plates were dried at 57OC for one hour and aliquots
of aflatoxin Bi’ B2, G1 and 02 were spotted on the agar surfaces as
described. The plates werc overlaid with seeded agar, either soft MSM
agar or sof't TYG egar being used as the top layer. Tre plates were

. 450 . .
incubated at 37°C overnignt. The results are shown in Table 2.3.

Table 2.3 ZEffect of medium on arar rlate bioassay

LOTG \LZzla AL5H)
TYGA overlay LS¥A overlay

aflatoxin B, pg 1.0 1645 11.2 6.0 0.0
0.5 11 .2 13.0 0.0 0.0

0.25 2.0 0.0 0.0 0.0

0.125 0.0 0.0 C.0 0.0

aflatoxin G1 g 20 17.5 10.0 6.0 0.0
aflatoxin B2 ug 20 13.0 0.0 2.0 0.0
aflatoxin G2 1g 20 0.0 0.0 0.0 0.0

Faint zones of inhibiticn could be seen on the ¥SMA plates overlaid
with MSMA after further incubation at SOOC for a further 24 hours, but clearly
the richer medium gave much better recsults.

The relationship between inhibition zone size ani amount of aflatoxin
added was similar to that in the previous experiment. }Much higher amounts

of aflatoxin G, and B, were needed to give inhibition zones similar in size
I

2
to B1, while af'latoxin G2 gave no irhibition zone at 20 pg. This agrees
with their toxicities in cnimal experiments.

3

Sced organisiy for the inhiweition assay

Atteripts to find the best seed organism to use gave rather inconsistent
results by the method of clloroferm spots on agar »lates, Strain KN,
appeared to give the clearest and most easily read zones of inhibition.
Strain 1362, the strain used by Clements for innibition assays, gave zones
of similar diameter but these were less clearly defined, while strain 899a
gave smaller zoncs,

It was during this series of experiments that the main disadvantages
of the chloroform spot metliod became obvious.  “hile it was possible to

improve the sensitivity of inhibition assay, the precision of the test was
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reduced due to the behaviour of the chloroform spots. Even very small
spots of chloroform tended to move about on the surface of the agaf
evaporating as they moved. The resulting inhibition zones were very
irregular in shape and size making their measurement very difficult or
impossible.

The method had shown that amounts of aflatoxin less than one micro-
gram could give zones of inhibition. This suggested that the measurement

of inhibition directly on TLC plates might be possible.

Inhibition on TLC plates

A TLC plate coated with a 250 p layer of ilerk silica gel G was
activated at 120°C for 2 hours. After cooling in a closed container over
silica gel, 1 pg of aflatoxin 31 in 10 pl chloroform was applied to the
plate and the chloroform evaporated off under a stream of warm air. The
plate was developed, using 1G5 acetone in chloroform as solvent until the
solvent front was 2 cm from the end of the plate. The plate was removed
from the developing tank and the solvent allowed to evaporate. The
aflatoxin B1 spot was located by viewing the plate under an ultra-violet
lamp and the outlining of the area of fluorescence. The plate was over-
laid with soft TYGA seeded with strain 895a and when the agar had set the
plate was incubated overnight in a moist chamber at 37°C.

A zone of inhibition could be seen over the position of the aflatoxin
B1 spot but due to the opaque white background the zone was very difficult
to see.

In 2 second experiment two millilitres of triphenyl tetrazolium
chloride solution (TTC) were spread over the surface of the agar after
overnight incubztion, and the plate reincubated for an hour. Areas where
the bacteria had grown turned bright red due to the reduction of the TTC
and the zone of inhibition stood out clearly as a white circular patch
against a red background. In an attempt to shorten the procedure, TTC
was incorporated in the agar overlay but, although growth occurred, no
zones were visible. In a control plate treated with TTC after overnight
incubation, zcnes were visible. TTC therefore seems to interfere with the
inhibition of growth by aflatoxin possibly by protecting the organisms in

some way .
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Further experiments suggested that TTC inactivated aflatoxin only
in the presence of growing orgenisms. From this time on TTC was applied
only after the overnight incuktation when the zone was already fully

developed.

Seed organism for the TLC inhibition assay

The next investigation was to find the organism zost suited to the

TLC method. B. megaterium strains K¥, 899a and 1362, Szlmonella

typhimurium strains P22T and wild type and E. coli strzins PG and T183
were grown in TYG broth to an OD of 125 Klett units. 111 were diluted
5?(10-1 and O.1 ml was added to 10 ml TYG agar. TLC plates were spotted
with 0.2, 0.4, 0.6 and 0.8 pg aflatoxin B1 and developed in chloroform
containing 10% acetone. The plates were layercd with TYG-Agar seeded

. . . . . -0
with the various organisms and incubated overnignt at 37 C.

Table 2,4 Iphibiticn of various organisms by aflatoxin B
]

aflatoxin B, (ug)
]

0.2 04 0.6 0.8
B. mega KM
Zone (mm) 7.6 13.7 17.5 22.6
r2 14 L6 77 128
B. mega 899
Zone (mm) 2 - ol 8.5 12.2
r2 1 4.8 18 38
B. mega 1363
Zone (mm) 0 L ;. 7.6 11
r’ 0 4.8 12 30

See Figure 2.1 for graph.

Of the organisms tested only B. megaterium showed zones of inhibition

with less than 1 pg aflatoxin.  Of the Bacillus stirains, Kl was much the

most sensitive. In all subsequent work IQ! was used as the seed organism.

Seeding density for TLC irhibition assay

To find the optimum level of seeding the layer the following experiment

was performed.
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Figure 21
140 INHIBITION OF BACILLUS MEGATERIUM BY AFLATOXIN B1
[ )
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pg aflatoxin B,

Aflatoxin B1 spots of stated amounts on TLC plates over-

Fipure 2.1
layered with TYC agar seeded with the three organisms. Plates

incutated overnight at 37°C.
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Four TLC plates were spotted with 1 and 0.5 pg aflatoxin B1. The

-

plates were developed and lejyered with agar seeded with B. megeterium

strain ¥i{. The organism was grown in TYG broth to an 0D of 222 Klett units and
- —7 -

diluted 10-4l 10 2 107 and 10 4 in TYGA. 10 ml of each dilution was

used to layer the plates. The plates were incubated overnight and treated

with TTC. The zones were measured and the results are recorded in Table 2.5

below.
Tabla 2.5 Effect of seed density on zone size
di}Ption 1_uz B 0.5 ug 51 log viable count/ml
10 ' diam. zone (mm) 14..2 11 8.3
r’ £0 30

1072 diam. zone (zm) 16.2 12.9 7.3
r? 66 12

1072 diam. zone (mm) 19.8 14.3 6.3
v’ 50 51

10-1+ diam. zone (om) 22 18.5 5.3
r? 124 85

See Figure 2.2 for graph.

At the lower secding densities the colonies became rather sparsely
distributed and individual colonies could be seen quite clearly. Any
further dilution created difficulty in determining the limits of the zones
of inhibition. The optimun dilution was one which gave approximately
20107 viabla counts/ml.

Further work showed that spoiting aflatoxin solutions on to the TLC
plate without subsequent development gave smz2ll concentrated spots and the
resulting zones of inhibition were more regular and reproducible. Not
developing the plates also meant that many more samples could be spotted
over its surface.

The results of a number of determinations coiaparing fluoro-
densitomstric measurements and inhibition zcne sizes of aflatoxin B
are shown in Iigure 2.3.

Figure 2.4 gives the results of several experiments showing the
relationship between mown aflatoxin concentration and inhibition zone

size on undeveloped plates.
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Figure 2-2
EFFECT OF SEED DENSITY ON ZONE SIZE
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RELATIONSHIP BETWEEN DENSITOMETRIC AND INHIBITION ASSAYS

slope 0-468

intercept -2-5

r 092§
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Figure 2-4

RELATIONSHIP BETWEEN INHIBITION ZONE SIZE AND AMOUNT
OF AFLATOXIN B,/SPOT
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It is clear from Figure 2.4 that the dose-response relationship is
not linear throughout its length. Above approximately 0.8 pg the zones
are smaller relative to concentration and these points were omitted when
the regression line was calculated. )

The assay of aflatoxin on TLC plates after development is less
precise and less sensitive than that on undeveloped plates but has the
advantage of some degrece of specificity. This specificity derives from
the comparison of the Rf of the compounds causing inhibition zones with
standards of known toxins. The assay on undeveloped plates is less
specific but enables replication of samples and standards. The procedure

set out below is applicable to both developed and undeveloped plates.

Reconmended assay procedure.

Prepare thin layer chromatography plates using silica gel containing
binder (2erk silica gel G is suitable) as a layer 250 i thick. Allow the
plates to dry and treat them at 120%C for two haurs. tore over silica gel.

Apply spots of unknowns and standards dissolved in acetone or chloro-
form to the surface of the plate ensuring that the centres of the spots are
at least threce centimetres apart. VThere possible each spot should contain
between 0.2 and 0.8 pg aflatoxin B1. Zvaporate the solvent in a stream of
warn air.

N¥.B. For other toxins refer to Section V.

Grow B. megaterium strain KM in yeast tryptone glucose in a shaking

water batu at 5200 to an optical density of 125 Klett units, Dilute the

culture 1/40 in dilueat peptone and add C.i ml to 10 ml molten yeast tryptone
glucose azar, mixing thoroughly. Using a sterile 10 ml pipette distribute
the molten agar evenly over the surface of the TLC plats. Allow the agar to
set and incubate the plate in a closed air-tight container at 50°C overnight.
After incubation spread 2 ml Triphenyl Tetrazolium Chloride solution evenly
over the surface of the agar using a gless spreader. Reincubate the plate

at 50°C for cne to two hours. Measure the diameter of the zones of

2
inhibition using needle calipers. Express results as (fone dlametei>.
2
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INTRODUCTICH.

The report of Lillehoj and Ciegler (1970) that bacteriophage of

B, megaterium strain 899a could be induced by aflatoxin B1 was confirmed
as reported in Section I. The specificity of phage induction makes it
attractive as the basis of a bioassay system.

It seemed desirable that the study of bacteriophage induction shoulﬁ
take place in a defined medium since unknown substances present in a com-
plex medium may modify the effect of an inducing agent. Lillehoj et al.
(1967) have reported reversal of aflatoxin inhibition of an Aspergillus
species by yeast extract although yeast extract was included in the medium

used in the experiments on induction of the B. mezaterium bacteriophage by

aflatoxin. In a defined medium the efflectiveness of the aflatoxin might
be increased.

The B, megaterium system was first isolated for study in 193 by

den Dooren de Jong and was used by Lwoff and his colleagues in their now
classical studies of lysogeny in the early 1950's. Despite the attention
that this system has received there are inconsistencies in the literature
regarding the requirements of the organism for growth and for the propagation
of phage after induction. _

Lwoff (4950) used a complex mineral salts base containing ammonium
sulphate, potassium dihydrogen phosphate, and magnesium sulphate as the main
ingredients and iron, manganese, cobalt, zinc, molybdate, borate and copper
as minor ingredients. This was supplemented with glucose, yeast extract and
further emounts of calcium and magnesium. Tryptone was sometimes added as
well. By contrast, Northrop (1956) used a medium containing only ammonium
sulphate, potassium dihydrogen phosphate, magnesium sulphate, glucose and
traces of iron.

The requirements stated to be necessary for induction and phage
propagation are also confusing. Gratia (1936) claimed that calcium was

recuired when plating phage on the B. megaterium 'rnutilat' strain of

den Dooren de Jong, a strain which is very similar to the Kl strain used

in the present study. Northrop (1951) reported a requirement of magnesium
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and phosphate ions for the producfion of bacteriophage in a culture of the
lysogenic strain. Huybers in 1953 reported that magnesium ions were
necessary in nutrient broth for induction to cccur after ultra-violet light
irradiation and Freidman and Cowles (1953) reported a drastic reduction in
the titres of phage when ccunted in zgar containing citfate. On the other

hand Gaal et al. (1970) induced B. megaterium £392 bacteriophage with

mitomycin C in o medium containing only ycast extract, tryptone, potassium
dihydrogen phosphate and scdium chloride.
As there was little consistency in the previcus reports on conditions

for growth of B. mezaterium and for propagation of its bacteriophage, a study

was made of the strains that were to be used in the induction assay.

Defined medium for B. megaterium.

All cultures for growth response experiments were incubated in flasks
with side arms for optical density measurements. These flasks were
incubated snaken in a water bath at 370C. In later experiments the
temperaturc was lowered to 32°C as 3703 was thoﬁght to be too close to

the maximun growth temperaturc of B. megaterium.  Growth was followed by

measuring the optical density in a Klett-Summerson colorimeter,

Attempts to grow B. megzaterium strain 899a in basal medium (EY)

supplemented with 0.1% glucose (BNG) were uasuccessful and additional
supplements were incorporated. into the medium. It was found that the
addition of 0.1 pg/ml nicotinic acid was necessary for the growth not only

of strain 89%9a but also of strains 1368 and K.

Oxyienation of the mediun

Shaken cultures grew more rapidly than unshzken cultures. This was
assumed to be due to the increased availability of oxygen as reported by
Lwoff (1950). To standardise the growth conditions cultures were grown in
BMG + nicotinic acid at shake rates varying between 50 and 110 cycles/minute.
Growth, as measured by generation time, was unaffected between 70 and 110

L

cycles/minute and all further experiments were performed at a rate of 90

cycles/minute.
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Glucose reguirements of B. negaterium

Strain $99a was examined for the effect of glucose concentration on
yield. & culture was grown in Bl + 0.5 ug/ml nicotinic acid and 0.1%
glucose until it was in the exponential phase of growth. The culture was
centrifuged; the cells washed in buffer and resuspended in BEM. This
suspension was used to inoculate aliquots of Bi + nicotinic acid containing
various levels of glucose. Growth of these cultures at 37°C was followed
by taking optical density measurements until no further increase occurred.
The maxirmum growth at various levels of glucose for strains 899a, 1368 and
X! were determined and are presented in Figure 3.1. The regression line
was calculated only on the results from experiments using strain 899a, but
all thres strains behaved similarly. The maximum growth is reached at

approximately 0.3% glucose beyond which there may be a decline in yield.

Cntical density measurenent

During the series of experiments described above it was observed that
the relationship between cell mass and optical density departed from
linearity atove a ¥Xlett value of 140. TFurther investigation was undertaken
to establish the form of this departure from linearity. By comparing the
actual measurements with the slope extrapolated from the linear part of the
curve it was established that the relationship was a square function. The

departure from linearity was eventually found to be expressed by the term

R - 110) 2
R = R 4 1.6 + 0.57 e s vhere R, is the 'true!
t 10 t

reading and I is the actual reading. A correction curve was constructed
(Figure 3.2) so that optical density readings could be recorded directly
without the necessity of diluting aliquots to below a reading of 110.

This was desirable if readings were to be made over an extended period on
the same culture. Either the correction curve or the correction factor can
be used to correct the Klett values. A1l OD values giver in the text are

corrected values.
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Figure 34

MAXIMUM GROWTH OF BACILLUS ME GATERIUM IN
VARYING CONCENTRATIONS OF GLUCOSE '

slope 1370
. K [
4001 intercept 16-3
(calculated for 899a only)
4
ﬁ
3007
)
c
2
~ ';“—" strain
~ A °
a 898a
O 2001 * 1368
* KM
1001
o ' 03 0%

0 01 0-2
glucose °/o

Basal medium was supplemented with the stated levels of

Pigure 3.1 o
All cultures were incubated in a shaking water bath at by

glucose.
until no further increase in optical density was observed.
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Figure 32
CORRECTION CURVE FOR OPTICAL DENSITY MEASUREMENTS
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To confirm the relationship between cell mass and optical density a
nunber of protein estimations were made by the method of Lowry et z21l. (1951)
a2t various Klett values. The results are shown in I'igure 3.3.

The generation time of B. megaterium growing in BMI + glucose and

nicotinic acid (BMGN) at 37OC is approximately 4100 minutes. This slow
growth made experiments rather protracted. To increase the growth rate
it was decided to sacrifice soms of the advanitages of a defined medium by
adding 0.1;¢ tryptone to BXGN. This had the effect of reducing the
generation time without affecting the final yield. A typical experiment
using strain 899a is shown in Figure 3.4, in which the generation time was
reduced from 1C5 minutes in RGN to 55 minutes in BMGN + tryptone. The
medium used in all subsegquent experiments was basal medium containing

A

0.1% tryptone, Cel pg/ml nicotinic acid and 0.25j. glucose unless otherwise

stated. This is referred to as scmi-defined medium (SD¥).

Zffect of acetone on the growth of B. megaterium

Since acetonc was to be the vehicle for the addition of aflatoxin to

the assay system its affect on the growth of B. megaterium strain €99a was

examined. 0, 2 and 5@ acetone vas added to cultures of the organism and
growth followed by determining the cptical density.

The organism grew normally in 25 acetone and with a slower growth
rate in 55 acetone. There was a delay of 100 minutes before growth sterted

in Eﬂ acetone.,

v

Infecticn cf strain K by phage in broth culture

York described in Secticn IV shows that there is a delay of approximetely
60 minutes before the inducticn of bactericphage 899a by aflatoxin is
expressed by a decrease in opticael density ani 2 sudden increase in phage
nunbers. Ir the k. coli phage lambda system the tire elapsing after infection
of the cells with tucteriophage lambda and thre release of phage (burst time)
is shorter thazn the time elapsing after trectrent with an inducing agent and
eventual lysis (latent %ime). (Jacob and Wollman 1S53;. It was of
interest to discover whether the burst time and latent time also differed

in the B. megaterium system. Neither a lysogenic KR! strain nor a phage
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Figure 3-4 ,
EFFECT OF TRYPTONE ON GROWTH RATE OF BACILLUS
MEGATERIUM
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Figure 3.4 Cultures were incubated in a shaking water bath at 37°C in
BMGN with and without 0.1% tryptone.
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free 899a strain were available so compurisons hzd to te made between the
two strains 8992 and KM.

A phage suspension was prepared by plating a culture filtrete of
strain 89%a on four plates of TYA seeded with strzin Ki so as to give
confluent lysis. Three millilitres of Q.15 peptcne diluert were added
to each plate and the plates allowed to stand at rcoxz tercperzture for four
hours. The diluent was pipetted off and pooled. Tlie suspension was
centrifuged at 10,000 x g and the supernatant chlorofcrmed. The suspension
was counted and found to contain approximately 108 thage/ml.

A culture of strain ¥ was grown in SDI to exronential phase
(Klett value 50) and phage particles were introduced into the culture to
give approximately 4CO phage/ml. Optical density zmessurements and plague
counts were made at intervels for 80 minutes after the addition of the
pheage. There was no effect on growth and no increazse in tre nuzbers of
plagues observed over this eighty minute period.

Since rhage were able tc infect and lyse cells oz TY agar plates it
vias clear that the conditions in the agar plate cultures differed in some
way from those in the broth cultures. Yeast extract was added to the SDM
medium but this still did not permit phage propagation. Cne possible
explenaticn was that adscrption required the presence of a co-factor

which was absent, too dilute or unavailable in the liguid medium.

Effect of chloroform on phare counts

To differentiate between plaques due to free chege ani plagues due to
phage already adscrted to indicutor bacteria the tacteria must te removed
or killed. One standard methed of killing the tacteria is to saturate

ew minutes. It

o)
]

the suspgension mediuvm with chloroform and incubcte for
was shown that 69%a phage was unaffected by chlcroforms and the method of
chloroferm killing was adopted. Ilowever, despite the standardisation of
the plating medium there were still irregularities in the counts from
cultures of induced lysogenic bacteria. Counts on cultures which had not
been treated with chloroform werc regular and predictatle but counts on

cultures treated with chlorofors varied considerebly.
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The method in use involved removing a 0.1 ml aliquot of the culture
into 9.9 =1 0.1% peptone diluent containing 0.1 ml chloroform. The
diluent was shaken by hand and incubated at 370C for ten minutes after
which the chloroform was removed by bubbling a stream of filtered air
thrcugh the diluent.

“hen phzge suspensions were trcated by this procedure a marked
reduction in count was observed cempared with phage suspensions pléted
untreated. If the phage were placed in diluent containing chloroform
tut not shaken the counts were not reduced. Since chloroform alone had
no effect on numbers it seemed possible that the phage were being inactivated
at the interface between the chloroform and water when the diluent was
shzken. Table 3.1 shows the effect on the phage count of shaking in the

precence and absence of an excess of chloroform.

Table 3.4 Effect of chloroform on phage counts

diluent saturated with diluent saturated with

* .
Treztment diluent alone
an excess of chloroform chloroform but no excess

plague ccunt 120 7 150

® N.B. A]1]1 treatments were shaken.

A1l dilutions for free phage counts were subsequently made in diluent

saturated with chloroform but in the absence of any excess of free chloroform.

Adsorntion of bacteriophapge 89%a on to strain KM

Cells of strain K were grown to exponential phese in SDN medium
and diluted to a Klett value of 10. Phage particles were added to give
approximately 10 phage/cell. amples were removed into diluent saturated
with  chloroform at intervals and appropriate dilutions assayed for free
rhage. Infected and uninfected cells were killed by the chloroform and
dilution prevented further adsorption so that only free phage remained as
plague forming units. There was a decline in the numbers of free phage
as is shown in Figure 3.5. Clearly phege were able to adsorb to KM cells
but were not able to infect them. (Sce page 66)

The experiment was repeated to confirm the result and to confirm that

despite strong adscrption there was no resulting burst.
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Figure 35
ADSORPTION OF BACTERIOPHAGE 899a TO B. MEGATERIUM
STRAIN KM
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Figure 3.5 B. megaterium at a density of 270 Klett units was incubated
in SDM in a shaking water bath at 37°c. Phage were added to give

approximately 10 phage/cell.
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Effect of substances in the agar on infection of strain KR!

MSM supplemented with the same concentrations of yeast extract and
tryptone as agar medium contained, failed to permit prcpagation of the
phage on the indicator strain so it was concluded that something in the
agar itself must be nacessary for lysis. An extract of agar was prepared
by soaking Davis New Zealand agar in ten times its owmn weight of water at
SOOC for one hour. The agueous extract was expressed by squeezing the wet
agar in a muslin cloth. This liquor was filtered through No. 1 filter
paper and sterilised by autoclaving.

Friedman and Cowles (1953) suggested that divalent ions might be
necessary for infection and lysis of indicator cells by bacterioprhage 899a.
To test’this suggestion medium was made up contezining tryptone and yeast
extract to which was added agar extract, agar extract + 0.4 ol EDTA and EDTA
alone. These media were inoculated with strain XM and phage suspension
and incubated in a shaking water bath at 37OC. The zrowth was followed
by optical density measurements.

Figure 3.6 shows the effects of the various additions.

The addition of agar extract led to a slight inflexion in the growth
curve after 75-80 minutes and a drop in optical density between 430 and 450
minutes. EDTA had no effect on growth but reduced the effect of the
agar extract so that the drop in CD at 150 minutes was replaced by a
flattening of the curve. This is consistent with suggestion that the
active ingredient in the agar is a divalent ion.

To show that the drop in 0D was due to lysis and vhage oprcduction
the experiment was repcated using a tryptone, yeast extract medium buffered
with phosphate. Duplicate flasks were set up, one with and one without
addition of agar extract equivalent to 10% agar. Optical density measure-
ments and phage counts were made at intervals on both flasks. The results
given in Figure 3.7 show an even more marked decrease in 0D in the flask
containing agar extract and a corrcsponding massive increase in the number
of free phage.

To test further the possibility that the efrect of the agar extract

was due to metal ions in the agar, the effect of agar ash was examined.
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Figure 36
EFFECT OF AGAR EXTRACT ON THE PHAGE LYSIS OF
B. MEGATERIUM STRAIN KM
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Figure 3.6 TYSP supplemented with verious additions inoculated and
incubated at 37°C in a shaking water bath.,
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Figure37

EFFECT OF AGAR EXTRACT ON PHAGE PRODUCTION BY
B. MEGATERIUM STRAIN KM
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Figure 3.7 TYGP with and without agar extract inoculated and incubated
at 37°C in a shaxing water bath. Phage counts made in TYA.
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One gram of agar was reduced to ash by heating in a furnace at 5500C.

The ash was digested in 3 ml 1.0 N hydrochloric acid and reduced to dry-
ness again. The residue was taken up in 0.5 ml distilled water. This
solution was added to tryptone yeast glucose phosphate broth (TYGP) and
compared with extract from an equivalent amount of agar; The ash allowed

the same degree of lysis and the same increase in the numbers of free phage.

v

Zffect of azar ash extract on relative plating efficiency

Ash extract was added to TYGP broth at different levels and the
broths were inoculated with log phase cells of strain KWl and bacterio-
rhage as described previously. 0D measurements and free phage counts were

made at intervels. The results are shown in Table 3.2 and Figure 3.8.

Table 3,2 Effect of different levels of agar ash

extract on phage propagation in stroin KM

% ash extrect in® free phage counts
TIGP trcth : at =
50 minutes 100 minutes
0 30 20
(0553 100 O.9X10k
1.0 81,0 7.8x10%
2.0 1.23%10° 8.4%1 O
4.0 2.06%10° 12x10*
6.0 670 15%10*

Ash extract contains the extractable material from 1 g agar.

Growth in the broth containing &% ash was slower than in the other
test cultures. This may account for the reduced number of free phage at
50 mirutes in the broth supplemented with 6% ash extract. The infection
cycle ray have been extended and the cells only just beginning to burst.
The burst size increased with increasing ash extrect concentration up to a
level equivalent to 6 agar.

Tryctoreyeast glucose agar plates vere normally solidified with 1.2

ager whereas the ash extract gave approximately twice as many free phage at
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Figure 3-8

EFFECT OF AGAR ASH EXTRACT ON PHAGE PRODUCTION
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a level equivalent to 45 agar. This irdicated that the level of the
necessary factor was sub-optimal in the agar medium.

The hypothesis that agar plates contzined sub-optimal amounts of
the factor needed for phage lysis was tested as described below.
New Zealand Davis agar wes washed three times by shaking'50 g agar in 5 1
distilled water for 12 hours and filtering off the agar. Tryptone yeast
extrect agar was prepared using this washed agar. Plates of this washed
agar mediun containing various levels of added agar ash extract were poured.
The soft agar upper layers were prepared with the washed agar and seeded
with cells of strain KM and 899a phage. The plates were incubated at 30°C
overnight and the plaques counted. The results are given in Table 3.3

below and Figure 3.9.

Table 3,3 Effect of agar ash extract on the relative

plating efficiency of bacteriovhage 899a

Agar ash extract & Plagues
82
197
252
505
333
417

O o o £ N O

1

*1m agar ash extract contains the extracteble material from 1 g agar.

Increases in relative plating efficiency were still being observed
to the point where the equivalent of eight times as much agar as is usually
used in s0lidifying medium had been incorporazted as agar ash extract. An
attempt wes made to identify the active ingredient by analysis.

Analysis of the agar ash was kindly undertzken by Dr R. Brookes of
the Department of Chemistry, Biochenistry and Biophysics. The ash was
examined in a Hilger and Watts Emission Spectrograph and the relative
concentrations of the elements giving the more important spectral lines

were determined. These are given in Table 3..4.
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Figure 3-9

EFFECT OF AGAR ASH ON PLATING EFFICIENCY
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Table 3.4 Analysis of apgar ash

Interrediate elements

Minor elements (<4ppm)

ajor elerents ()ﬁOOEEml

(1_:_LCOt:Um

Calcium  approx. 10COppm Strontium 100 ppm Molybdenum .1 ppm
Sodium " 4000 "  Iron 50 " Vanadium g
Fotassium " 40C0 " Zinc 23 M Cobalt 0.2 "
lagnesium " 1000 " Barium 10 " Chromium 1"
Aluminiun " 1000 " Manganese 3,5 "

Nickel 1.5 "

Copper 1.5 "

Betches of tryptone yeast extract medium solidified with washed agar
were prepared containing chlorides of the elements in Table 3.4 at the
levels shewn.  Molybdenum, Vanadium and Chromium ions were included
at 0.5 ppm. Eighteen batches of medium were prepared, one with none of
the elements, one with all of them and sixteen with a different element
onitted in each cese. Bacteriophege 899a was plated on to each medium

d.

and the plates incubated and counte The results are given in Table 3.5

below.
Table 3.5 Lffect of various elements on relative
platine efficiency of vhage 899a

Element Placue Blement Plague Element Plaque
onitted count onmitted count omitted count
All 32 Aluminium 520 Nickel 435
None L1410 Strontium 410 Copper 300
Calciun 480 Iron 370 folybdenum 430
Sodium 430 Zinc 425 Vanadium 430
Potasgsium L).0 Barium L00 Cobalt 410
Nazgnesium 68 Mangenese 465 Chromium 530

Magnesium is obvicusly necessary for optimum plating efficiency and
copper mey also be involved. The relatively hign counts when calcium,
aluminium or chromium were omitted suggest that these elements may be
inhibitory. The effectiveness of magnesium and copper in prcmoting phage

propazgation and of calcium and aluminium in inhibiting it were examined.



Effect of metal ions on plating efficiency

Plates containing 0.4 ppm Cu Cl, 2K,0 (00024 ) and varying
amounts of magnesium ion were prepared and used to plate 89%a phage.
Plates were also prepared containing 80 ppm MgCl, 6H201D%mx) and varying
amounts of copper ion. The results of the two experiments are shown in
Figure 3.10. The optimum for magnesium was approxizetely 04 mM. Copper
reached a maximum effect at 0-0024 mil and had nc inhititory effect up to
three times that value. 1lagnesium had an increzsing inhibitory effect on
lysis above 100 ppm Mg++ so that addition of the cptizuz concentration of
ion is important in achieving maximum plating efficiency.

Plates containing 0°4 mi Mg'' and00024 m) Cu™™ and varying concentra-
tions of aluminium or calcium were prepared and used to plate 899a phage.
The results are shown in Figure 3.11. Aluminiuz wes Inhibitory at the
levels tested while calcium was less inhibitory. The levels of aluminium
and calcium expected in an agar gel are approximetely 0.05 ml and 0.025 mM
respectively which would be expected to cause less than 5% depression of
the plating efficiency. The levels of megnesiux and copper to provide
optimum plating efficiency are approximately ten tizes the levels usually

present in an agar gel.

The effect of glucose concentration on the relative vlating efficiency

The counts of plagues during the titring of thszge suspensions for
these experiments often were irregular. Occasionzlly plates would have
no plaques at all or the placgues would all aptear as tiny pin points.
Some of this irregularity can be explained by the effect of sub-optimal
mognesn lam in the media but the glucose ccncentration wzs also found to
be important.

The medium first used for plaque counting contzined tryptene, yeast

extract and 0.1% glucose. When yields of B. megzterium in different

concentrations of glucose were measured there wes en indication of
inhibition of grovth above 0.3 glucose. This suggested that drying of

the plates during incubation might cause some loczl ccrncentration of
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Figure 311
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glucose and affect growth of the seed organism. To exarmine this
possibility plates of tryptone yeast extract agar supolemented with
Mg++ and Cu'" were prepared with varying concentrations of glucose in
the base and tryptone yeast extract agar with no glucose as the seeded

sof't agar upper layer. The results are shown in Table-3.6:

Table 3.6 Effect of zlucose on relative plating efficiency
Glucose % 0 0.1 0.2 0.4
Relative plating efficiency % 100 86 85 36

The plaques on all plates containing glucose were smaller than those
on the control plate. The medium containing 0.4% glucose was
particularly striking as the plagues were all pin points and very-difficult
to count. The density of growth of the seed organism on the media
containing glucose was also less, especially in the medium containing 0.4%
glucose.

These results, together with those given earlier, led to the

formulation of the media for plague counting given below.

Nedia for phage counts

Agar Base Tryptone 5.0 g
Yeast extract 2.5 g
Agar 12.0 g
Water 1 1

Before pouring add 4 ml/1C0 ml of a sterile solution containing 0.84%

Mg 012.6H205md(LCOM§Cu C12.2H20 (Final concentration = 04 mX Mg++ and
024 mi cu™t).
Soft Agar upper layer Tryptone 5.0 g
Yezst extract 2.5 g
Agar 0.5 g
Vater 1 1

Burst time of meganhage 8S%a vropagated on strain i

Having established that magnesium and copper icns are necessary for

the effective infection of B. megaterium strain KN by megaphage 899a it
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wes possible to return to the investigation of the burst time of the
system.

Tryptone yeast extract broth with and without optimum amounts of
maegnesium and copper were incculated with i and bacteriophage 899a, at
a density of approximately 1 vhage/10 cells, and phage counts were made

at intervals. The results are given in Table 3.7.

Table.3.7 Doffect of magnesivm and cowper on the

propagation of phage 89%a on strain KN

Time (minutes)

o 20 40 60 80
phage ccunt Mg Cu absent 22 22 17 9 7
phage count lg Cu present 29 58 77 250 6,200

The first big release of phage occurred at about 60 minutes.

Aoresrance of the bacteriovhage

4 heavy suspension of B. megaterium strain KM was infected with

megaphage 6992 at a level of approximately 100 phage/cell. The suspension
was incubated for 30 minutes, long enough for adsorption to occur but not
long enough to allow lysis, and then one drop of 4O formaldehyde was added.
The treated culture was centrifuged and the cells were resuspended in a
mininum of distilled water. This suspension was used to prepare grids

for electron microscopic examination. Figures 3+.12 and 3.13 show the
appearance of the bacteriophage free and adsorbed to a cell. The

dimensions of the phage are given in Table 3.8.

Tahle 1:@ Dimensions of megaphage £G9a

Head 65 x 58 mn
Tail length 250 nu
Tail width head end 8 am
Distal end 11 =~ 42 nn

These measurcments and its latent pzriod of €0-90 minutzs are
similar to the typves M} and X3 of friedman and Cowlas (1953)

classification.
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FIGURE 313

MEGAPHAGE 899a ADSORBED TO BACILLUS MEGATERIUM
STRAIN KM
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Summarx

The defined medium for B. mezaterium finally adopted differed from

those of Lwoff et al. (1950) and Northrop (1951) in that nicotinic acid

was found to be necessary for growth. Their cultures’required no additional

growth factors. Although an additional complex nitrogen source was not

necessary for growth, a low level of tryptone increased the rate of growth.
Magnesium was found not to be necessary for induction despite the

report of Huybers (1953) but was necessary for the propagation of bacterio-

phage 89% on strain Kif. This was not reported by any of the other

workevrs thouzh Friedman and Cowles (1953) had showm that citrate could

reduce the nunbers of plaques appearing on plates. This was presumably

due to the reduction of available magnesiun by the citrate. Calcium was

found not to be required for the adsorption or propagation of bacteriophage |

899a as reported by Gratia (1936); indeed it had a slightly inhibitory

effect on propagation. This inhibitory effecﬁ and that of aluminium may |

be due to competition between metal ions. A comparison of the amounts

of magnesium included in mgdia by various workers is made in Table 3.9.

Tabls 3.9 lillimolar concentrztions of magznesium f

in media f{or B. rx

hﬂﬁ“_(liﬁg)_ lorthrop (1951) Huybers (4653) others Basal medium this study
1.2 0.1 0«1 0 O 440

Other workers were able to obtain phage propagation at much lower
levels of magnesium than were found to be necessary in this study. This
suggests either that they had sub-optimal levels of magnesium present or
that there has teen a change in the characteristics of the phage or the
sensitive strain.

The eiffect of glucose on relative plating efficlency does not seem to
have been noted by previous workers. It is a curious phenomenon and merits
further investigation.

The burst time cf about 60 minutes is similar to that reported by
Lwoff (1954 ). He found that the optical density of the infected cultures
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started to decline at 60 minutes and the first detectable increase in
phage numbers occurred earlier at 45 minutes. In this study the rapid
increase in phage numbers started between 4O and 60 minutes. The
relationship between latent time of induction and bturst time will be

discussed more fully in the next section.
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SECTION IV

INDUCTION OF LYSQGENIC B. NECATERTIUN BY AFLATCXIN B

Induction of lysogenic bacteria by aflatoxin was first reported by

Legator (1966) for E. coli and Stapnh. aureus. He suggested that all

inducible lysogenic bacteria would be affected in the saze way. Later

Lillehoj and Ciegler (1970) reported induction of B. megaterium by

aflatoxin though at concentrations a hundred times greater than those
reported by Legator. The idea of using induction as the basis for a
biocassay is attractive for a variety of reasons. It is a microbiological
system, which requires less equipment and skill to handle than a system
using higher organisms. It is likely to give a result core quickly than
an animal system. The main potential advantage of induction, however, is
its reported specificity. Relatively few compounds are able to induce
lysogenic cells but, more importantly, there is claimed (Heineman and
Howard (1964) and Lein et al. (1962)) to be a correlation between the
inducing ability of a compound and its ability to cause cancer. If this
is the case then interference by other compounds havinzg the same biological
effect as aflatoxin in an assay would be an advantaze rather than otherwise
since one would be made aware of a potentially dangerous toxin.

The failure to repeat Legator's work with E. coli and Staph. aureus

has been reported in Section I. ‘While this result was discouraging the

subsequent confirmation of induction of B. mezaterium by aflatoxin reopened

the possibility of using this system as the basis of a bioassay. It was
necessary, however, to repeat and amplify the bare observation of induction
and to find out more about the behaviour and requirezents of the organisms
involved in the system. Some of this work has already been described in
Section IIT. The work described in this section is concerned with the

induction system itself and its eventual development into a usable bioassay.

Response of lysogenic B. megaterinm to varying aflatoxin concentrations
2 It ST

An essential requirement for a quantitative bioassay is that the

response of the system to the compound being assayed shzll vary in some
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regular relationship with the amount or concentration of the compound.
The first experiment which has already been described in Section I had
confirmed the occurrence of induction. The second experiment attempted
to show a concentration/response relationship.

B. megaterium strains 899a and KI! were grown overnight in nutrient

broth. Strain 899%9a was sub-cultured in fresh nutrient broth and incubated
in a shaking water bath at 3700 until the culture had reached an 0D of
55 Klett units. The culture was éentrifugcd at 3000 g for 15 minutes and
washed twice in saline to minimise the numbers of free phage. The cells
were resuspended and added to aliquots of nutrient broth containing various
concentrations of aflatoxin B1 so as to give a density of cells approximately
1/10 the original culture.

(In this early experiment the aflatoxin was added to the medium as
a concentrated chloroform solution and the chloroform removed by bubbling
nitrogen through the medium. This was subsequently shown to be an
unsatisfactory method of adding the toxin to the medium and as a result
the concentrations shown in the table may not be reliable).

The broth cultures were incubated in a shaking water bath at 37°C and
sanvles removed after 1% hours for viable counts and phage counts using strain

X! as the indicator strain. The results are given in Table 4.1 below.

Tabtle 1.4 Induction of strain 899%9a by various amounts of aflatoxin B
[ ]

aflatoxin concentrations (pg/ml)

Time (hours) 0 5 10 20

Viable counts %10 1% 8900 7500 7600 4
-]

Phage counts X10 * 1% 4500 7000  $10,000 12

Although the dilutions chosen for plating were not the most appropriate
the results suggest a response proportional to aflatoxin concentration.
h

the extent that both growth and induction are suppressed.

r3
(¢)

v 2lso indicate that above a certain level, aflatoxin is inhibitory to

The two investigations described so far showed an increase in the
nunbers of phage following aflatoxin treatment, but no corresponding
L.
L

decrease in optical density. A number of attempts were made to demonstrate
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lysis by a decrease in optical density withcut success. In retrospect
it is now clear that this was due to the unsatisfactory method of addition
of aflatoxin B,. Later the method of addition using ethanol as a vehicle
was tried (seelﬂaterials and Xethods Section) with the results given below.
Strains K and 899a were grown in basal medium subplemented with
0.25% glucose, C.1 pg/ml nicotinic acid and 0.1% tryptone. Each strain
was diluted 1/40 in the same medium containing 410 pg/ml aflatoxin B, added
as a 1CCO pg/ml solution in ethanol. Controls centzining only the -
ethanol were also included. The cultures were incubated in a shaking
water bath at 35°C and optical density measurements taken at intervals.
Srzears vere made of the cultures a2t 450 minutes and stained for micro-
scopic examinaticn, The slides of both control and treated cultures of
strain 69%a and also of the control culture of strain Ki! showed normal
rods in chains but the slide of strain Xl grown in the presence of aflatoxin
showed mostly long filaments. This appearance is sirilar to that reported
by Wragg et al. (1967) for E. coli and by Lillehoj et al. (1967) for

Tlavobacterivm aurantiacum.

The results of the optical density mewusurements are given in Figure
L.4. A drop in optical density occurred between 60 and 90 minutes only
in the culture of the lysogenic strzin €$%a conteining aflatoxin.
Thereafter growth wes resuced but more slowly. This curve has a numbter
of interesting features not reported by Lillehoj and Ciegler in their

study cn B, mesaterium. The initial growth rate in the presence of

eflatoxin is little different from that in the control (generation times
55 and 45 rinutes respectively). The decrezse in 0D after 60 minutes is
follcwed after a delay of a further 30 minutes by a resumption of 0D
increase at a slower rate (equivalent to a generation time 135 minutes).
The final 0D vulucs after overnight incubation of strain 6§99a were 293 for
the control and 49 for the aflatoxin-treated culture indicating that further
lysis had occurred in the latter before exhaustion of the medium.

The inflexion in the OD curve could be interpreted as being due to
the lysis of a rroportion of the cells in the culture which was induced

imrediately the cells came into contact with the aflatexin. Their rate of
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0D increase was unaffected however until they lysed approximately one
generetion later. It may te assumed that some proportion of cells would
be induced thrcughout the remainder of the time that the culture was under
observetion and these too would lyse after the elapse of the latent period.
This interpretation would account for both the observed fall in 0D after
an initial period of increase and the subsequent pericd of increase at a
slcwer rate. The actual rate of OD increase after the initial lysis

would cepend cn the growth rate and the proportion of cells induced.

The time cource cf vhage production after induction

The changes in the optical density curve of strain 89%a in the
presence of aflatoxin prompted the investigation of the time course of
phege production following induction by aflatoxin.

E, negaterium strain €9%a was grown to an optical density of 110

Klett units in SDM. Media containing O, 10, and 20 pg/ml aflatoxin %

were prepared ty incorporating the appropriate amounts of a 1000 ng/ml

sclution of aflatoxin to 10 ml SDA using acetone as the vehicle in place

of ethanol (see Materials and Methods). Sufficient additional acetone

was added to all the flasks to give a concentration of 2% acetone in

each medium. 0.2 ml of the exponential culture of strain 899a was added

to each medium in a side arm flask. Optical density measurements were

rade at thirty minute intervals and free phage counts were made at zero

time and at 120, 180, 240 and 300 minutes. Results are given in Figure .2,
Phage production was greater in the presence of 20 pg/ml than in

10 ug/ﬁl aflatoxin B1. The effect on optical density was also more marked

in the presence of 20 pg/ml afletoxin Bq. The results show two unexpected

features, howvever. There was a smell apparent increase in the

free phage numbers in the control culture. Turthermore in all three

cultures a decrease in free phage occurred after the first burst. Both

cbservations were subjected to flurther excmination in later experiments.

Though there was a marked increase in the numbers of free phage in those

cultures containing aflafoxin and a decrease in the optical density, the

intervals chosen were not sufficiently close to detersine whether the rhage

burst and 0D decrease coincided. This was examined in the next experiment.
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Compzrison of phage production and 0D decrease

B. megaterium strain 89%a was grown to an 0D of 150 Klett units

in SDI and diluted one tenth into flaskxs containing SDM supplemented
with either 15 acetone alone or 155 acetone and 10 ug/ml_aflatoxin Bﬁ'
The cultures were incubated at 550C and samples were removed into
chloroformed diluent at intervals of 30 minutes when 0D measurements
were also made. Appropriete dilutions of the samples were assayed for

phage. Results are given in Table 4.3 and Figure L.3.

Table L.3 Phace counts after induction of 899a by aflatoxin B
]

Time (minutes) 0 30 60 20 120 150 180
Control %107 26 28 680 260 23 11 19
10 pg/ml aflatoxin B1

0o 17 58 7,700 22,000 42,100 3,400 2,800

In bcth control and treated cultures a peek of phage production weas
observed. In the control culture this occurred at sixty minutes after
dilution of the parent culture and in the aflatoxin-containing culture a
much larger peak recurred later between sixty and ninety minutes after
dilution. Closer time intervals were used in a further experiment (see
Figure 4.4) where the time of sixty minutes for the phage peak in the
control culture wes confirmed while a time of approximately eighty minutes
was found for the aflatoxin-containing culture. The latter peak coincided
closely with the fall in O0D. The rate of decline in free phage numbers
after the peak varied in different experiments but the same pattern was
observed in all ceses. This decrezsec in the numbers of free phage after
the peak was assumed to be due to their adsorpticn on to unlysed cells
and fragments of cell wall of lysed cells., The number of free phage in
the aflatoxin-containing cultures after the peck had subsided was still

greater then the numbers in the control.

Pharse oreduction after ths initial peak

The period after the peak of phage production vas investigated tc
see whetker there were further peaks or whether a relatively steady state

was reached. Samples frcm cultures containing O, 5 and 10 pg/ml aflatoxin

5
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Figured-4
TIME COURSE OF PHAGE PRODUCTION AFTER INDUCTION

BY ARATOXIN
25+
"
§
20‘ ,
]
|
|
|
I
151
[N 1
=
o |
o)
2
Q
o *
Qv
“ 101
] [ ]
5- 1
. .
/.
/ \\.-—_/.
ot—p— N
0 50 100 150 200
time (niums)

Fipure Lup  SDM + 10 pg/ml aflatoxin B, incculated with exponential

plise cells of B. repateriun strain 89%9a.  Sacrles chloroformed and

e, Yo ard M
courted in TLA + M and Cu.



2.

were assayed for free phage at thirty minute intervals between 150 and

230 minutes after dilution. Samples were also tzken a2t O and 75 minutes
to confirm the presence of the peak. The results are given in Figure 4.5.
The decrease in numbers of free phage appeared less rapid than in previous
experiments where the rate of decrease was almost as great as the rate

of increase.

In each culture there was an increase in free prage again after the
period of decline. The rapidity of this second increase was greater when
the aflatoxin concentration was higher. This is consistent with the
earlier sugzestion of continuing lysis after the initial burst. The free
phage present in the medium would represent the iifference between those

being produced by lysis and those being removed by acdsorption.

Induction following dilution

Ideally the size of the burst of phage due to induction should be
compared with free phage nwnbers in an uninduced ccntrcl.  The existence
of a small peak of phage production in the control cultures distorts this
comparison. The effect had also been observed by Lwofl et al. (1950).
They reported that as many as 20-307% of bacteria lysed after dilution.

The actual proportion varied with the stage of sgrcwth azrnd was at a maximum
Just before stationary phase. They investigated the effect of redox
potential and medium conditions but wers urable to {ind any clear cause

for the induction although oxysen level appeared to play a role. It
seemed possible that the shock of transferring a culture frox a temperature
of BSOC to mediun at room temperature, 25 had been dene in all my previous
work, might effect some induction. This was tecsted by comparing duplicate
cultures diluted into medium at rcom temperature and mediur pre-warmed to
55°C. Since ro effect on the dilution induction was observed it was

concluded that temperature change was not a factor in this phenomenon.

acline in ree chage nuabers after the initiel bturst

The sharp peak in the numbers of free phage of the jpitial burst

makes it very difficult to choose an appropriate time at which to sample.
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Figure 4.4 shows that the free phage numbers in one experiment rose and
fell tenfcld within sixty minutes.

If the decrease in free phage numbers after the initial burst is
due to 2dsoeption this should be eliminated by diluting the culture after
treatment with aflatoxin for sufficient time for induction to have been
initiated.

Cultures of strain 899a were held for 20 minutes in SDK with and
without 10 pg/ml aflatoxin 31 and at an CD of 40 Klett units and were
then diluted 4/1C0 into fresh pre-warmed medium and sampled at intervals.,
The samples were assayed for freec phage. This experiment was carried out
twice. On both occasions lysis wes delayed until approximately 120
minutes after dilution.

In both the control and the aflatoxin-containing culture there was
a peak of phage production and a decline.

This dilution was not, therefore, effective in preventing the

decline in rurmbers following the burst.

Effect of maoconesium on induction by aflatoxin B
= v ),
]

The worlk described so far was done before the effects of magnesium
on plating efficiency (Section III) had been investigated. Since
magnesiwz was so important in the infection cycle its effect on induction

kad to be examined. A culture of B. mezateriun strain 899a was grown to

an 0D of 190 Xlett units and diluted 1,/100 into media containing 2 pg/ml
aflatoxin B, with and without magnesiwm and copper. A control containing
the metals but no aflatoxin was also included. Free phage in the cultures

were assayed at intervals. The results are given in Table 4.4.

Table L.l Effect of marmnesium and copser on induction of

bacteriochaze £99a by aflatoxin B,
]

free nhase counts X‘.O-3
Tire (minu%es) 0 o) 80 120 160
Control 2 2 3 23 85
2 uz/ml B, alone 5 3 1 63 247
2 ug/ml B; + metals 3 2 b 6l 225

There was no real difference in free phage counts due to the presence

of the metal ions.



Countin~ induced cells

At this point sufficient information had been accumulated to make
it clear that aflatoxin B1 was able to induce bzcteriophage 899a and
that the degree of induction was dependent on the concentration of toxin.
It was difficult however to find a reliable parazeter for measurement of
the effect. Because the peak of burst is transient it would be difficult
to select 2 sampling time that would coincide with the peak.  There are
also large variations in the numbers of freec phage in the phase after the
burst. In the hope that it might prove a more reliable parameter
attention was concentrated on finding a way of counting the actual numbers

of induced cells rather than the progeny of their lysis. B. megaterium

strain 899a was grown in SDM to an 0D of 150 Klett units. The culture was
then centrifuged at 3000 g for 20 minutes at rooa temperature, washed once
in peptone diluent and resuspended in diluent to its original volume.
This washing was done to remove free phage fro:x the culture. The suspen-
sion was diluted 4/10 into duplicate flasks of 8DiI, After ten minutes in-
cubation at 320C acetone was added to one flasx and an acetone solution
of aflatoxin B, to the other to give final concentrations of 1§ acetone

I
and 10 ug/ml aflatoxin B1. Samples were removed at intervals and plated
unchloroformed for infectious centres on TYA.

On examinaticn the plates from both treated and untreated samples
showed a mixture of large and sinall plagues. The total numbers of
plaques were approximately the same in both series but the proportion
of large pleaques increased more rapidly in the plates from the culture
containing aflatoxin B1 than in those from the control. It was not - .
possible to make accurate counts of the larger plagues but estimates of

their numbers are given in Table 4.5.

Table ).5 Estimates of the numbers cof large and small

plagues following induction

Large placues

Time (minutes) Total placues Control B, _treated
0 560 80 80
10 550 60-1 00 80
30 530 60~1 00 180
50 550 60-1 00 520
70 800 150 650
LIBRARY

MASSEY UNIVERSITY -
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If it is assumed that all viable cells of B. m2gaterium strain 899a

if plated, will eventually mroduce bacterioshage ty spontaneous induction,
then it is reasonable to suppose that ths earlier lysis occurs after
plating,the larger the resulting plaque will be, since more cycles of
infection will have been able to occur. In that case the lzrgest
plaques reoresent cells wnich lysed very soon after plating and the
smallest plagues represent cells which lysed not long before the plate
was removed from the incubator. That the culture contzining aflatoxin
gave rise to many more large plagues than did the centrol culture could
be explained as being due to induction by the aflatoxin,

It is not possible to count the various sized plagues accurately
because of the continuous gradation in size from large to sxzll. For
the technique to be of any use it was necessary to suppress those cells
vhich lyse spontaneously after plating and pernit to lyse only those cells
which were induced before plating. '

An attempt was made to achieve this result by zilling the lysogenic
cells with streptomycin iumediately after the cells induced by aflatoxin
had burst. If this was to succeed the indicator organisa had to be
resistant to streptomycin or no plaques would te formed., L streptomycin
resistant mutant of the phage-sensitive strain X! wzs isolated (see
Materials and Methods). It was also established that the lysogenic strain
89%a was strertomycin-sensitive. Strain 8¢%a wzs srown, washed and
resuspended as before and diluted 1/40 into SDi with and without 10 pg/ml
aflatoxin B1. Samples vere taken at fifteen ninute intervals and
appropriate dilutions mixed with streptomycin-resistant strain KM cells
(K#/Sr) in 3.5 ml soft agar. The soft agar was poured over plates con-
taining tryptone yeast extract agar supplemented with megnesium and copper
and 20 pg/ml streptomycin. A duplicate series wzs rade in which the
streptomycin wus omitted. A chloroformed sample was elso plated in order

to assay the free phage. The results are given in Table 4.6.
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Tabtle L.6 ZEffect of streptomycin on the plague count

of induced cultures

e (minutes) 0 15 30 L5 60

Ko aflatoxin Strept present 24 16 8 30 67
Strept absent 000 »1000 »1000 »>1000 1000

10 pg/ml oflatoxin Strept present 22 12 24 64 240
Strept absent 1000 »1C00 »1000 »1000 1000
Chloroforzed sample 0 )

It was hoped that the time taken for the streptomycin to diffuse into
the soft zgoer layer would allow only those cells already committed to lysis
vhen they were plated to cemplete the cycle. All others would be killed
before lysis could occur. Tnere was certainly a marked reduction in the
nunters of plaques on the plates containing streptomycin.  There was also
an increase in the number of plaques on the plates from the aflatoxin-
contzining culture after 45 minutes. The reduction in total numbers was
so great hovever as to suggest that a proportion of the induced cells were
killed before they could lyse. The method therefore was modified to
2llow =more time for the cycle to be completed. Instead of incorporating
streptozycin in the lower layer of the double layer plates, a third layer
of plain ager containing 20 pz/ml strentomycin was poured over the upper
sof't agar layer. Before the streptomycin layer was applied the double

plate was incubated for fifty minutes. Strain 899a was incubated
in SDU containing 0, 2, L4, 6 and 8 pg/ml aflatoxin B1 for 50 minutes.
Samples were diluted and plated and the plates Zncubated for a further 50
minutes. The plates were then overlaid with a layer of plain agar
centaining 20 ug/wml streptomycin and rcturned to the incubator overnight.

Results are ziven in Table 4.7.

Table L.7 Effect of adding streptomyein after 50 minutes incubation

aflatoxin conc. pg/ml 0 2 L 6 8

Plaque count 8 26 102 92 87
There was no further increase in plaque count above 4 pg/ml aflatoxin

but at end above that level there was a teufold increase over the count in

the contrcl plete.
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Effect of sanpling and incubaticn times on the nlate count

Pfurther irvestizations were made to detcrmine the optimum times
for which the plates shceuld be incubated tefore overlayering with
streptonycin-centaining agar and the time at which the reaction mixture
should be transferred to the plates. . _

In the first experiment samples were remcved frox reaction mixtures
conteining O and 40 pg/ml aflatoxin B1 after 50 mirutes. Plates were
overlayered with streptomycin agar after incubation for 70, S0, 140 and

430 mirutes. Results are shown in Table 4.8.

able 4.& Zffect of incutetion time cn plate ccunt

Incubaticn time (minutes)

aflatoxin conc. (pe/ml) 70 ¢0 110 130
Flaque counts 0 129 165 220 210
10 560 560 560 560

The aflatoxin~treated cultfure was unaffected by the duration of the
subseguent incubaticn tut the control culture showed a slowly increasing
count up to 110 minutes.

In the next experiment samples from medium containing O and 10 pg/ml
aflatoxin were removed at 40, 50, 60 and 70 minutes. Subsequent incubation
was allowed to bring the to*al time from the start of the experiment to

150 mirutes. Results are given in Table L4.9.

oY

Table 4.9 Iffect of samclins time on plate count

Sampling time (minutes) L0 50 60 70
Incubation time (minutes) 410 400 90 80
No aflatoxin 490 175 600 1200

Plaque counts

\O

10 pg/ml aflatoxin Bl 50 1€50 1800 2000

Seampling at £0 minutes gave the largest difference tetween control

a
and aflatoxin-treated culturec. From the results of these two experiments
a combination of 50 minutes treatment in aflatoxin followed by 90 minutes

incubation before overlayering was teken as optimal.
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‘The induction bioassay for aflctoxin

The final form taken by the assay is set out below.

Prensaration of caltnvpﬁ:

1) Grow Bacillus mesnterjun strain 69%a in 10 nl semi-defined medium

to an 0D of 400 Klett units. Centrifugs the culture at 3000 g for fifteen

minutes at 4~ 0°C. Resuspend in 10 wml diluent pectone and centrifuge
again. Resuspend in 10 ml diluent peptone.

At the zame time prepare an actively growing culzure of Bacillus
megateriun strain 19/5r in  semi-defined mediun. The optical density
of' the culturc should be approximately 150 lett units but the exact
optical density is not too important provided the culture is sufficiently
dense and is actively growing when it is used.

2) Aflatoxin treatment:

Prepare the samples for examination by dissolvins dried toxin in
acetons and adding the solution to 2 ml semi-deiined medium containing
only 0.1%5 glucose contained in a 25 ml Zrlenmeyer lask. " The final
concentration of acetone should not exceed 3.0% 2nd the final concentra-
tion of toxin should be less than 12 pg/ml aflatoxin Bﬂ. Prepare standard
media containing O, 5 and 10 pg/ml aflatoxin 31. All‘the zedia should have
acetone added to them to bring the level up to that of the medium containing
the greatest amount of acetone.

Dilute the washed suspension of strain 5S5a orehundredth and add 0.2 ml
to each of the test flasks. Swirl to mix and incubate the flasks in a
shaking water bath at 5200.

3) Sampling and plating:

After 50 minutes remove 0.5 ml froa cach flzsik into 4.5 ml diluent.
Mix by shaking, and transfer C.1 ml in dvplicate to tijou bottles contain-
ing 3.5 ml sof't yeast extract tryptone agar. Add three drops (approximately
0.1 wl) of the ¥1/Sr culture to each bijou bottls, mix by inversion three or
four times and distribute the contents oue crthe surflace of a plate containing
10 ml yeast extiact tryptone agar supplenented with maznesium and copper.
Allow the plates to set and incubate at 3OOC for S0 minutes. Then over-
layer the plates with 5 ml plain agar containing 20 pgz,/rl streptomycin

added as a sterile solution Jjust before pouring. Incubate plates overnight.
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Express the results as the ratio of the count in the treated plate to the
count in the control plate containing no aflatoxin.

4 graph giving the results of 3L determinations from seven
experiments is given in Figure 4.6. Values for 16 and 20 pg/ml
aflatoxin B1 show a lower proportionate increzse than those for 12 pg/ml.
It is assumed that at these levels the toxin is inhibiting the grovith of
the bacterial culture.

The metiod does not have the precision of the inhibition assay but
is nevertheless sufficiently precise to be regarded as a practical assay

method. The application of the method to other toxins and its specificity

are dealt with in the following section.
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Figure4:6
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APPLICATION OF THE ASSAY TECHNIQUES
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TXTRODUCTION. '

The inhibition assay (Section II) and the incuction assay (Section
IV) were both developed using pure crystalline aflatexin B1 as the active
compound under test.

The final section deals with the use of these asszys to examine a
number of mycotoxins structurally relsted to aflatoxin. The assays were
also applied to the examination of infected foodstuffs., The pure myco-
toxins chosen for study were aflatoxins B2, G1 and G2, sterigmatocystin,
dothistrcmin, a dehydro bisdeoxy analogue of dothistrcrin, citrinin,
radicinin, ochratoxin A and, for the induction asszy crly, mitomycin C.
Sterigmatocystin is a probable precursor of aflatoxin, Dethistromin

and its analogue are produced by the pine blight furgus, Dothistrome pini.

=7

Citrinin is a product of Pericillium citrinum, radicinin of Alterraria

radicina and ochratcxin of Aspersillus ochraceus. Jitomycin C is

produced by a streptomycete and was included for its well-established
radicmimetic properties. The structures of these cczpounds are shown
in Figure 5.1. Of these compounds only ochratcxin aprears similar to
aflatoxin B1 when TLC sgots are examined under ultra-violet light.
However when the chlovroform:acetone solvent system is used to develop
TLC plates, ochratoxin remains at the origin while the arlatoxins migrate.
In this respect the TLC plate inhibition assay is more specific than disk
inhibition assay techniques.

The results of the assays are given in Tables 5., and 5.2. Unless
otherwise stated the results are for a single determin:tion only. Table

5.3 shows the mean relative activities of the toxins ts the two methods.

Tohle 0.4 Inhibition assay of mycotoxins
Toxin Conc./spot (pg) Zone sizz (mmz} Relative activity
Aflatoxin 31 0.2 135
(from standard curve) 0.4 26.0
0.6 59.0
0.8 5.0

continued -
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Table 5.4 (continued)

Toxin Conc./spot (ng) Zore size (rmz) Relative activity"
Aflatcxin Gﬁ 1 4..0 0.03
2 4.8 0.02
10 34 . 0.05
20 4L2.3 0.03
Aflatoxin B2 5) 0
10 13.7 0.019
20 16.0 0.011
40 2241 0.008
Aflatoxin G2 5 0
10 L
20 7.0 0.004
L0 3.0 0.003
Dothistromin 0.4 2;6 0.12
0.2 5.1 0.26
0.4 12.3 0.42
0.5 15.2 0.43
0.8 18.9 0.34
1.0 21 .6 0.32
1.5 2L.5 0.24.
2.0 19.8 Ol
Dothistromin analogue . 0.5 0
1.0 8.1 0.1
1.5 1 0.005
2.0 55 0.029
Sterigmatocystin 1 2.3 0.007
2 4.0 0.17
L 7.8 0.024
5 2.4 .00t
8 6.0 0.008
10 54 0.005
20 5.3 0.003

continued -
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Table 5.4 (continued)

Toxin Coric./spot (pz) Zone cize (mm%l Relative activity"
Ochratoxin 2 0
4 5 0.005
5 2.6 ' 0.C02
8 6.8 0.1
10 7.8 0.0
15 9.0 0.008
20 10.9 0.007
Radicinin® 2 ?
39.1 0.15
563 01
16 6.0 0.C6
Citrinin 0.1 - 40 0

* Zones vere faint due to the very rapid diffusion of the compound.

= : - 1 aflatoxin B, giving the same zone size
Relative activity = '° 4 S g o 1

pg toxin

Toble 5.2 TInduction assay of various compounds

. R +
Ratio of Placue

. . M
Toxin Conc. (us=/m1) Relative activity

increase

Aflatoxin B1 2 146
(mean values) 4 24
6 2.5
8 2.9
10 3.9
ATlatoxin C—1 50 14 0.3
80 1.6 0.021
100 2.2 0.049
160 inhibitory

Aflatoxin B2 and. G, insufficicent material could be dissolved to demonstrate
<

inductlicn.

continued -



Table 5.2 (continued)

. +
Ratio of Plzrus

14 0.

. o g 8
Relative activity

0.3
0.18

0.40
C.023
0.15
0.03
0.007

0.46
c.99
C.65
C.76
0.90

9¢5
8.4

Toxin Con., (unz/ml)
increase
Dothistremin 0)55) 1.0
1 1.0
)
5 ) innibitory
10 )
Dothistromin analoéue 0.5 1.0
1 1.0
2 1.0
L 1 o1
5 1.6
8 1.5
10 ) BT
) inkibitory
20 )
Sterigmatocystin 20 2.9
40 14
50 2.8
100 (e oy 18
200 1.5
Ochratoxin A 2 14
L 2.1
5 19
8 2.5
10 34
Mitomycin C 3.3
2 4.8
Radicinin )
Citrinin 3 No induction at non-inhibitory concentrations
+ Plagues on test plate

Plaques on centrel plate

= Conc. aflatoxin giving ratio

Conc. test toxin giving ratio
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Figure 51

STRUCTURES OF COMPOUNDS USED IN BIOASSAYS
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Teble 5.3 Relative activities of toxins by inhibition

and induction assay

. T
Vean relative activity

Toxin Inhibition . Induction
Aflagg;in 31 1 1
Aflatoxin G1 0.033 0.028
Aflatoxin B, 0.012 - 7
Aflatoxin G, 0.00k -7
Sterigmatocystin 0.009% Fresent (variable)
Dothistromin 0.3 0
Dothistromin analogue Varieble <O.1 0.24
Cchratoxin 0.007 0.75
Radicinin 0.11 0
Nitomyci - 9.0
Citrinin 0 ' 0

+

0]

cculd not be determined

mcan of the values for relaetive potency in Tetles 5.1 and 5.2.

The asscay systems were not particularly suitable for some of the
compounds tested. The inhibition assay did not give good results for
sterigmatocystin or the dothistromin anclogue which are extremely
insoluble in water nor for radicinin which is very soluble in water.

In the first cese diffusion was too slow to allow of the formation of
regular zones and in the second case diffusion was so rapid that the toxin
had tecome diluted in the cgar before growth of the bacterial lawn and
very large {aint zones resulted.

The relative activity figures do not necessarily give a true estimate
of the relative inhibiteory properties of the compounds since the zone size
will reflect the speed of diffusion of a compound as well as its ability

to inkibit Pacillus magaterium.

In the same wey it wazs not possible to obtain setisfactory results

for scme of the compounds by the induction assay. This was due to their
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poor sclubility in water. Aflatoxins 32 and G2 will not dissolve in
water in suifficiently high concentrations to show induction.
Sterigratocystin showed some slight inducticn but was so insoluble that

it was uncertein how much of the material added to the system was actually

Despite these drawbacks the methods ma2de possible some interesting
comparisons. The relative activities of the aflatoxins, judged by the
inhibition assay are in the same order as has been found for their

t al. 1963).  The relative activities

——

D

toxicity in ducklings (Carnsghan
of the aflatoxins did not differ so widely in ducklings as in the micro-

ticlogical systems being 0.46 for G1, 0.2 for 52 and 0,1 for G2 (B1 =1).

O

chratoxin is less toxic than aflatoxin 31 to ducklings being 0.73 or 0.12
according to Van der Vervie et g;;(1965),or Purchase et al. (1967),
reszectively. Sterigratocystin was claimed to be "less toxic and

enic than aflatoxin” (Holtzapfel et al. 1266). No toxicity
studies have been made on dothistromin or its analogue.

The ability of the compound to inhibit growth of B. megaterium is

ot 2 good indication of its ability to cause induction. Dothistromin
and redicinin were both inhibitory but neither were able to cause induction.
It is interesting also to note that only those compounis said to be carcino-
genic wers able to induce. Tha toxicological properties of the dothistromin
analogue 2are not imoevwn but its similarity in structure to aflatoxin-and
sterizuztocystin malee it possibie that it would be carcinogenic. Mitomycin
C is the zroiuct of a Streptomycete and was included because of its known
reaioaimetin properties. It has been suzzested for use as an antineoplastic
agent.

Aallhoush the number of toxins studied is limited the following
conciusiong can be drawn,

The assays are not completely specific for the aflatoxins. The
irhibition acssay can be mode more specific when it is combined with TLC
and fluoresconce. The induction essay, while not specific for aflatoxin,
may be stronsly co-relatad with carcinogenicity. From a practical point

of view this enhances its value as a biloassay rather than detracts from it.
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tssay of unlmouwns and toxins from inoculsted substances

Three un!mown solutions 4, B and C wers assayed by the fluorodensito-
metric, dnkibhition and induction assay methods. The assay results and

the actual conients are zgiven in Table 5...

Table 5., Assav of unkxnown solutions

Unlmowm sample A B C
Actual contents 1C0 ug/nl B, 50 pg/ml B, 125 ug/ml B,
Fluorodensitometry 125 ug/ml B, 55 pg/ml B, 100 pg/ml B,
Inhibition 100 ug/ml B, €0 1z/ml B, 125 pg/ml B,
Induction 124 pg/al B, 44 pg/ml B, 110 pg/ml B,

In this particular series the inhibiticn assay was more accurate than
the other two methods.
Samples of cheese, milk powder, and butter were inoculeted with a

toxigenic strain of lAsperzillus parasiticus.  An uninoculated control

set of samples was also prepared. The samplss were incubated in an

humidified chzmber for a month at which time chloroform was introduced

into the chamber to kill the fungus. The isperzillus inoculum had grown
g T b iy w— ——

well on 2ll except the butter sampla. Sazples were extracted by the

method of Pons gt al. (1¢63) and assayed by the three methods. The

induction assay was unsuccessful due to the rresence of some inhibitory

@

materizl in the exiract which affected the induction, Attempts to improve
the purity of the extract by precipitation with hexane were only partially

successiul. Results are given in Table 5.5.

Table 5.5 Assay of dairy products for aflatoxin B
= L ]

Tnoculated Uninoculated

Eutter Cheese Powder All samples
Fluorodensitometry M.D. 11 n3/e 10 pa/sg N.D.
Inhibition MN.D. 9 uw3/g 9 ng/g N.D.
Induction N.D. M.D. N.D. N.D.

N.D. = Not detected.
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Both the fluorodensitometric and inhibition 2ssays gave similar
results. Neither detected aflatoxin or inhibition in the control
samples or in the butter, where the fungus had not growm well.

The induction assay results were disappointing in’'that the assay
failed to demonstrate the inducing activity of the aflatoxin. The extract
required for good induction assay results rzust anparsrnily be very much
purer than that required for the inhibition asszys. Zven silica gel
column treatment did not give a sufficiently pure extrzct for reliable
results to be obtained.

The extracts frcem all the samples gave clear solutions in acetone
but precipitated when added to the medium. This cid not happen with
crystalline aflatoxins. The cheese extract was treated with hexane to
precipitate the aflatoxins. The precipitate was washed in hexane, dried
and redissolved in acetone. In all, the extract wzs grecipitated and
redissolved three times. Even after this treatment there was some
precipitation when the extract was added to culture medium. However it
was possible to demonstrate induction although the result indicated only
6.5 pg/ml) compared with the 9 or 11 pg/ml indicated by the other methods.

Combined perhaps with other procedures, hexane precipitation may
produce an extract which can be used with the inducticn assay. The
problem may be peculiar to dairy products as even exiractis from the
uninoculated controls inhibited the inductioan zssay.

The fluorodensitcmetric and inhibition assays zave results which
supported each other and the induction result obtained 3id at least con-
firm the presence of an inducing compound qualitetively.  With further
work to improve the methods of extraction the ccmbined technigues should
be capable of the sensitive and specific analysis of fccdstuffs for

aflatoxins.
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DISCUS3ION

The aim of this work was to devise a bioassay for aflatoxin which
was to be an improvement on those presently available. Two complementary

assays have been descrivbed and will be discussed here separately.

The inhibition bioassay

The inhibition aszay proposed by Clements (1968) involved
impregnating a paper disk with test solution, allowing the solvent to
evaporate and placing the disk on the surface of agar seeded with

3. megaterium. The zones of inhibition were measured after overnight

incubation.

The first step towards improving the sensitivity of the inhibition
assay was the direct application of the solution of toxin to an agar
plate rather than by means of a paper disk. The use of a disk restricts
the lower limit of the size of the zone of inhibition to one slightly
greater than that of the disk itself. Anything smaller will not be
detected. Because the toxin is distributed throughout the disk the
concentration/unit area may be quite low unless the disk itself is very

small, By apslying toxin solutions directly to the agar the area of

©

pplication is kept as small as possible leading to an increase in
sensitivity. This was possible because of the relatively low solubility
of aflatoxins in water. [ater=-soluble toxins would diffuse rapidly from

the point of application tefore growtn of the bacterial lavn proceeded
)

=
¢

>
(55
]

very far and d give risz to very éiffusc zores. At lcw ccncentrations
diffusion would dilute the toxing to such an extent that they would not be
inhribitory.

The immiscibility of the chloroform solvent with the water in the
azar medium oiten caused the solvent to run over the surfacz of the medium
away from the point of application leading to irregularities in the shape
and size oi the zomes. Although this meant that the method was of limited
use as it stood, it demonstrated that the necessary sensitivity could be

achieved by the direct application of toxin to small areas.
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A morz effective method of producing regular zenes of inhibition
proved to be the application of the toxin to silicz gel thin layer
chromatography (TLC) plates which were then overlaid with agar seeded
with the test orgenism. However the growth of the btacterium in the agar
medium overlaying the TLC plate could not easily be se2n dus to the opacity

- .=

of the silica gel on the plate. The ability of Zecilus megaterium to

reduce triphenyl tetrazolium chloride to the red trighsenylformazan was
used to delineate the areas where the organism had grown leaving the
zones of inhibition clearly defined.

The basis of the assay heaving been arrived at it rerained to examine
its reproducibility and sensitivity. By standardéising the inoculum and
the thickness of the agar overlay it was possible to zchieve a degree of
reproducibility between assays performed at different tizes such that 95%

of the values fell within 0.2 pg of the expected value (see Figure 2.4).

<

The sensitivity of the assay depended on whether the TLT plate had been
developed chromatographically. Deovelopment had the elfect of spreading
the toxin over a wider area and reducing the sensitiviiy of the assay.
There vias however a compensating gain in specif'icity since the Rf of the
inhibitory compound could be compared with that of starnizrd compounds.
The lower limit of sensitivity using undeveloped pl=ates was 0.1 Ng
aflatoxin Bﬁ. This compares very favourably with trhe limit of 1 ug
clzimed by Clements (1968) for the disk diffusion assay.

The specifiicity of the inhibition assay per se is no greater than
that of any other form of inhibition assay. Cozbinzd with thin layer
chromatrography, however, the specificity is as gocd cr better than the
chromatographic assay itself though about ten times less sensitive. The
inhibition assay can distinguish between aflatoxins B1 and B2a which have
very similar Rf valucs in some solvent systems thouzh the latter is
practically non-toxic. It has the additional zevantaze that the same
material can be used both for a physicochemical assay and for a biological
assay. The combinaticn of chromatography with & bioassay has been
described by other workers. For example, Hoeha et 21. (1970) used paper
chromatography to separate cephalothin and desacstylcephalothin in body

fluids. In their method the paper chromatogram was lzid for fifteen
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zinutes on the surface of a seeded agar medium in a large plate. The
paper was then removed and the plate incubated giving rise to zones of
inhibition. This method is basically similar to that described for
aflatoxin theouzh rather more cumberscmz due to the larger size of the

ES

peper sheets emzlcyed in the chromatography.  When applied to unknown
solutions and to crude extracts the TLC/inhibition assay agreed within
25/ or better with the fluorodensitometric assay and with the true
velue where tris was known.

Althougn: the combination of thin layer chromatography and inhibition
assay provides a rapid, specific and fairly sensitive assay, it is still
desiratle to rzve available an assay which is btased on a property specific
to the materisl to be examined. The induction assay was developed in an

attenpt to fulfil this requirement.

The atility to induce lysis of 1ysogenic bacteria is a property
possessad by relatively few compounds (Lein et al. 1962). For that
reason lysogenic induction seemed suited as the basis of a relatively
specific bioassay. In addition the report of Legator (4966) on induc-

ed 2 sensitivity of better than 0.1 pg/ml

.

tion of lambdz in E. colil pronm

mis
for the proposed asszy. Legator's findings with . coli and S. aureus

could not be reproduced. Conscquently the rather less sensitive induc-

tion of lrsogenic B. megaterium, reported by Lillehoj and Ciegler (1970)

was made the tasis of the assay.

During the study of tke B. ~ium phage system some interesting

observations were nude, These will be discussed before dealing with the

inducztion tioassay eventually dsveloped.

1. Yo*tal don recuivements for lvtic infection:

Magnssium ions and, to a much lesser extent, copper ions were found

to te necessary for the lysis of B. megaterium strain KM by bacteriophage

899a. Tris recuirement had not been rceported by vrevious workers with

this megaphaze elthough Huybers (1953) had found magnesium to be necessary

[ e



for induction of this phage by ultra-violet irradiation. l'etal ions are
necessary for the adsorpticn of some bacteriophages as, for instance,
calcium for coliphage T? and magnesium for coliphage lambda (Hayes 1963).
However adsorption experiments showed that megaphzge 89%9a adsorption was
not dependent on magnesium ions.

EZlectren micrographs of the phage (sce Figure 3.13) adsorbed to
bacterial cells in the absencs of magrssium show few if any empty phage
heads and it could be conjectured that the presence of magnesium ions is
necessary for the injection of the vhage genetic material into the cell.
However, attempts to demonstrate a difference in the appearance of the
phage heads by electron microscopy have so far faeiled to produce any

evidence that this is the case.

2., Zflects of aflutoxin on growth, lysis and free phage

nunber of lysogenic B, megaterium

Tha following three sub-sections discuss observations which were
potentially useful in obtaining dose/response relationships. The first
ocbservation (sce Section IV) was of changes in th2 shape of the optical
density curve frozm which it might bz possible to find the proportion of
cells lysed by induction. Tne seccond was of the peak of phage production
where a plateau had teen expected. The finzl sub-section discusses the
development of a methiod tn count induced cells rather than their progeny
rhage.

2a. The effect of aflatoxin cn the growth and Jwvsis of

lysogenic B, mezaterium.

The effect of aflatovin on the cptical density of cultures of

B. mezateriun 8%% wes reported in Section IV. “hen exponential phase

cells were sub-cultured into fresh nediun, therc wes no difference in the
initial rate of growth between the aflatoxin-containing culture and the
control. After an interval of 9C minutes, however, there was an inflexion
in the growtl curve of the aflatoxin~trested culture lasting approximately
30 minutes follewed by a reswsption of zrowth but the new rate of increase

in optical density was lower than the initial rcte. Scme idea of the
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Figure 61

THE USE OF OPTICAL DENSITY TO MEASURE THE RATIO OF
LYSED CELLS
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prcbatle proportion cf the culture lysed by induction cen be gained from
the inflezion. If the slope of resumed growth (C-D) is extrapolated
tovard the 0D axis,an optical density at the time of the inflexion (B)
car. be fcund (E) (see Tigure 6.1). This may be ccmpared with the actual
optical denszity at the time of the inflexicn. This figure would only
be evproximate as it is difficult to be certain of the time at which the
inflexion tegan or of the maximum coptical density attzined before lysis
started.

It was suggested in Sectien IV that the lower rate of optical density
increase after the inflexion might te attributed to the continued lysis of
a proportion of the culture which wes otherwise continuing to grow at its

orizinal rote. This would give the appearance of a decreased rate of

This possibility was investigated bty compuber enalysis of a model
system. Details are given in Appeundix II. It was found that the graphs
produced by the model compered well with the graphs obtained in experiments.

It viould be expected that the proportion of cells lysed viould
depend on the concentration cof aflatoxin and could be assessed by the means
¢ecscribed here. The proportien cf cells lysing did vary with different
zflatoxin ccncentraetions but the variation belween experiments using the
sare concentraticn of aflatoxin ves too great for this to serve as a
quentitative obiocassay.

2t. Chaneced in free vhage rumbers in cultures B. megaterium

treated with =flatoxin

When lyszogenic cultires of B. megoterium are ircated with aflatoxin

there is a sudden increase in the numbers of free phage occurring 80-90
minutes after treatment. This is follored ty an almost equally rapid
decrease in nunbers. The level to which the phage numbers fall is still
greater than thet in unireated cultures and continues to rise slowly after
a minizum has been reached.

Thne sulden increase in phage numbers can reasonably be interpreted
as the lysis and chage releasse caused by the induction. of the prophage
by aflatoxin, The decrease immediately following the increase is less

easily explained. In Section 11T the adsorption of megaphage 899a to
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rain KM is described. Unfortunztely no investigations

o)

rhege to strein &

v .

of the adsorpticon of 9%a were made but it is assumed in
the folloving discussion thet the kinetics of adqorntlon of phage to

strain 8%%a are similar to those to strain X.. It was not possible to

o

derive on adscrption constant using cell numbers since the numnbers could
not accurztely be assessed. A constant using optical density in Klett

units as a measure of cell mass was derived instead thus:-

K = L 2.3 log fz
CDt P
where 0D = optical density .
t = time in minutes
Po = dinitial phage count

P = phage count at tise t

Data from a number of adscrption experiments at opticzal densities ranging
from Klett 26 to Klett 40O gave a mean value of 9X,Ou4. Using this value
one finds that at an optical density of 50 Klett vnits, S05 of the phasge
vould be adsorbed in 4130 minutes. In the experiments where encugh data
is aveailable to moke an estimate,the peak of free phage occurred between
80 2nd 90 minutes and had been reduced tc a 10th of the peak value by
between 12C and 15C minutes. Thus the time in which the phzge numbers
declined by SO. could be as rt as 3C or as long as 70 minutes. It
seems therefore that adsorption is not of the same order as the decrezse
of phage in aflctorin-treated cultures after the initiel peak of phasge
preduction and cennot account for all of that decrease. It hes already
teen commented thet the transient and variable nature-of the peak made it
unsatisfactory 2s a measure of aflatoxin concentration. Part of the
variation between experiments could bte due to variations in adsorption

rate in cultures of different opticel density.

2c. The triple layer induction assay.

Because cf the difficulties associated with getiing a reproducible

count of free phzge relessed, attention was redirected to the measurement
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of induced cells. The mein prcblem was to distinguish cells induced at

T
e

d not =een

o))

a particular time from later,spontanccus induction. t di
likely thzt chemically induced cells could te distinguished from
spontaneously induced cells but it did prove possible to develop & system
where the number of cells induced by aflatoxin treatzent cculd be compared
with the spontaneously induced cells in an untreated contrcl. This was
achieved by allowing sufficient time for the treztment to bte effective
and then removing the cells into an ager medium. Sufficient time was
tren allowed for the lytic cycle to be cempleted and ery receining
unlysed cells were killed by treatment with streptozmycin. The phage-
sensitive organisms, being streptomycin-resistant, were still able to
grcew and be infected by trhe phage released from induced and lysed cells.
This system appezred to give a sufficiently gcod correlaticn between
aflatcxin -concentration and response to provide a cuentitative bioassay.
The reproducibility of the doue/fcsponae relationship is not as good as
thet attainable by the "inhibition system but is potentizlly more specific.
Sensitivily is also less than that of the inkibition systez by a factor
of twenty. Improvements in sensitivity might be obtainzble using the
potentiating system of Ames et al. (1975) using liver extracts to convert
the toxins into their active form.
The assay of other knowvm ccmpouncs by the inducticn system supported
the suggestions of Legator (1966) and others that cozpounds known or
suspected to be carcinogenic are also capable of causing induction.

fflatoxin B sterigmatocystin and ochratcexin A have all been rerorted to

1,
be carcinogenic (Fevcll 1569) and all were active in the induction bioassay.
Tre usefulness of the assay system for toxins in dairy products is limited
at present by the ulff’c 1ty in obtaining sufficiently pure extracts of

texin from these produ to. Further investigation of nmethods of extraction

2 3)

and purification should provide the soluticn to this difficulty.

Comnariscn with other assays

adht

Frequeatly the assays suggested for afleatoxins involve extraction,

purification and concentration of the toxins before the assay is to be
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perforred. This calls for lengthy and involved procedures. The exceptions
are those bioassays where the suspect materials are included in the feed of
exrerimental animals. Even thcugh such bioassays do not involve the
preliminary purification steps, the time reguired before a response can be
measured is several days and may be several weeks.

Since the prepsration steps are commen to virtually all the assays,
only the time taken for the assay itself' need be considered when comparing
the time taken to perform the assay. The most rapid technique is the
fluorodensitometry of thin layer chromatosraphy plates or similar procedures.
Results may be available by this technique within a few hours. This is,
hovever, a physicochemical method and gives no indication of biological

activity except by inference.

.
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Lling assay

Zxtracts frcm suspect materizls are administered by crop tube to
ducklings weighing 50 Iy g. A single dose can be used and assessed by
a cctbiretion of LDSO and liver damage. The eflects of aflatoxins on the
liver are at a meximup three days after administretion (Butler 1964).
Armbrecht and Fitzhugh (1964) claimed an increase in sensitivity by
administering multiple doses over scven days. They recommended an LD50
estimetion as a quantitative assay and an estimation of liver damage after
multiple dosage ¢s a qualitative assay. In his review, Legator (1969)
regards the duckling assay as, at best, semiquantitative. In addition
it is clearly time-ccnsuming and demands a degree of interpretative skill

n assessing the changes in the livers of affected animals.

[ e

rfeither of the two microhiological asszays described in this work is
&5 lengthy os the duckling 2ssay and both are more sensitive. While it
is true that ducklings are more closely related to humans than bacterie,
the specificity of induction, as a tiological effect, seems equally as
great as tile duct proliferatiomn. The mein advantage of the micro-
biological assays is that the measurement of the result is objective,
whereas the assessment of liver domage in ducklings is necessarily

subjective.
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Disk diffusion assa;

The TLC/inhibition assay was developed from the disk assay and
has the advantages of rapidity and ease of handling with the additional
advantages of' increased sensitivity and specificity. The disk assay

has a minimum practicsl sensitivity of about 2 pg aflatoxin B, , compared

1
with a sensitivity of 0.1 -pg afletoxin B1 attainable by the TLC/inhibition

assay.

Other animal assays

All bioassays using LD50 and pathological effects will suffer from
the same disadvantages as the duckling assay. This includes assays using
fertile egzs,though greater sensitivities and a good dose/response relation-
ship are claimed for these methods. Nevertheless they are time and space-
consuning and depend to some extent, on subjective assessment of pathological
changes. A pvossible exception is the assay using young zebra fish
(Abedi and Scott 1969). This is both rapid and sensitive but the work
reported effects using purified compounds and it is not clear what the
effect of crude extracts on these fish might be. In any case the mainten-

ance of material for the assay would be troublesome,

Conclusion

The combination of thin l2yer chromatography, inhibition and induction
propozed as in assay system in this work appears to bte a practicable one for
the monitoring of foods and feedstuffs. It is clear that the system must
te evaluated more strictly by applying it to the assay of aflatoxins extracted
from a varicty of infected materials before it can be accepted. Even if
it passes this evaluation it cammoct be claimed as the final answer to the
protlem of aflatoxin bioassay. However it is potentially an advance in
tioassay prccedures and mey lead to even better metheds.

Aflatoxin has not yet been shown to be a problem in New Zealand. This
is, at least in part, because of the limited investigational work which has
been done. It is important to have methods available to detﬁct and control

outbreaks of the disease in thkis country and to reassure overseas customers

that our produce is unlikely to te contaminated.



With suitable modification the system could te zuzlicatle to the

assay of other mycotoxins. Thin layer chromatograrhy is sufficiently
versatile to encble mcst of the mycotoxins to be detected.  Selection
of an appropiiate organism, sensitive to the tcxin under examination,
would enable the inhibition ussay to be undertalisn, Tre usefulness of
the induction assay would depend on the properties of tha Toxin. Gas
liquid chrometography may be suitable toth to asseoy zrcotexins and to
prepare then in o sufficiently pure form for biocssay.

It may never be certain whether aflatoxin end other mycotoxins are
mutagenic, carcinogenic or teratogenic in man, but no cxne would *illingly
expose themselves to risk in the ligat of the known effects of these
compounde in other biological systems.  Asseys tased cun biclogical, rather
than solely chemical or physical, characteristics may rcduce the chances of

tcxic compounds being included in the humen diet unawares,
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The first appendix contains cbservations arising from the
investigaticns of the induction biocassay but not immediately relevant
to the assay itsellf, These are in the nature of preliminary
obsarvations and so have been presented in the form of an appendix.
The mathematical analysis of the dynamics of induction xindly made

.

by Doctor A. Tyree is also included here as Apvendix IT.
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Tnireluction

Ilong et al. (1971 ) reported observabions made

tyohimurium sensitive to bacteriophage P22, in which

organism lacking the ability to produce zdenosine 3 :37
phosphate (cAl'P) zave clear plaques when infected ty

Howsver the normal turbid, centred plaques couli te obizined with these

strains if they were plated in medium containing e~lP. Other mutants

xist which lack the cANMP receptor protzin and the strzins zlsc form
clear plajues with phage PZ2.  Addition of call {ic the medium does not

enable mutants of this xind to produce norzal pla:

,n
('D
w0
L]

Trom this work Hong and his co-workers ccnclucded that cil®/
regeeptor protein complex was necessary (or
They claimed thot this also exp]ained why lysogeny is zanerszlly less
freguent in cultures of actively growing cells and more u
cultures where enargy is in short supply, since theses growih conditions
often correspond with lower and higher levels, resgactively, of
cellular cAlP.

The induction of lysogenic bacteria often invelves interference

the inducing agent with the control mechanism vwhich zmaintazins lysogeny.
It is possible that lysogeny may be re-established i cill? were present
in the cell.
The physiological state of the cells might also affect their
5 ned in the

) v

response to aflateoxin. Botn these

folloviing exveriments

A. MNodification by adenosine 3':5' cyclic mononhosthate of

e induction

.

Baeillus messterium sirain 29% was grown in 3IU to mil-exponential

un containing various additions.

}_!.

phase and diluted onz tenth in the same .
a) 10 pg/wl a«flatoxin B1
) 10 pg/nl aflatoxin B1 + 1mM cAMP

c) no addition
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These sub-cultures were incubated in a shaking wzter bath at 53 C and

the optical density recovded at intervals over thres hours. The

typical inflexion in the growth curve occurred between €5 and 4410 minutes
in the culture containing aflatoxin only. The culture containing both

aflatoxin and cAMP exhitited only a minor inflexion. - Generation

times for the three sub-cultures are given in Teblz 7.1 below.

Table 7.4 Kodification by cAllP of the effect of aflatoxin B,
i

on Feneration timas of F, mezzteriunm,

v

Sener<tion times (minutes)

Before inflexion After inflexion
Control 66 66
10 pz/ml B, 60 90
10 pz/ml B, + 1 mii cAllP 65 70
The cAllP appears to have reduced the lysis of cells induced by

aflatoxin. Ilo phage counts were made so it wes not possible to confirm
a corresgonding fall in phage numbers. The results suggest, however,
inhibited by

&3

that the inducing eftfect of aflatoxin can be reversed o

adenosine 3':5' cyclic monophosphate.

cf culture on inducticn

;_:
)
2

B. The effect of physiologi

of mesa

Cultures approaching or actually in staticnzry phase induced by

glucose limitation were examined as dlescribed below.

Bacillus mezaterivm strain 9% was zrosn in 2 SDM ccentaining only

0«1 zlucose. Sub-cultures were made by diluting one tenth into the

same medium centaining 10 pg/ml aflatoxin 81 at 20, 80, 140 and 200 minutes
after the onset of stationsry phase. The optical density of the sub-
cultures was (ollowed [or three hours fellowing dilution,

The results given in Figure 7.1 show thot the age of the culture had
ro effect on the time elansing before lysis. It did however have a marked
effect on the growth of the sub-culture. This is the well-documented
phenomenon of increased lag rhzse co-relating with duretion of stationary

phase. The rate of cell grosth and the time for completion of phage
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replication seem to be completely independent, the bturst tice being constant

M
ir

irrespective of the rate of growth of the culture. 'ne time elapsing

before lysis was 110 minutes in all four sub-culturss,

in the culture sub-culturcd last, since lysis was able to occur and it
is known that phage replication and lysis will only tzite place in
actively metabolising cells.

The observation has interest as indicating 2 potential way of
improving the bioassay. Cultures kept in stationary rhase for about
three hours and then sub-cultured show no subsecuent chznge in optical
density up to the time of induced lysis. By using this croperty it
should therefore te possible to standardisec the numbers of cells in an
assay medium over the duration of the assay by stzrniariising the numbers

present at the start.
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Figure 71
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EFFECT OF AGE OF CULTURE ON LAG PHASE AND LYSIS
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APPRNDTY TT
VATIUUATICAL ANALYSTS OF THE DWN-MICS 0 INDUCTIOR

The mathematical modzl developed in conversation with lir Freke
leads to an eguwtion of the type known as a differcntial~difference
equation. Iomoring statistical effects, it is assumed that the time
interval betiecn induction and lysis is a fixed positive constant to.

Letting pdo measure normal growth and ido measure induction, the model

is:
(1) at (£) = (p- 1) a(t)
(2) B'(t) = 2at) + p (H(t) - H(t -t ))
vhare aifferentiztion is with respect to time and wvhere A(t) is the

nutoer of bacteria at time t which have not yet been induced.
H(t) is the nunmber of bacteria which have been induced (including those
which have undergone lysis).
The term (H(t) - H(t - t_)) tion (2) then is ti ber of induced
L8 Lol Ll i 0 Vi 1n (’qu ion ‘l\,n 15 ne nuwnber o irnauce
bacteriz which have not yet undergone lysis.,
In order to solve the cquations, initial conditions must be
imposed; these are
Ny
(3) (o)
(&) 5(t)

Zguntion (1) is, of couvse, a standzrd first order differential

1

OfM‘tso

i

equaticn, Zguation (2) may then be solved using Laplace Transform

Techniagues (Zellman - Cooke ).
The solutions are
(3) L{t) = e (p - 1)t
ECTAT. e .
(6)  E(t) = 2”50 (4) " T (6 -kt )
X = o k!
. E k -iw
where I. (t) = (t - W) e dw
= 0

and (%) is the grcatest integer les

*
—
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,_3
O
L
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Ne
o
&
=
—+-
o
te
.



Using the recurrence relations

(7) G I L (t)>

(8) I' (%) = KI, _, (t) for ko
and -

() 1) =1 (-e™)

it is easily verified that (6) is in fact a solution to equation (2)

for all t = o.

" \ v . 0 N
If log (&(%) + E(t) - H(t—to)) is plotted against time, then the
characteristic graephs obtained by lir Freke chould result. £lthough
computer similation using the CSMP language strongly support this, the

rather intractible Fform of the solution (6) has frustrated en analytic

Bellman R and Cooke X.L. (1$63) "Differential Difference Zquations"

in "liathematics in Science and Enzinszerirz" Vol. 6, Acadenmic

Press, New Yor

This appendix was prepaved by Dr 1. Tyree, Department of

Nathematics, lMassey University.



135,

pndriaks Inkhfasnial

{9 5 L, SUT RN PR

P

Abedi Z.H. and Scott P.M. (41969) Detection of tcxicity of a2flatoxins,
sterigrnatocystin and cther fungal toxins by lsthel action on zebra

fish larvae. J. Ass., Off. Apal, Chem. 52 ¢4z - ¢49

tlleroft R. (1969) "Aflatoxins in farm anizals'in 'Afiztoxin
ed. Goldblatt L.A. pp 237 - 2G4, Academic Fress, lzw Tork.
Carcinogens

hmes B.N., Durston W.E., Yamasaki BE. and Lee F.D. {2973)

are nutagens: A simple test system combining liver hcmogenates for

activation and bacteria for detection. Preoc. Nzt, Acad. Sei. 70

(8) 2284 -2285,

Armbrecht B.H.md Fitzhugh 0.G. (19&.) Aflstcxin vicassay in Pekin

white ducks. Toxiecol. Appl. FPharmmacol. &6 &

trnon D.I. {41949) Cogper enzymes in isolatei chloroplzsts.

Tha=r

phenoloxidase in Beta vulgaris. Plant Prysi

Asao T., 2Uchi G., Abdel-Khader } .., Chang S.B., Tick Z.L. and Wogan G.N.

(1963) Aflatoxins B and G. J. fm. Chom. Soz. 2 1756 - 7

Asplin E.D. and Carnaghan R.B.X. (1961) The texiciiy of csrtein groundnut

meals for poultry with special referen dusilings and chickens,

c
Vet. Rocord 73 1215 = 1219,

a3

3lount WM. (195%) Turkey "X" diszase, Jo Brit. Turksy Fed. J (2)

52, 55 - 53, &1, 77.

Puckelew AJt., Chobrevarti A., Burge V.R., Theras V.. and Ikawe M.
(1972) Effect of mycotoxins and coumurins cn tha growth of

Bacillus megaterium from spores. Ag. & Fooi Chem. 20 431 - 438

Butler W.H. (1964) Acute liver injury in ducklinzs as a result of

aflatoxin peiscning.




_x

AWX)
o\
N

Butler W.,H, (41589) "Aflatoxing in laboratory animals" in 'Arlatoxin'

ed. Geldblatt L.A. 223 - 235. Acadeinic Press, MNew York.

Carnazhan R.B., Hartley R.D. and 0'%elly J. (1963) Toxicity and
fluorescence of the aflctoxins. Iaturs 200 1101

Clements .L. (1S63) Note on a nicrobiological assay for aflatoxin B1.

J. Ao, 007, fnel, Chem. 51 (3) 614

Crison Z.L. (1973) TEffects of allatoxin on gerrination and growth of

342 = 245

Aonl. Microbiol.

=
{0
g
t
p
O
(¢
.

)

Dzlezios J., Wozan G.N. and Weinrib S.M. (197 ) Aflatoxin R1: a new

cBY - 585

eflatorin metabolite in monkeys. Science

IF

Donrersioot J.i., isieh D.DLJH, and Mateles R.I. (1S63) Biosynthesis

eflatoxins. J. m. Chen., Soc. SO 5017

Fal

ol

Davis ¥.D., Dicner U.I. and sgnibotri V.P. (1967)  Production of
aflztoxins 31 and G1 in chemically defined medium. MNycopathel.
Vrcol., ftnl. M 254 - 256

——

[_

Davis N.D. and Dicner U.L. (1968) Crowth and aflatoxin production of

1
tsper-illus rarzsiticus fronm various carbon sources. Apol. Microbiol.

Diener U.L. ard Davis M.D. (1966) Aflatoxin producticn by isolates of

Loy s = T [} M Tt & s~ rd e 4 20)
tazersillus flavuse Phytorathology 56 1390 -1393

Diener U.l. znd Davis N.D. (1969) "Aflatoxin formetion by Aspergillus

Tlevas" in 'Aflotoxin' ed. Goldblatt L..L. pp 43 - 54%. Academic

Dutton i.F. ond Hewthcote J.G. (41965) ‘Mo now hydroxy aflatoxins.

tiochez., J. 400 24 - 22




157,

athcote J.5, (1568) Structure, tiochemical properties
latoxins B?a ani G, . Chem. Ind. (London) 7 K38 -Lr21.

o
<
«+
T
o
]
;.
[3%)
.
A g
<y
qe!
|‘D
=Y d'

Za

Dutton L.%. and Heathcote J.G. (1969) Some interesting relationships
between thz new alflztoxins and their associated metabolites. Suid-

Africaznse, Thern. Tnet, 22 s107 - 118

Elswerthy G.C., Holiker J.B.E., lcileown J.M., Robinson J.B. and Mulheirn L.J.

(1970) The biosynthesis cf the aflatoxins. Chemn. Comm. 1069

Fngelbrecht J.C. and Altcnkirk 3. (1972) Comparison of scm e biological
effects of sterigmetocycstin and aflatoxin anzlogues on primary cell
culture. J. Not. Canc. Inst, 43 1647 - 1855

Engstrom G.2. (1969) New solvent systezs for TLC of aflatoxins.

J. Chromatog. LL 123 - 132

¢ . A . . A ~ . . .
Feuell 4.J. (©S69) "Types of mycotcxins in foods znd feeds" in 'iflatoxin
t L.A. pp 1€7 - 245. Academic Press, New York,
reke C.D a0 . :
Sreke C.D. (4128%, wunpublished
5

Freke C.D. end Zichardson F. {(138%) unpublishad

Friednan M.ond Cowles P.B. {1953 tacteriophages of Bzcillus

™ N
+-3
«“w

ST — P ran
F.‘.'\.-.;-_.’\.tf??.\ AU « J. "‘c’:r':_‘}_. _;C:_ j?? - 20D

Gadl 7., Yolndr J, sad Ivdnovis 5. (1S71) Relationship of lysogeny and
'y

A

megacinogeny in Paecillus mesgaterium. Act. Microbiol. fczd. Sci.

Hung. 18 29 - 39

——

Gratiaz 4. (41936) Das relations numeriques entre bacteries lysogenes

et particules de bacteris-phege. &ann. Tnst, Dost. 52 652 - 676
Fayes W. (19868) "The SLHStLC” of bacteria anrnd thoir viruses." 2nd Ed.



Heinemann B. and Foward A.J. (1964) Induction of lazbéa-tacteriophage

=)
9

in . coli as a screening test for potential anti-ituzor agents.

Lppl. Nicrobiol. 42 234 -239

Hoenn M.M., Murphy H.V., Pugh C.T. and Pavis N.Z. (4+57C)  Peper

chromatographic techniques for detecticen of cerhalotlin znd desacetyl-

&

cephalothin in body fluids. Appl. Microblicl. 20 734

Holker J.B.X. and Underwood J.G. {1964) 4 synthesis ¢f cyclepenteno-

counterin structurally related to eflatoxin B, Chen. Ind. (London)
1865 = 1866

i

Hong J.5.,, Smith G.P. and fmes B.N. (19/1) Lderosine 2':5' cyclic
monophosphate concentraticn in the bacterial hest reguleted the

viral deci

2258

sion between lysogeny and lysis. Proc, Nat. Acad. Sci. 68

[AY
~~
H

w
(o]
(")
b}
ck
[
[e]
]
)
o)
[}

Haltzapfel C.¥., Steyn P.S. and Purchase I.F.N. (1%€

structure cf aflatoxin K1 and ¥,. DTetrahedron Ietters 25 2799 - 2803

'3
4

Hsieh D.P.H. and lateles R.I. (1971) Preparction cf labelled aflatoxins

79 - 83

")
N

with hizh specific wetivities. ippl. Microbicl.

II‘

Hutner S.H. Zahalsky A.C., faronscn S., Baker H. and Frank 0. (1966)

Culture media for Zurlena gracilis" in 'lethods in cell physiology!

Vol. II ed. Prescott DJI. p 297 - 228. Aczlezic Fress, New York.

Huybers K. (1953) Cationic reversion of induceld bsctericphage development

aterium. tnn. Tnst. Past., &84 242

i )
‘I
o]
e
1
ot
s
2]
T

Jacob F. and Vollman ®.I. (1953) Induction of thaze develcpment in

lysogenic bacteria.  Cold Sorine Harbour Svmp. Juant., Biol. 18 101

Jayonramen A., Herkst Z.J. and Tkawa 17, (1968) The ticaszsay of aflatoxins

and related substznces with Pacillus megateriun spores and chick

embryos. J. fmer. Qil. Chem. Scc. 45 7C0 - 702

-.&




L]
o

Jones M.%. (1962) "lethods of “nzymolosy" ed. Colowlick end Kaplan
Vel., 5, p970. Aczdemic Press, llew York,

Lillehoj & .B. cnd O v A. (A570)  Arlotoxin B1 inducticn of lyso-
genic boeteria. Appl. Micrebiol. 20 782

~—
\O
(Y
<4
[
—r
2

Lillehcj E.B., Ciagler A, gnd Holl H.H. ngistetic acticn of

aflatoxin B1. Txperientia 23 487 - 488

LillehoJ Z.B., Ciegler A. =znd Izl I.H. (41967b) Afletoxin uptake by

Ploveobncterium wurantiscun and resulting toxic effects. J. Bact.

93 L5L = 4T

—

.
g

o

Loosmore Ro. and Harding J.D.J. (1961) &4 %texic fector in Brazilian

grouncnut meal ccusing liver damage in pigs. Vet. Record 73

-
\
N
i
o
¥

Loosmore R.M. and MNarkson L.N. (1561) Poisoning of cattle by Brazilian

greundnut meal., Vet. Rocord 75 813 - Cib
——————tee T2

Lowry 0.H., Rotebroush N.J., Farr 4.5, and 2=nlell R.J. (4954)  Protein
S

peasurenent with Folin ;henol rengent. J, Piol, Chex. 1S3 265

n: & mevavolic by-product

tonl. 30 437 - 140

cets of o lletoxin in cell culture,

e

Afdotoxin:g effect on mitotic division

J. ez, €07, Snal. Chem. 47

—_—

3 * T b e N <rp
Liang Tong Y.C.H., Gross J.A. and John 7.1, (+585) Streptomycin and

-

pyribersomide induced chlerosis in Tnzlens, J. Protozoology 12 (2)

5

\n

1



Lein J., Heinemann B. and Ccurenvitch A. (1962) Induction ¢f lysc-
genic bacteriz as a method of detecting potentiazl antituzcr azents.

785 - 784

Nature 469

. e ~ . . oy '-. - . -
Lieve L. (968} 3tudies on the permiszbility chorge srcducsd in Coliform

Bacteria by Sthylencdisminetetraacetate. g. z2i0l. Crem., 2L3 2373

Lwoff" A. and Suttman A. (1950) Reserche sur un Eszcillus mezzterium

lysogene. simn. Inst. Past. 78 714

Luwof? A., Siminovitch L. and Kjeldguard M. (1950) Iniuction de la
rrcduction de bacteriophege chez une bactdirie lizczsne. drn.
Tnst. TPast. 51 815 - 858

n submerged

e

Mateles R.I. and Adye J.C. (1965) Prcduction of aflatcxins

culture. Aool. Microbiol. 13 208 - 241

Mislivek P.B., Iunter J.l. and Tuite J. (1968) Aisszy Por zflatoxin

rnl. ¥icrobiol.

preduction by the genera fspergillus and Peniciiliuz

16 1053 ~ 4055

Nesheim S. (41962) Conditions and technicues for irin iszyer chrozatography

of aflatoxins, J. fmer. Gil Chenm. Soz. 45 333 - 338

Northrop J.H. (1651)  Growth and phage sroduction of lysogenic

B. megaterium. J. Gen. Physiol. 34 714

Northrep J.H0. and Luvrphy J.S. (1956) Adaption of Z. megzterium and new

lysogenic strains. J. Sen. DPhvsiol. 32 637

. 3 - \ . . 5 3 . . e . = = .
Ong T.0l. (1571) Vutagenic activities of afletoxins 3 cnd G, in
[ 1
Neurospora crassa., Yelee. Gen. Genetics 144 45 - 470
Otsuji N., Sekiguchi M., Tijima T. and Takegi Y. (1$35) InZuction of

phage fermation in lysogenic Escherichic coli X-2 2 bty Mitcmyein C.

Nature 48, 4079




1.
Perrisn F.W., Viiley B.J., Simmons 3.

G. and Long L. Jr. (1966)
Procuction of aflatcxins and kojic acid by species of Aspergillus
and Penicillium. f22]. licrobiol. 34 4139
Pehlard A.X., Yin L. and Doantzman J.G. (1$70) Rapid chemical
confirmatory mcthod for aflatexin 31. J
100 - 1C4

. Ass. Off. Anzl. Chem. 22

Pons ".A. Jr., Cucullu

Irproved obje

R

A
il

SN
and o

F., Frenz A.O0. Jr.

oldblatt L.A. (1968)

ctive flucrodensitemetric deter.ination of aflatexins
in cottonseed products.

J. Aner. Cil

Cher. Hoc. &5 6S4 - 659
Portran R.S. and Campbell T.C. {+970) In vitro inhibiticn of E. coli

R.N.A. polymerase transcription of ret liver chreomatin by aflatoxin
Riochem. Bionhvs. Res. Comm,. A4

B1 .
Ti - 7€0

—

Purchzse I.X.H.

s

nd Nel N. (1967) 'Recent advances in resezrch on
ochratcxin” din '"Biechem. of scme fcod born microbial toxins.!
ed. Mateles R.I. and Vogan G.N. pp 4153 = 456, ¥

..I.T. Press Camb. Nass,

Hemmung des Sprosswachstums von Caralluze frerei Rowl.
latoxin, Planta 89 389 - 37

geant K., 0'Helly J., Carnsghan R.B.', ancd

Zlicroft R. (1561)
The assay of a texic principle in certain groundnut meals.
Record 73 1219 -~ 23

et,

Sargeant K., Sheridan
[} b

A., O'Kelly J. and Carneghan R.B.A. (41964)
Toxicity asczccianted with certeain samples of greoundnuts. Nature 192
1096 - 1097

1.2 A n e /
SchinilerA.r., Palmer J.G. and Zisenberg W.V. {1567)
preduction by ~Aspcrgd

Aflatoxin.

. e e =
Anpl. MNicrobiol. 45

llus CJovus as releted to various temperatures.
4 CC6

I



142,

Schocatal L. and Thite AJF. (1965)  flatoxins and 'Altinism' in

plants. Hature 205 57

Tromzs R. (1965) In "Biogenesis of antibiotic substarces". ed. Vanek Z.
1

ek Z. pp 160 - 164, icademic Press, Il=w York.

ler Werwe K.J., Steym P.3., Fourie L., Scett d¢ 3. arnd Theron J.J.

d
(1565) Ochratoxin A, a toxic metatolite proiucel by ;. ochracecus.
N

Nature 205 4112 = 4143

Van Duuren B.L., Chan T-L and Irani F.%. (1368) Lizinescence

characteristics of aflatexins B1 and G1. Analy Chem. LO 2024 - 2027
Van Taalbeclk V., Zcott P.}!. and Tatcher F.5. (1¢62) Vyecotoxins frem
foodbcurre furgi. Can., J. Iicrobiol. 414 434 =137
Yales J.h. and Sinnhuber 4.0. (41S66) Aan early heopziczz epizootic in

rainbow trout, Sclmo sairdnerii, Calif. Care Fisp 52 85 -

5

vilson B.J., Harris J.l. and Haycs 2.0, (41967) ycctoxin froz Penicillium

puterluz. J. Pacteriol. 93 41737 -1738

aflatoxins.

[59]
D
)
-y
]
Q
t
m
O
rh

wogan G.N. (196%) "letabolism and Diochemica
in 'Aflatowin' ed. Goldblatt L.A. po 154 -~ 18&. Lccdermic Press,

New York.

Wolken J.J. and Palade .. (1955} An electron microscope study of two
flagellates chloroplast structure and variation. ‘fin. Mew York

lcad, Sei. 56 873 - 884

——

Yragg JoB., Douss V.C. and Lezator !.5. (1967) £flect of oflatoxin B

on the DIL polymerase of L. coli. Proc .06 swphk. Ziol. Ned. 125

1052 = 55



	20002
	20003
	20004
	20005
	20006
	20007
	20008
	20009
	20010
	20011
	20012
	20013
	20014
	20015
	20016
	20017
	20018
	20019
	20020
	20021
	20022
	20023
	20024
	20025
	20026
	20027
	20028
	20029
	20030
	20031
	20032
	20033
	20034
	20035
	20036
	20037
	20038
	20039
	20040
	20041
	20042
	20043
	20044
	20045
	20046
	20047
	20048
	20049
	20050
	20051
	20052
	20053
	20054
	20055
	20056
	20057
	20058
	20059
	20060
	20061
	20062
	20063
	20064
	20065
	20066
	20067
	20068
	20069
	20070
	20071
	20072
	20073
	20074
	20075
	20076
	20077
	20078
	20079
	20080
	20081
	20082
	20083
	20084
	20085
	20086
	20087
	20088
	20089
	20090
	20091
	20092
	20093
	20094
	20095
	20096
	20097
	20098
	20099
	20100
	20101
	20102
	20103
	20104
	20105
	20106
	20107
	20108
	20109
	20110
	20111
	20112
	20113
	20114
	20115
	20116
	20117
	20118
	20119
	20120
	20121
	20122
	20123
	20124
	20125
	20126
	20127
	20128
	20129
	20130
	20131
	20132
	20133
	20134
	20135
	20136
	20137
	20138
	20139
	20140
	20141
	20142
	20143
	20144
	20145
	20146
	20147
	20148
	20149
	20150
	20151
	20152

