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Abstract—A disproportionately large number of the most important human food plants is cyanogenic. The
accumulated research of numerous people working in several different disciplines now allows a tenable
explanation for this observation. Cyanogenesis by plants is not only a surprisingly effective chemical defence
against casual herbivores, but it is also easily overcome by careful pre-ingestion food processing, this latter
skill being almost exclusive to humans. Moreover, humans have the physiological ability to detoxify cyanide
satisfactorily, given an adequate protein diet. It appears that early in the domestication of crop plants the
cyanogenic species would have been relatively free of pests and competitive herbivores, as well as having good
nutritional qualities, and thus ideal candidates for cultivation by the first farmers. © 1997 Elsevier Science Ltd

INTRODUCTION

In his account of cyanogenesis in plants, Gibbs [1]
recorded 262 (11%) cyanogenic species among the

Table |. Cyanogenesis and world production (10° metric
tonnes) of major food crops in 1994

Crop Tonnage Crop Tonnage
2378 he had tested. If cyanogenesis were distributed

at random among the 24 leading food plants in the Maize 570.9 Wheat 535.8
world then only 2.64 would be expected to be cyano-  Paddy Rice 530.0 Potatoes ? 275.7
genic. Current evidence shows that at least 16 of these ~ Barley 158.7 Cassava 157.7
plants are cyanogenic (%, = 77.0, P « 0.001). Why? Soya Beans?  136.2 Sugar Cane 109.6
Similarly, of the 318 food plants listed in [2] at least Tomatoes 7.0 So'gh“m,) 606
68 (21.4%) are cyanogenic. Comparing this with the Taro unknown - Oranges ! 87
RO 5 ‘Pulses’ 58.0 Bananas ? 52.2
number expectqd from .the.: list in [@], X = 34.96, Apples 48.2 Oats 34.1
P « 0.001. Again, a statistically significant excess of  Qpjons, dry ? 321 Rapeseed 799
all human food plants is cyanogenic. ‘Millets’ 27.1 Peanuts 25.9
Rye 243 Sunflower 22.6
Mangoes 18.0 Pineapples 12.0

CYANOGENESIS IN FOOD PLANTS

Table 1 lists the 23 food crops produced in the
largest tonnage world wide in 1994, as estimated by
the UN Food and Agriculture Organization. The
scientific names have not been used because in some
cases the food name includes a number of species
within a genus (e.g. for wheats: Triticum aestivum L.
and T. durum Desf.) or even of different genera (e.g.
for pulses: Phaseolus vulgaris L., Pisum sativum L.,
Vigna unguiculata (L.) Walp. and Dolichos lablab L.;
and for millets: Panicum miliaceum L., Eleusine cora-
cana (L.) Gaertner and Echinochloa Pal. spp.). Fur-
thermore, production is not listed by species in FAO
publications. Taro (Colocasia esculenta (L.) Schott)
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Source: Food and Agriculture Organization, Quarterly
Bulletin of Statistics 8, 1/2—1995.

Bold—cyanogenic; ? not known to be cyanogenic, but
there are cyanogenic species in the same genus; italics—
cyanogenesis not known in genus.

appears in the table as a floating entry because
although grown in vast quantities in the Pacific basin,
it is produced by so many small-scale farmers that the
FAO cannot estimate the production. Note that the
total tonnage of entries 9-24 (tomatoes to pineapples),
less taro, almost exactly equals the annual production
of maize, thus emphasizing the dominance of three
cereal crops. Of these plants the cyanogenic glycosides
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Table 2. Major food plants in which cyanogenic glycosides
have been identified

Crop Cyanoglycosides Reference
Wheat
Triticum aestivum Dhurrin
T. spelta 3
T. monococcum Linamarin
Lotaustralin
Epilotaustralin 4
Barley
Hordeum vulgare Epiheterodendrin 5
4 additional 6
cyanoglycosides
QOats
Avena sativa Linamarin 7
Rye
Secale cereale Dhurrin 3
Sorghum
Sorghum bicolor Dhurrin 3,8
Cassava
Manihot esculenta Linamarin 9
Lotaustralin
Pulses
Lima/Butter bean
Phaseolus lunatus Linamarin 10
Lotaustralin 11

French/Kidney/Haricot beans

P. vulgaris Linamarin
Lotaustralin 11
Millets
Eleusine coracana Triglochinin 12
Apple
Malus pumila hybrids ~ Amygdalin
Prunasin 13
Taro
Colocasia esculenta Triglochinin 14

have been identified and characterized in at least 10
(Table 2).

Cyanogenesis is not known to occur in the genera
Lycopersicon Miller (tomatoes), Helianthus L. (sun-
flowers) and Ananas Miller (pineapple). Although Sol-
anum tuberosum L. (potatoes), Citrus sinensis (L.)
Osbeck (oranges) and the edible species in the genera
Musa L. (bananas) and Allium L. (onions) are not
known to be cyanogenic, other species in these four
genera are [1]. There is some confusion with rice.
Oryza perenis (as spelled in [15]) is recorded as being
cyanogenic. Gibbs [1] attributes to others the finding
of cyanogenesis in one species of Oryza without rec-

ording which one. The data for Glycine max (L.) Merr.
(soya beans) are also equivocal; he [1] reports posi-
tively, whereas others failed to find any cyanogenic
glycosides in this plant [16]. In general, Gibbs own
work is reliable, but he was rather uncritical of the
work of others. Fortunately, he gives details of the
work of others independently of his own. Thus, by
using only Gibbs’ own data for my comparisons, I
have been able to ignore the data that certainly include
species listed incorrectly as being positive for cyano-
genesis. As it happens, if Gibbs did have false positives
in his own data, the true proportion of cyanogenic
species in his table would be lower, so increasing the
statistical significance of cyanogenesis in human food
plants.

Table 3 lists the sources of information on cyano-
genesis of those species in Table 1 for which the cyano-
genic compounds are not known. In Table 4 there are
other food plants whose cyanogenic glycosides have
been identified.

THE EFFECTS OF CYANOGENESIS ON MAMMALS

Among the cyanogenic food plants, the HCN
potential often varies in different parts of a plant and
between the same parts of different individuals of the
same species. The content in cassava ranges from 240-
890 mg kg~' in the tuberous roots to 1040 mg kg~ ' in
leaves; lima beans contain 1004000 mg kg™!, sor-
ghum grain as little as 6 mg kg ™' and bamboo shoots
as high as 8000 mg kg~ (e.g., [39]). We can compare
these concentrations with the acute lethal dose of
HCN, in mg kg~! body weight, for humans 0.5-3.5
[40], sheep 2.4 [41], cattle 2.0 [42], mice 3.7, cats 2.0,

Table 3. Plants reported to be cyanogenic and in which the
cyanogenic compounds have yet to be identified

Crop Reference
Sugar cane

Saccharum spontaneum 17
Maize/corn

Zea mays 3,18
Rice

Oryza sp. 1

O. perenis 15
Peanuts

Arachis hypogea 1
Garden pea

Pisum sativum 19-20
Mango

Mangifera indica 1
Rape

Brassica napus 1
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Table 4. Other cyanogenic food plants for which the cyano-
genic glycoside has been identified

Crop Cyanoglycoside  Reference
Loquot
Eriobotrya japonica Amygdalin 21
Almond
Prunus dulcis Amygdalin 22
Peach
P. persica Amygdalin 23
Prunasin 24
Sweet cherry Amygdalin
P. avium Prunasin 25
Sour cherry
P. cerasus Amygdalin
Prunasin 26
Macadamia nut
Macadamia ternifolia Dhurrin
Prunasin 27-29
(doubtful *)
Elder
Sambucus nigra Holocalin
Prunasin
Sambunigrin
Zierin 30
Giant taro
Alocasia macrorrhiza Isotriglochinin
Triglochinin 31
Quince
Cydonia oblonga Prunasin 32
Papaya
Carica papaya Prunasin
Tetraphyllin B 33
Bamboo shoots
Dendrocalamus latiflorus  Taxiphyllin 34
D. giganteus
D. hamiltonii Taxiphyllin 35
Bambusa vulgaris
B. guadua Taxiphyllin 36
Passion fruit
Passiflora edulis Prunasin 37
Sapote
Pouteria sapota Lucumin 38

See [1] for: Yam, Dioscorea spp.; Sweet potato, Ipomoea
batatas, Guava, Psidium guajava, Aubergine (egg plant), Sol-
anum melongena; Common millet, Panicum milliaceum;
Sugar beet/Beet/Chard/Sea Kale, Beta vulgaris; Watercress,
Nasturtium officinale; Apricot, Prunus armeniaca; Black cur-
rent, Ribes negra; Lemon, Citrus limon; Lime, Citrus aur-
antifolia; Borage, Borago officinalis.

* Nahrstedt, A. Personal communication, 1997.

rats 0.5-10.0 and dogs 1.5 [43]. Not surprisingly, acci-
dental acute cyanide poisoning from food is not
uncommon [39, 44].

Most of the HCN obtained from food is generated
from endogenous cyanogenic glycosides that are
degraded by more or less specific f-glycosidases either
endogenous to the food (e.g. [45, 46]) or produced by
micro-organisms in the mammalian digestive tract [47,
48]. Sheep, for example, will ingest linamarin and
lotaustralin in cyanogenic white clover (Trifolium
repens L.) [41]. Cyanogenesis here results both by the
action of linamarase in the masticated plant tissue and
the rumen flora. The role of these micro-organisms is
well demonstrated by an experiment with rats. Con-
trol rats fed orally 600 mg kg™' amygdalin died in 3-
5 hr. When free of micro-organisms, rats fed the same
mass of amygdalin showed no visible signs of toxicity
[49].

DETOXIFICATION

When cyanogenic plants are eaten slowly or over a
period of time there may be no symptoms of cyanide
poisoning. Sheep can consume 15-20 mg kg ™' per day
when ingestion is distributed over the whole day [41].
Humans can consume 30-35 mg HCN per day from
cassava in the form of gari [50]. This is approximately
50% of the acute lethal dose for a 70 kg human. Thus
when doses are relatively small, mammals are capable
of detoxifying HCN. There are five main ways by
which this can occur (Table 5, [51]). The most effective
appears to be by using sulphurtransferases, but an
adequate supply of sulphur-containing amino acids
(methionine and cysteine) is essential. When the diet
is low in protein, chronic cyanide poisoning often
results. This is very noticeable in societies where cas-
sava is the staple food, especially when food prep-
aration is carelessly done or is almost nonexistent.

Ironically, the one part of the tuberous root of
cassava in which there is a reasonable amount of pro-
tein is the corky periderm, but this is usually peeled off
and discarded at the beginning of processing. Cassava
meal has only 22 mg methionine in 0.26 g protein per

Table 5. Sulphurtransferases

E.C.

2.8.1.1 Rhodanese. 33 kDa—mammalian liver

and kidney mitochondria (thiosulphate:

cyanide transferase. S-S cleaved).

3-Mercaptopyruvate sulphurtransferase.

~33 kDa—mammalian kidney (C-S

bonds cleaved).

— Serum albumin. (Colloidal elemental sul-
phur).

2.8.1.3 Thiosulphate: thiol transferase—yeast.

— Sulphane sulphurtransferase—Acine-
tobacter.

2.8.1.2

(From [51])
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100 g food. For comparison, polished rice has 150 mg
methionine in 1.13 g protein while cowpeas have 273
mg methionine in 3.74 g protein per 100 g food [52].
Additionally, people suffering from sickle cell disease
[50], Leber’s disease [53], or tobacco smokers with
a vitamin B, deficiency [54] are all less efficient at
detoxifying cyanide than people not so afflicted.

CYANIDE POISONING AND DISEASE

Table 6 shows some of the conditions caused by
chronic cyanide poisoning in humans. Clearly cyanide
poisoning from food is a major problem in some
regions of the world. On the other had, even when
foods are not processed properly, humans can still
detoxify the cyanide so long as they do not eat too
much of the plant too quickly. In animals other than
humans chronic cyanide poisoning leads to different
behaviours. In sheep, for example, the animal stops
eating until the concentration of cyanide in the blood
falls below a certain threshold level [41]. The golden
bamboo lemur (Hapalemur aureus), however, appar-
ently eats approximately 50 mg kg™' body weight
of cyanide a day from Cephalostachyum cf viguieri
without showing any adverse effects at all [61].

We know more about cyanogenesis in cassava than
in almost any other food plant because the part of the
plant that is eaten is cyanogenic. This is not true of
many of the other cyanogenic species. It is the leaves
of the cereals that are cyanogenic, not the grains. The
seeds of apples are cyanogenic, not the ‘flesh’. The
leaves of papaya and mango are cyanogenic, not the
parts we eat. We do, however, eat bitter almonds, lima
beans, bamboo shoots, passion fruits, beansprouts,

Table 6. Conditions caused by chronic cyanide poisoning in

humans

Country Disorder

Jamaica Peripheral neuritis (at the end of the last
century, cassava and Phaseolus lunatus)
[55].

Senegal Bilateral pyramidal tract disorder (sor-
ghum) [56].

Nigeria Tropical ataxic neuropathy (cassava,
partly offset by the oil boom and a rise in
the level of protein in the diet, but now
being reversed) [57-58].

Mozambique Severe paralysing illness (following an
enormous increase in cassava consumption
during drought (including leaves) [59].

Zaire and Goitre (cassava, probably an effect of thio-

Nigeria cyanate) [58].

Singapore Amblyopia (prisoners of war camps. Diet
contained a high proportion of cassava,
yam and sweet potatoes) [60].

World-wide A number of recognized diseases related to

abnormal metabolism of cyanide mostly
derived from tobacco smoke [53].

macadamia nuts and pepperwort seedlings, all of
which are cyanogenic.

The type of processing used can have an effect on
the remaining cyanide content of the processed food.
There are numerous papers describing the problems
encountered with processing cassava (e.g., [59, 52)).
Another example is with lima beans, Phaseolus
vulgarus, [63]. With apples, we normally discard the
core and thus the seeds of an apple, but when cider is
manufactured the whole fruit is used. People with the
potential for Leber’s disease can go blind because of
the effects of cyanide in cider [53].

Bitterness in almonds and cassava is based on the
presence of cyanoglycosides. After almonds are
ground in a mortar and left for a few hours, they lose
the bitter flavour and become sweet. The reason is
that not only does cyanogenesis release volatile HCN
and aglycones (e.g. acetone and benzaldehyde), but
the glucose remains behind in the plant tissue so sweet-
ening it to our taste. A direct relationship between the
cyanoglycoside content of cassava and bitterness has
been claimed [64], although this has been disputed for
a variety from Venezuela (Seigler, pers. comm. 1996).

The major food plants are all plants of open spaces
and five of the first eight (Table 1) are grasses. The
archeological records indicate that maize, wheat and
rice were domesticated independently in different
parts of the world, maize in the Americas, wheat in the
Near East and rice in China. As these three cyanogenic
species became the staple sources of carbohydrate,
they replaced earlier staples, which were more often
than not also cyanogenic species. These latter plants
were by no means dropped from the diet; indeed many
of them remain important food crops in these same
areas. Thus maize superseded sweet potato, cassava
and other tubers, various pulses and pseudo cereals
[65]. Rice superseded millets of various kinds and, in
the Far East, wheat replaced barley, though not rice
[66]. In the Near East, it appears that wheat was dom-
esticated very early because the ‘native grasses were
highly productive’ [67].

CYANOGENESIS AND PLANT DEFENCE AGAINST
HERBIVORES

Cyanogenesis is one of the few situations where it
has been possible to prove chemical defence against
herbivores beyond reasonable doubt {68-75, and other
references in Table 7]. Cyanogenesis is no defence
against specialist herbivores that use f-cyanoalanine
synthetase (74, 75) or a sulphur transferase (e.g. Zyga-
ena filipendulae, Polyommatus icarus and numerous
other species [76]) to detoxify the cyanide. A further
complication is that some herbivores of cyanogenic
plants are themselves cyanogenic [77, 78]. The experi-
ments with Lotus corniculatus and Trifolium repens
show that molluscs and insects will eat cyanogenic
plants when there were no alternatives, but when given
a choice they prefer to eat the acyanogenic form of a
polymorphic species [68, 71-74]. Rabbits show the
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Table 7. Plants for which chemical defence by cyanogenesis

is known
Plant species Defended against
Acacia spp. Insects, in those species not
defended by ants {82].
Amelanchier alnifolia Odocoileus hemicorus hemi-
corus (Mule deer) [83].
Cynodon plectostachys Complex interaction be-
tween insects, mammal

grazers and trampling [84].
Slugs, snails and insects [68—
72, 74].

Zonocerus variegatus, wild
pigs, baboons, porcupines,
rats and game [85-87).
Deer, sheep and some insects
[88-89].

Desert rodents [90].

Locusta migratoria [91-92).
Slugs, snails and weevils 71,
73, 93-96).

Lotus corniculatus

Manihot esculenta

Pteridium aquilinum

Simmondsia chinensis
Sorghum bicolor
Trifolium repens

same behaviour when both cyanogenic and acy-
anogenic Trifolium repens are available together (Ellis
Davies, personal letter 22 November 1977 and two
photographs, copyright of the Welsh Plant Breeding
Station), but not with Lotus corniculatus [80], in spite
of strong circumstantial evidence to the contrary [81].
Following further field experiments, we found that
cyanogenesis in L. corniculatus and T. repens is
remarkably effective against casual herbivores [72].

Table 7 shows some examples of this type of chemi-
cal defence in other cyanogenic species, including food
plants. Some of the animals involved, particularly
insects in tropical and subtropical regions, can do
immense damage to food crops that are not
adequately protected.

Nearly all the experiments and field observations to
date have been with one or a small number of plant
species. On a larger scale, a close correlation was
found between the distribution of cyanogenic indi-
viduals and insects eating the 800 plants of 108 species
sampled in a neotropical sandy region near Rio de
Janeiro [97]. Furthermore, in subsites, there was a
seasonal correlation, cyanogenic individuals and
insects being commoner during the summer. It was
concluded that plant defence against insects was the
best explanation for the distribution of the cyanogenic
plants.

In my early experiments in cyanogenesis [68, 74],
slugs and snails were sometimes observed to bite
through the stems of cyanogenic plants, but eat no
more. Later the molluscs would return to eat the bit-
ten-off stems and leaves. By that time cyanogenesis
would have been completed, following from osmotic
shock, and the plant material would have become
palatable. Whether this is deliberate behaviour by
these gasteropods has not been determined, but it

does parallel the processing of cyanogenic foods by
humans.

Another type of pre-ingestive food processing has
been observed, this time by lepidopteran larvae. The
caterpillars of several species drain the leaves of their
foodplants of the defensive latex and so avoid having
their mouthparts clogged by the drying latex [98-99].

DISCUSSION

This is by no means the first occasion on which the
importance of cyanogenesis both in human food and
in human diet has been emphasised [e.g. 39, 100-101].
What is novel is the statistical analysis of the existing
data, with the revelation that a grossly dis-
proportionate number of the most important human
food plants is cyanogenic. Furthermore, it is now
possible to attempt to explain how this came about.

There are now sufficient examples of plant defence
by cyanogenesis for us to conclude that cyanogenesis
is an important system of chemical defence for plants.
From this mass of information, collected for a mul-
titude of different purposes, a coherent picture show-
ing the reason for so many food plants being cyano-
genic can be developed. A potential food plant has to
be nutritious, easy to grow and ‘good’ to eat. It is not
difficult to imagine that a plant with few pests would
be an attractive candidate for domestication. It is
unlikely that our ancestors deliberately sought plants
free of pests, but in the same way that before the
arrival of large refrigerators certain grocery stores
were noted for their good cheese, wine and dried fruit
because, fortuitously, they had good cellars, so some
food plants were preferred for cultivation because they
were less eaten by animals and less attacked by fungi
than others. The chemical defence involved, in an
overwhelming number of cases, happened to be
cyanogenesis. The apparent resistance of cassava to
Zonocerus variegatus, wild pigs, baboons, porcupines
and other game and of Sorghum to Locusta migratoria
is a clear demonstration of the benefit of cyanogenesis
to the plant and, presumably, to the primitive farmer.
Concern today about the diseases and pests of food
plants is irrelevant to the evolution of our staple foods.
Monocultures are always subject to rapid evolution
of pests, almost irrespective of the natural defences
of the crop plant. Cassava, for example, shows the
problem well [102-104]. The planting of monocultures
on a large scale is a relatively recent farming practice
and so, during the domestication of our staple foods,
the increase of pests and diseases would have been
scarcely noticeable.

Unlike most other animals, humans had the ability
to process foods, grinding and steeping followed by
cooking. In this way the cyanogenic glycosides that,
by cyanogenesis, were deterrents to the herbivores in
the wild state could be removed effectively while at
the same time sweetening the taste from the rather
bitter flavour of raw cyanogenic plant material (as
is known for bitter almonds and cassava). Selective
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breeding has also been used in attempts to improve the
taste and reduce the toxicity of food plants. Sometimes
this can be done, othertimes not (e.g. [105]). There
is, however, the danger that removal of the defence
compound opens up the crop to an increase in pest
pressure (e.g. {106]).

We already know that some progenitors of food
plants are cyanogenic, e.g. Triticum monococcum [4],
Manihot spp. [107] and Saccharum spontaneum [17],
and others still exist in the wild. The explanation out-
lined above predicts that at least one of the wild ances-
tors of a cyanogenic food plant will have been cyano-
genic. I am now seeking to test for cyanogenesis as
many as possible of the extant wild relatives of the
most important food crops.
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