Mycotoxins

1 General  XE "Mycotoxins: general" 
Fungi produce a remarkable array of active compounds. The best known are antibiotics, such as penicillin. Mycotoxins are toxic compounds produced by this group of organisms. Some toadstools are notorious for their potentially lethal poison. Amanita phalloides XE "Amanita phalloides: mycotoxins"  and Galerina sp XE "Galerina sp: mycotoxins" . cause fulminant hepatocytolysis. They contain two groups of toxic compounds: amatoxins and phallotoxins. About 10 mg of alpha-amanitin (an amatoxin) is sufficient to induce massive liver necrosis. This is the amount contained in a single toadstool. Muscarine was first isolated from Amanita muscaria, the fly agaric. With its beautiful bright red cap covered with white scales it is the quintessential toadstool of fairytales. Muscarine is also found in the Inocybe XE "Inocybe sp.: mycotoxins"  and Clitocybe XE "Clitocybe sp.: mycotoxins"  genera. Other toxins may be responsible for effects in the central nervous system. More than a hundred people die each year from eating poisonous toadstools. Cortinarius XE "Cortinarius sp: mycotoxins"  species cause acute renal failure due to orellanine poisoning. Tricholoma equestre XE "Tricholoma equestre: mycotoxins"  causes rhabdomyolysis. The problems caused by mycotoxins are well known in veterinary medicine. Stachybotryotoxicosis, for example, a disease that results upon ingestion of the toxins produced by Stachybotrys atra, XE "Stachybotrys atra: mycotoxins"  is a known problem in horses (do not confuse this with botryomycosis, a bacterial infection!). The toxin is believed to cause pulmonary haemorrhage in children but there is currently insufficient evidence to support this. Yellow rice disease has occurred sporadically in Japan. It is caused by eating mouldy rice on which Penicillium citreoviride XE "Penicillium citreoviride: mycotoxins"  is present, which produces the toxic metabolite citreoviridine. It is possible that onyalai is caused by exposure to certain mycotoxins, but more study is needed. More than 150 types of mycotoxin are known, including patulin, citrinin, sterigmatocystin, cyclopiazonic acid, ochratoxin, trichothecene mycotoxins, zearalenone, T2 mycotoxins (‘yellow rain’) and others. Not all of them pose the same threat to humans. Other active mycotoxins will probably be discovered in future years.

*

Mycotoxins sometime play an unexpected but important role in scientific research. The poisonous toadstool Amanita phalloides XE "Amanita phalloides: mycotoxins"  contains, among other things, alpha-amanitin and phalloidin. Phalloidin disrupts the cytoskeleton. Alpha-amanitin is a cyclic octapeptide that contains several unusual amino acids. This molecule binds strongly to RNA polymerase II, the enzyme active in the nucleoplasm and responsible for the production of premessenger RNA. RNA polymerase I, active in the nucleolus and responsible for the production of certain of ribosome subunits, is not sensitive to alpha-amanitin. Very similar enzymes differ substantially in their susceptibility to inhibition by mycotoxins, allowing precise dissecetion of biochemical pathways.  

2 Ergotism XE "Mycotoxins: ergotism" 
2.1 Ergotism, summary

· Alkaloids from Claviceps purpurea XE "Claviceps purpurea: mycotoxins, ergotism" .

· Fungus growing as a parasite on rye and related plants

· Vasoconstriction with burning skin sensation, pruritus, gangrene

· Abdominal pain

· CNS symptoms such as hallucinations and convulsions 

2.2 Ergotism, general

The ascomycete Claviceps purpurea is the causative agent of ergotism. It grows chiefly on rye. Another twenty or so gramineous species (cereals and grasses) can also be infected. Nowadays, rye is cultivated on a much smaller scale than wheat. Some years ago, rye (Secale cereale XE "Secale cereale: mycotoxins, ergotism" ) was successfully crossed with wheat (Tricicum sp XE "Tricicum sp: mycotoxins, ergotism" .), creating a new crop called triticale. These hexaploid and octaploid hybrids are robust and have a high yield. The susceptibility of these new plants to ergot is not well-known. 

*

In earlier years there would sometimes be a widespread ergot problem, while at other times it was virtually nonexistent. Warm, wet springs and summers stimulate the growth of Claviceps purpurea. The influence of weather conditions can be explained by examination of the different life stages of the fungus. The fungus grows into a rye kernel and subsequently appears as a thin, purple-black, cock’s spur-like spikelet protruding from the mature head of rye (Fr. ergot = cock’s spur). This structure is a sclerotium. When the rye ripens, sclerotia from the infected crop fall on the soil and absorb moisture. The fungus survives through the winter in this form. The following spring, the sclerotia present on the soil surface produce a mass of fine, threadlike filaments with a round club-like tip (Claviceps; Lat. clava = key; ceps = club). Numerous asci – minute saclike structures each containing eight ascospores formed following sexual reproduction – develop in the tip. These spores – one million per sclerotium – are dispersed by the wind. Dry windy weather helps in the dispersion of the spores. Rye is only susceptible to infection during the first few days of flowering. When the spores come into contact with the style of the tiny rye flower and if moisture is present (dew, mist, raindrops) a mycelium develops within a week, accompanied by the formation of asexual conidiospores. This is called the sphacelia stage. The fungus produces a sticky exudate (a kind of ‘honey dew’) that attracts insects such as flies and beetles. As they visit each plant they carry the conidiospores to other rye flowers, causing new infections with each visit. 

*

Human disease can occur when rye contains 1% ergot. An ergot content of 2% can result in epidemics and at 7% there is a high (dose dependent) mortality rate. 

2.3 Ergotism, historical overview

In medieval times, ergotism is known to have occurred on a large scale in some regions of Europe. In 857, for example, there was an epidemic in Germany characterized by necrosis of limbs and culminating in death. In 944, some 40,000 people in the south of France died from ergot poisoning. The so-called ‘Plague of Fire’ in Paris (945) was almost certainly caused by ergot. The symptoms were also called Holy Fire, St. Anthony's Fire and St. Vitus’ dance. Between 837 and 1347, some fifty epidemics were recorded in Central Europe. Hospitals dedicated to St. Anthony took care of the patients afflicted with ergotism, many of whom recovered after rye bread was removed from their diet. It was a common belief that the symptoms were caused by witchcraft. The main crop and staple cereal in the witchcraft areas was rye. In some years, there were abnormally high numbers of witchcraft trials, persecution and executions. In years when many witch persecution trials were held, the price of rye was high (poor growing conditions for rye but good conditions for Claviceps). In the Salem witchcraft trial of 1692-1693 (USA), entire communities in and around Salem Village had symptoms of ergotism (including some of the animals). Extreme convulsions, hallucinations and a burning skin sensation were the most obvious symptoms. In 1670, a French physician, Dr Thuillier, suggested that food could play a role in this disorder. He noticed that there were fewer outbreaks of ergotism in the towns than in the countryside. There were considerably fewer cases among the rich. Sometimes only one member of the family fell ill, while in other households everyone was afflicted. The disease did not spread to neighbouring families. People who had lived in isolation for months (and who therefore ran little risk of infection) could likewise suddenly become ill. He suspected that Claviceps was the causative agent but he was never able to provide formal proof. Later, others showed that when ergot was fed to animals, they died. In August 1951, in the small French town of Pont St-Esprit on the banks of the River Rhône (Provence) more than a hundred people were poisoned and several died as a result. The local doctor first saw two patients with intense pain in their lower abdomen, low body temperatures and cold fingertips, incoherent babbling and hallucinations. The next day there was a third patient and after contacting his colleagues, twenty similar cases were discovered. Two days later there were even more cases. Patients had to be tied to their beds. Rumours soon spread that witchcraft was involved, but subsequent investigation showed that the symptoms had been caused by ergotism. All the victims had eaten rye bread. Analysis in Marseilles revealed that the rye meal contained twenty different alkaloids. Organophosphates that might have been implicated were also found. 

2.4 Ergotism, toxins

Ergotism is caused by mycotoxins. Claviceps purpurea contains a cocktail of different toxins: ergotamine, dihydroergotamine, ergonovine, ergocryptine, ergocristine, ergocornine, LSD (lysergic acid diethylamide) and others. They can be divided chemically into an ergotamine group, an ergoxin group and an ergotoxin group. The ergot alkaloids are derived from lysergic acid. These toxins enter the human body through everyday food, such as bread or gruel made from ergot-infected rye that has been milled into flour. The toxins cause smooth muscle contractions with vasoconstriction and uterine tetany. They also have a neurohumoral activity and produce effects on the central nervous system. In 1918, Arthur Stoll isolated ergotamine for the first time. In the period from 1938 to 1943, while conducting research into ergot, Dr Albert Hoffman accidentally discovered the hallucinogenic properties of LSD, a drug that was destined to play a major role in the hippie movement in the years following the end of the Second World War. 

2.5 Ergotism, other sources

There are more than 35 different species within the Claviceps genus. Several of these (e.g. Claviceps paspali XE "Claviceps paspali: mycotoxins, ergotism" ) contain ergot toxins. Similar toxins are present in certain plants. The seeds of the Ipomoea tricolor XE "Ipomoea tricolor: mycotoxins, ergotism"  and Rivea corymbosa XE "Rivea corymbosa: mycotoxins, ergotism"  plant (Morning Glory, also known as ololiuqui; Fam. Convulvulaceae) contain the hallucinogenic LSD. It is structurally related to ergot alkaloids. 

2.6 Ergotism, clinical aspects

People who ingest mycotoxins with their food may develop various symptoms that are dose dependent. The symptoms may be predominantly neurological or vasospastic. There will be mental confusion with vivid hallucinations, for instance seeing brightly coloured, fierce wild animals, or visions of blood running down the walls. The afflicted person has involuntary muscular contractions, evolving into convulsions with extreme opisthotonos characterized by severe arching of the back, with the head thrown backwards, even touching the heels. This was described as St. Vitus’ dance. The victims describe a pronounced burning or itching sensation of the skin (St. Anthony’s Fire) or a tingling like insects crawling under the skin. Vasoconstriction may lead to gangrene, usually of the fingers, hands, toes, feet, ears and/or  nose. In serious, non-fatal cases the symptoms may persist for up to two months. 

2.7 Ergotism, animals

Animals can also be poisoned. Around the roots of many plants there are mycelial threads of the so-called mycorrhizal fungi. They live together in symbiosis with the plants. Less well known are endophytes. In the case of these hidden fungi, the hyphae live inside the leaves and stalks of certain plants. Some of them protect the plant against insects and herbivores. Festuca arundinacea XE "Festuca arundinacea: mycotoxins, ergotism"  grass, for example, sometimes contains the endophytic ascomycete Sphacelia typhina XE "Sphacelia typhina: mycotoxins, ergotism" . This fungus produces the same toxins as ergot. Cattle avoid this grass if an alternative source of feed is available. The grass species Paspalum distichum XE "Paspalum distichum: mycotoxins, ergotism"  (Gramineae, knot grass) may also contain ergot alkaloids. If they do eat it, they show signs of poisoning. Cattle become lethargic. There is hypersalivation and fever, reduced milk production and prolonged gestation. They develop dry gangrene of the hooves, legs, tail and ears. Cattle and dogs display different symptoms. Dogs spin around and bite stones, sometimes until their teeth break.

2.8 Ergotism, medical applications

Nowadays, ergotamine is used in the treatment of migraine. The reason for this lies in its ability to constrict dilated blood vessels in the cerebral membranes. Ergometrine is used after childbirth –after expulsion of the placenta– to stimulate uterine contractions and prevent postpartum haemorrhage. Hypertension is a side effect. In earlier times, sclerotia of the ergot fungus were used to induce abortion. However, its efficacy as an abortion agent is controversial because the sensitivity of the uterus is highest during the later stages of pregnancy. Bromocriptine (Parlodel®) is an ergot derivative which is used in the treatment of Parkinson’s disease and in hyperprolactinaemia. This is based on its agonistic activity on D2-dopamine receptors. Lisuride, pergolide and metergoline are ergot derivatives with a similar activity. Methysergide is another ergot derivative that was used for the prevention of migraine. However, prolonged administration may lead to retroperitoneal fibrosis. Co-dergocrine (Hydergine®) is a mixture of dihydroergocornine, dihydroergocristine and dihydroergocryptine. At one time it had a questionable place in the treatment of dementia and peripheral vascular disorders.

2.9 Ergotism, treatment

In acute poisoning with a risk of gangrene, treatment consists of vasodilators, anticoagulants and low molecular weight dextrans. If necessary, a sympathetic nerve blockade may be carried out, e.g. brachial plexus blockade. Temporary sedation will be necessary in hallucination (e.g. haloperidol). Diazepam is used for convulsions. There is no specific antidote.

2.10 Ergotism, prevention

A flotation method can be used to separate the sclerotia from the non-infected grains of rye. The grain is immersed in a 30% KCl solution. The infected grains are lighter and float to the surface. They can then be skimmed off and destroyed. The fields should be deeply ploughed to bury the sclerotia and prevent their germinating on the surface of the soil. There are no ergot-resistant rye varieties currently available. Fungicides may be used. 

3 Aflatoxins XE "Mycotoxins: aflatoxins" 
3.1 Aflatoxins, historical overview

In 1960, more than 100,000 turkeys died in England in a short period of time. The birds failed to thrive and had subcutaneous haemorrhages. Post-mortem examination revealed necrotic liver damage and cell proliferation in the bile ducts. The cause remained unknown and the disorder was called ‘Turkey X disease’. Coincidently, a high mortality rate was reported among partridges, pheasants and ducks at poultry farms. The disorder was subsequently also detected in swine. During this same period, high incidences of hepatoma were found elsewhere in trout bred at fish farms. Epidemiological investigation eventually traced the problem to feed contamination, specifically a batch of Brazilian peanut meal which had been used as poultry feed for all these animals. This meal, which had been imported into the United Kingdom at the end of 1959, was subsequently termed Rosetti meal, after the name of the ship in which it was carried. It turned out to produce a new disease. Tests for known toxins proved negative. 

*

After painstaking analysis, the Rosetti meal and the fish food were found to be contaminated with the relatively common fungus, Aspergillus flavus XE "Aspergillus flavus: mycotoxins, aflatoxins" . Depending upon the growing conditions, certain strains of this fungus produce a variety of chemical compounds called aflatoxins. The name of the toxins refers to the organism (the ‘a’ from Aspergillus and the ‘fla’ from flavus). The aflatoxins are a group of secondary metabolites which are formed after the logarithmic growth phase of the fungus. Aflatoxins are found as a natural contaminant in several foods, such as peanuts, cotton seed, maize, cassava, rice, cocoa, soya, wheat, sorghum and barley. Aspergillus flavus has a cosmopolitan distribution. However, this mould and the related fungus, A. parasiticus, XE "Aspergillus parasiticus: mycotoxins, aflatoxins"  only produce aflatoxins under certain conditions. Peanuts are a good substrate for aflatoxin production. It was recognized that Aspergillus flavus did not appreciably affect the peanuts prior to harvesting. The main determining factor for the growth and production of aflatoxin is the relative humidity. Few fungi grow on stored food at a humidity of less than 70%. At a relative humidity of 85% and a peanut water content of 30%, the fungus flourishes. Rapid post-harvest drying of the peanuts prevents attack by this fungus. When peanuts are left to dry in rainy or humid weather, this creates favourable conditions for aflatoxin production. Intact seeds are seldom infected. Damaged seeds, on the other hand (termites or mechanical damage) are more likely to be infected and to contain aflatoxin. When cows are fed infected feed, they secrete aflatoxins in their milk. Humans are exposed to aflatoxins through contaminated food. Toxins in particulates may cause aerogenic toxicity, e.g. in farmers working in a dusty environment with contaminated food products.

3.2 Aflatoxins, toxins

Several aflatoxins were found to exist. The aflatoxin B group fluoresces blue and the aflatoxin G group green under UV light. Aflatoxins are metabolized in the liver. Aflatoxin M is formed by biotransformation. This metabolite is found in milk from cows given contaminated feed. Various metabolites (epoxides?) may play a role in the toxicity of the compounds. Aflatoxins are very stable and are not destroyed at ordinary cooking temperatures. 

3.3 Aflatoxins, detection

The original bioassay consisted of administering infected peanut meal to 1-day-old ducks. After 8 days the animals were sacrificed and the gall bladder epithelium was examined for proliferation. Fish are also extremely sensitive to aflatoxins. While these bioassays have good sensitivity, they lack specificity. Detection via HPLC (High Performance Liquid Chromatography) allows precise measurements. ELISA detection is likewise reliable.

3.4 Aflatoxins, toxic effects in animals

The carcinogenic potency of aflatoxins in rats and some other animals is extremely high. Aflatoxins have the ability to induce hepatocarcinomas in rats, ferrets, ducks and trout. Lesions also develop in guinea pigs, turkeys, dogs, rabbits and monkeys. In trout, aflatoxin B1 at a concentration of 20 ppb (parts per billion) was found to cause liver tumours in more than 50% of the population after nine months. Aflatoxin B1 is a potent mutagen and is teratogenic in some animal species. Aflatoxins also suppress the immune system.

3.5 Aflatoxins, clinical aspects

There are also indications that tumours may be induced in other organs and tissues. Growing evidence indicates that humans are susceptible. There are indications of acute toxicity of aflatoxins in humans but the evidence is still inconclusive. The acute syndrome is similar to Reye’s syndrome in children, with acute liver toxicity and encephalopathy. Given the fact that the precise aetiology of Reye’s syndrome is not entirely clear, this raises questions. In 1974, an epidemic in India (Gujarat and Rajastan) was characterized by icterus, rapid development of portal hypertension and ascites. More than a hundred people died. It was attributed to the consumption of maize contaminated with aflatoxins. In 2001, several people in Kenya died after eating maize containing up to 12,000 ppb aflatoxin. After the problem had been identified, large quantities of mouldy maize were confiscated and destroyed. Chronic toxicity is more important than acute toxicity. Toxins probably play a role in the high incidence of liver carcinoma in the tropics. Naturally, other factors also play a role, such as chronic hepatitis B and C. This should not be confused with cholangiocarcinoma in Southeast Asian countries, where chronic infection with the tiny oriental liver fluke (Clonorchis sinensis) plays a role. The possible influence of aflatoxins on kwashiorkor is not yet clear. 

4 Comparison of selected toxins

Comparative Lethality of Toxins and Chemical Agents in Laboratory Mice

AGENT
LD50

(µg/kg)
MOLECULAR WEIGHT 

(Dalton)
SOURCE

Botulinum toxin
0.001
150,000
Bacterium

Shiga toxin
0.002
55,000
Bacterium

Tetanus toxin
0.002
150,000
Bacterium

Abrin
0.04
65,000
Plant (Rosary Pea)

Diphtheria toxin
0.10
62,000
Bacterium

Maitotoxin
0.10
3400
Marine Dinoflagellate

Palytoxin
0.15
2700
Marine Soft Coral

Ciguatoxin
0.40
1000
Marine Dinoflagellate

Textilotoxin
0.60
80,000
Australian Elapid Snake

C. perfringens toxins
0.1-5.0
35-40,000
Bacterium

Batrachotoxin
2.0
539
Arrow-Poison Frog

Ricin
3.0
64,000
Plant (Castor Bean)

alpha-Conotoxin
5.0
1500
Cone Snail

Taipoxin
5.0
46,000
Australian Elapid Snake

Tetrodotoxin
8.0
319
Puffer fish (fugu)

alpha-Tityustoxin
9.0
8000
Scorpion

Saxitoxin
10.0 

(Inhal 2.0)
299
Marine Dinoflagellate

VX
15.0
267
Chemical Agent

Anatoxin-A(s)
50.0
500
Blue-Green Alga

Microcystin
50.0
994
Blue-Green Alga

Soman 
64.0
182
Chemical Agent

Sarin 
100.0
140
Chemical Agent

Aconitine
100.0
647
Plant (Monkshood)

T-2 Toxin
1210.0
466
Fungal Mycotoxin
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