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ABSTRACT

Experience with the aflatoxin problem may provide a useful guide in dealing
with problems that may arise with other mycotoxins. Characteristics of myco-
toxin situations are delineated. A multidisciplinary approach is needed in the
following problem cases: (i) ldentification of the fungus responsible and
isolation and characterization of the mycotoxin(s). (ii) Accurate analytical
methodology for detcrmination of the toxin and simple and rapid—though
perhaps less accurate—methods for screening and control during processing.
(ifi) Incidence and scverity of contamination in various commodities and geo-
graphic areas. (iv) Environmental factors that contribute to development of
the toxin: conditions of culture, harvesting, handling, transportation, storage
and processing that minimize contamination.

Other related problems that are discussed are: (i) Genetic factors. (i7) Effects
on various species of plants and animals and of possible synergists; precautions
to be observed. (iii) Metabolic products and extent of biotransfer and acceptable
tolerances in food and feed products. (iv) Marketing procedures; disposal of
contaminated products; detoxification by removal or inactivation of the toxin
by physical, chemical, or biological means.

Awareness of good operating practices, motivation of personnel to observe
them, and adequate sampling and testing procedures arc essential to assure
that all foods and feeds are wholesome. An expanded educational program
and regulatory effort may be nccessary. With continuous surveillance and
vigilance of all, the consumer will receive better and safer products than ever

before.

INTRODUCTION

When Professor Marcuse first suggested my participation in this sym-
posium it occurred to us that we have now lived with the problem of aflatoxin
for some ten years and that an assessment of our experience with aflatoxin
might be useful in planning solutions to problems with other mycotoxins.
I trust you will bear with me if I speak especially in the light of our experience
in the United States. In any event, I believe it will be worthwhile first to take
just a few minutes to supply some orientation or background.

Mycotoxins may be defined as toxic compounds produced by fungal
contamination of foods and food raw materials. The toxicity syndromes
resulting from the intake of such contaminated material by animals and man,
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usually by ingestion, have been termed mycotoxwoses These are distin-
guished from mycoses, which involve a generahzed invasion of hvmg tissue
by actively growing moulds. A mycotoxin is not itself a mould; it is a toxic
material produced by a mould. The mould is a living organism; a mycotoxin
is not.

Toxic factors of mould origin form a branch of study that has only recently
aroused much interest. People born more than about fifty years ago were
probably raised in the tradition that treated moulds as a regrettable nuisance
that detracted from the appearance of foods or made them taste bad and
caused some loss or spoilage. Interest in mould-induced damage to foods and
feeds centred primarily on economic losses. Then, 25 to 30 years ago, studies
on penicillin and other antibiotics showed that some mould metabolites were
toxic to pathogenic bacteria and were able to save people and other animals
from otherwise fatal infections. Because of the tremendous surge of interest,
those brought up in the 1940s and 1950s may have grown to accept the view
that moulds and mould metabolites are friendly things that help us counteract
dangerous infections. The fact that many of these mould metabolites could not
be used in practice because they were too dangerous for the host was obscured
by the number and variety of the new wonder antibiotics. That these mould
metabolites were effective only because they were poisonous to some other
living things (bacteria) was also obscured. Penicillin is a mycotoxin for
bacteria and lower forms of life, but not for man and most higher forms of life.
However, it should perhaps be noted that penicillin causes allergic reactions
in some individuals and that high doses have sometimes resulted in fatal
anaphylactic shock.

Mycotoxicoses have been known for a very long time, although perhaps
not by that name. Probably the first mycotoxicosis to have been recognized
was ergotism which has been known to man for much of recorded history.
Ergotism has its origin in ingestion of rye and other grains infested with the
mould Claviceps purpurea. During feudal days in Europe, periodic outbreaks
of the disease, known as ‘St. Anthony’s Fire’ or the ‘Holy Fire’, resulted in
thousands of deaths. Epidemics of ergotism are now rare but outbreaks
occurred in Russia in 1926-27, in England in 1928 and in France as recently
as 1951. Occasional isolated episodes are still reported. So, even though this
disease is old and well known and its causec and prevention are also well
known, the need for continuous surveillance and vigilance is evident. Also,
although the hazard to the human food supply has largely been climinated,
contamination of certain types of pasture grasses by the fungus responsible
continues to cause problems and is still of economic significance to livestock
producers in some areas’. The point I want to make here is this. Despite the
fact that we have had the problem of ergotism with us for so long, the problem
has not been solved. All that we can say even now is that it is being controlled.

Another mycotoxicosis recognized to have seriously affected human
populations directly is alimentary toxic aleukia (ATA). Incidence of the disease
has been recorded in Russia from time to time at least as far back as the nine-
teenth century. Concurrent outbreaks in domestic animals have also been
reported. The disease occurred with special seventy in the war and post-
war years of 1942-47, and Joffe? has reported that in.1944, the peak year,
more than 10 per cent of the population of certain districts was affected and
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many fatalities occurred. The disorder develops after eating over-wintered
mouldy grain, chiefly millet but also wheat, rye, oats and buckwheat. Exten-
sive studies carried out by Russian investigators indicated that the fungi
primarily responsible belong to the genera Fusarium and Cladosporium.
These fungiare very resistant to cold and require a low temperature to produce
the toxin. Obviously, low temperature does not necessarily prevent elabora-
tion of mycotoxins.

Bamburg et al.®, asserted that ‘ATA must be listed as one of the most im-
portant human mycotox1coscs known’. Nevertheless, in 1962, only 10 years
ago. Forgacs* aptly called the mycotoxicoses “The Neglected Diseases’ and
wrote ‘Of the innumerable diseases that affect man and domestic animals,
the mycotoxicoses are perhaps the most unfamilar and least investigated.
In that same year, in a comprehensive review devoted mainly to veterinary
mycotoxicoses, Forgacs and Carll® noted that it is well recognized that fungi
are among the most potent producers of biologically active organic com-
pounds of great variety and wide spectra. However, they observed, ‘Scientists
tend to approach the causes of animal diseases through a process of elimina-
tion: if the causal agent is not found to be bacterial, viral, or nutritional, it is
concluded to be chemical in nature. Even though this be true, the possibility
that the source of such toxic chemicals may be fungal in origin is usually
ignored.’

But this situation changed drastically with the developments relative to an
apparently new disease which appeared in England in 1960 and was termed
the ‘turkey-X disease’. Reports of the death in the course of a few months of
more than 100000 young turkeys on poultry farms dramatized the problem.
Nor was the difficulty limited to turkeys as deaths of thousands of ducklings
and young pheasants on nearby farms were reported. These reports of
thousands of mortalities focused attention upon the practical problem,
stimulated interest in the scientific community, and resulted in intensive
investigations and a multidisciplinary approach on the part not only of
veterinarians, but also of biologists, microbiologists, chemists, toxicologists,
nutritionists and scientists in still other disciplines.

Six characteristics of mycotoxin situations have been delineated by Feuell®:

(i) They frequently arise as veterinary problems whose true cause is not
immediately identified.

(if) The disorders (mycotoxicoses) are not transmissible from one animal to
another, being neither infectious nor contagious.

. (iii) Treatment with drugs or antibiotics usually has little effect on the

course of the disease.

(iv) In field outbreaks the trouble is often seasonal, as particular sequences
may favour toxin production by the mould.

(v) Careful study indicates association with a specific foodstuff e.g. peanut
meal, corn or rice.

(vi) Examination of the suspected foodstuff reveals signs of fungal activity.
Such criteria are equally applicable to disorders in animal and man. ’

It is noteworthy how closely the aflatoxin problem exemplified the charac-
teristic features of mycotoxin problems in general. It is interesting, in retro-
spect, to see how closely efforts directed to solution of the aflatoxin problem
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followed the pattern outlines by Forgacs and Carll Blount reported that it
was soon generally agreed that no known microorganism had been isolated
and that biological transmission was negative. Accordingly, there remained
the possibility that the birds were being ‘poisoned’. But all attempts to associ-
ate the disease with the presence of any of a quite large number of organic and
inorganic poisons and poisonous plant materials were fruitless, even after
the cause was traced to the presence of Brazilian groundnut (peanut) meal
in the rations. Eventually, however, the cause was traced to a toxic factor
produced by the very common mould Aspergillus flavus and that, as you all
know, gave rise to the name Aflatoxin, from Aspergillus FLAvus TOXIN.

ANALYTICAL METHODOLOGY

During this time a test for the toxin was developed using young ducklings.
These were found to be particularly susceptible and to be especially suitable
for evaluation of toxicity based upon death or the appearance of characteristic
histological lesions in the liver. The test was also used to effectively monitor
the extraction and concentration of the toxin through classical procedures
of the organic chemist. It was then noted that toxic extracts illuminated with
ultraviolet light emitted a characteristic bright-blue fluorescence. Further,
the amount of fluorescent material, as estimated visually, gencrally afforded
a convenient guide to the toxicity of the sample. Thus the basis for routine
chemical assay of the toxin was provided for the first time.

The importance of adequate analytical methodology should be stressed
as it is an aspect so often neglected until it becomes abundantly clear that it
is essential for further progress. I would like to elaborate on the subject of
analytical methodology for awhile. Ten years ago the elapsed time for a
single chemical analysis for aflatoxin was nearly three days. That doesn’t
mean that it took three man-days to carry out an analysis; but three days
elapsed from the time an analysis was begun to the time a value was obtained.
That was for a single aflatoxin and the method was relatively insensitive
and highly subjective. Since then, methodology has been improved to increase
sensitivity, accuracy, reproducibility and objectivity, and to decrease time.
Now, in only a few hours, many commodities can be assayed for several
aflatoxins with a sensitivity of less than 1 ppb (1 ug kg~') and with a repro-
ducibility of about +10-20 per cent. This has resulted from numerous
improvements introduced by many investigators and from ecxtensive
collaborative studies to evaluate analytical methodology.

In the United States today we have methods officially recognized by such
organizations as the Association of Official Analytical Chemists, the American
Oil Chemists’ Society and the American Association of Cereal Chemists
for the determination of aflatoxin in such products as peanuts, cottonseed,
green coffee and corn. All these methods must be subjected to collaborative
study and statistical evaluation before they are accepted. As you doubtless
. know, there is now under way an international check sample series program
for the determination of aflatoxin in peanut products. Such collaborative
tests are very worthwhile and may well be introduced for other important
mycotoxins that may be recognized. Also, simple chemical confirmatory
tests have been developed. I think it is fair to say that the biggest problem
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of analysis for aflatoxins today is that of securing a suitable representative
sample. And that problem has still not been solved satisfactorily.

_ But it should be noted that there is still no single quantitative analytical
method suitable for the determination of aflatoxin in all commodities. Thus
a method that is quite satisfactory for peanuts is not suitable for cotton-
seed products and that, in turn, is not suitable for eggs, for alfalfa, or for
mixed animal feeds. Although no method has been developed for determining
aflatoxins in diverse commodities, there appears to be an increasing effort
devoted to simultaneous determination of several mycotoxins in the same
commodity—for example, aflatoxin, ochratoxin and zearlalenone in
corn.

Also important to these improvements in methodology has been the
availability of recognized aflatoxin standards. When the need for such
standards became evident in the middle -1960s, and none were available
commercially, we at the Southern Regional Research Laboratory under-
took to distribute solutions of the four common aflatoxins recognized at
that time, B, B,, G, and G, as standards to laboratories having need for
them. Availability of such standards has been of great value in connection
with control of aflatoxin problems and potential problems. I understand that
these standards have been used for the analysis of more than a million samples
of peanut products in the United States alone. Aflatoxin standards are now
available from commercial sources. As a result of this experience the need
will probably be recognized for the availability of standards of other important
mycotoxins, and hopefully provision will be made at an early stage to supply
them.

ISOLATION AND CHARACTERIZATION

Research has produced a wealth of information about aflatoxin in the
past dozen years. At this time (1972) at least twelve closely related compounds
designated aflatoxins have been isolated and characterized and several have
been synthesized. The isolation, identification and characterization of these
complex compounds in the short time that has elapsed since their discovery
must be regarded as one of the major achievements in recent times in the
chemistry of natural products.

The structures of these aflatoxins are shown in Figure 1, but I shall not
discuss their determination. Suffice it to say that although considerable
information was obtained by classical procedures of the organic chemist,
elucidation of their structures relied heavily upon recently developed physical
methods and interpretation of ultraviolet, infrared, nuclear magnetic
resonance and mass spectra. Doubtless these same procedures will be used
in the elucidation of structures of the new mycotoxins. The latest addition to
the family of aflatoxins, P,, a phenol, is the principal urinary metabolite of
aflatoxin B, in monkeys, but it has not been identified from mould cultures.
I believe that most of us who were schooled as organic chemists, as I was,
would accept as elementary, and without question, the value of the determina-
tion of the chemical structures of mycotoxins that may be identified, but
others may require justification. In the case of the aflatoxins, determination
of structures was achieved very rapidly, and knowledge of the structures has
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proved to be invaluable in studies on determination of metabolic products
and as a guide in the development of practical methods for their removal or
inactivation. The experience with aflatoxin fully supports the intuitive
judgment of the organic chemist of the value of structure determination
and its relevance, and should lend support for analogous efforts with other
mycotoxins.

BIOLOGICAL EFFECTS

Much effort has been devoted to determination of the biological effects of
the aflatoxins on various plant and animal species, to ascertain ‘no-effect’
levels of aflatoxins and to determine their metabolic fate. The toxic properties
of the aflatoxins manifest themselves differently depending upon the test
system, the dose and the duration of exposure. Aflatoxin B, has been investi-
gated far more thoroughly than any of the others. It is generally the most
plentiful and it is acutely toxic to most animal species. Some of the other
aflatoxins approach B, in toxicity but others are relatively non-toxic. For
example, the toxicity of aflatoxin B,, for ducklings is certainly less than one
hundredth that of B,.

Aflatoxin B, has been found to be a powerful carcinogen for certain animal
species. This has special significance in the United States where the so-called
Delaney clause in the Federal Food, Drug and Cosmetics Act, dealing
specifically with the safety of food additives, provides that ‘. . . no additive
shall be deemed to be safe if it is found to induce cancer when ingested by
man or animal, or if it is found, after tests which are appropriate for the
evaluation of the safety of food additives, to induce cancer in man or
animal . . 8 Aflatoxins, and presumably other mycotoxins, are considered
to be unintentional fodd additives and so are governed by the Act. According-
ly, in the United States, no acceptable tolerance can be set for aflatoxin,
inasmuch as it is a known carcinogen. This is not the case in most countries,
and the Protein Advisory Group of the United Nations System in .1966
settled upon a maximum level of 30 ppb (ug kg™ !) for foodstuffs. This level
was evolved on the basis of feeding experiments in monkeys, where the ‘no
effect’ level was found to be 300 ppb, and application of a safety factor. The
Protein Advisory Group would have preferred to impose a lower level in
order to provide a wider margin of safety. However, it was believed there was
an even more urgent need to provide extra protein in some parts of the world
in order to prevent malnutrition and starvation. The hope was expressed
that with further improvements in agricultural practice it would become
feasible to insist on lower levels of aflatoxins in food and remain confident
that adequate supplies would remain available. This level, which is being
reviewed annually, was reaffirmed in later years. Clearly it was concluded
that it is better to run the risk of cancer from aflatoxin in old age than to die
in early youth from a lack of protein

Aflatoxins have other genetic effects also. Aflatoxin B, is mutagenic and
teratogenic as well as carcinogenic®. But another dlmenswn was added when
it was reported that an interaction exists between aflatoxins and cyclo-
propenoid fatty acids fed to rainbow trout'®. Certain cyclopropenoid fatty
acids—malvalic and sterculic acid—are constituents of the lipids of cotton-
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seed and the seeds of other plants of the order malvales. Addition of cyclo-
propenoids to the diet of rainbow trout promoted early development of
tumours and increased their incidence and growth rate over positive controls.
Also, it has been shown that two mycotoxins may have synergistic effects in
host animals. A synergistic effect on tumour incidence in trout has been
demonstrated between aflatoxins B, and B,'! and on toxicity symptoms in
rats, not attributable to either compound alone, between aflatoxin B, and
rubratoxin B'2. Thus a stated response can be subject to appreciable altera-
tion by the presence of other factors, and an apparent ‘no effect’ level is valid
only for a specific experimental protocol. This will presumably be given due
consideration in evaluating the biological effects of the new mycotoxins.

In the United States the Delaney clause applies to animal fecds as well as
to foods for humans, except that there is an escape hatch. The Act carries the
further provision that “. .. this proviso shall not apply with respect to the use
of a substance as an ingredient of food for animals which are raised for food
production, if the Secretary finds (1) that, under the conditions of use and
feeding specified in proposed labelling and reasonably certain to be followed
in practice, such additive will not adversely affect the animals for which such
feed is intended, and (2) that no residue of the additive will be found (by
methods of examination prescribed or approved by the Secretary). . . ... in
any edible portion of such animal after slaughter or in any food yielded by or
derived from the living animal’.

Accordingly, in the United States, as in other countries, much effort has
been devoted to determination of no-effect, or tolerance, levels and to
investigation of possible adverse effects of aflatoxins on farm animals and
of possible transmission of toxins into edible animal products or tissues.
Inclusion of aflatoxins at high-dose levels in feed given to cattle, swine and
poultry inhibits growth and decreases feed efficiency. And economically this
reduction in growth may result in much greater losses than those readily
apparent when many animals sicken or die. Even a one per cent reduction in
feed efficiency can obviously result in very large economic losses.

Sensitivity to aflatoxin decreases with age in all species studied and there
may also be sex differences. Striking differences in susceptibility may be
observed in different breeds or strains of certain animal species. Thus New
Hampshire chicks and turkey poults were found to be highly susceptible, in
contrast to the resistance of Barred Rock chickens and guinea fowl. However,
it has been reported that ‘in contrast to the high degree of susceptibility of
New Hampshire chicks, the resistance of New Hampshire-White Leghorn
hybrids to aflatoxin is impressive, suggesting that susceptibility may be
under genetic control’*>. If so, the possibility exists for reducing losses from
aflatoxin intoxication, and possibly from other mycotoxicoses, by genetic
modification of the animal species.

Another important question with aflatoxin, as with other mycotoxins, is
that of possible transmission into animal products such as tissues, milk and
eggs. It has been well established that dairy cows fed aflatoxin will secrete
small amounts of a toxic factor in their milk. The situation with respect to
transmission into eggs by laying hens is less well established. A number of
experiments have been conducted to investigate the deposition of aflatoxin
or toxic metabolites into edible animal tissue. Early reports in the literature
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