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1.1 Abstract

Evidence of  the existence of  a wide range of  
 secondary compounds and proteins in plants 
with pharmacological activity or with the poten-
tial to cause adverse effects in other living organ-
isms is now firmly embedded in the scientific 
literature. The term ‘phytotoxins’ is convention-
ally used to describe these substances, but there 
are issues associated with nomenclature which 
are addressed below. In this chapter, the ecology 
of  phytotoxins, including several glycosides, non- 
protein amino acids, furanocoumarins, condensed 
tannins, gossypol and specific anti- nutritional 
proteins, is considered. A number of  these com-
pounds occur exclusively in tropical plants while 
others are more universally distributed but with 
particular relevance in temperate environments. 
The aforementioned phytotoxins have been se-
lected for  diverse manifestations and implica-
tions in toxicology. Effects in mammals include 
 digestive dysfunction caused by anti-nutritional 
 proteins in legume seeds; irreversible spastic par-
alysis and cognition defects induced by cyanogenic 
glycosides in cassava; goitrogenic activity precipi-
tated by Brassica glucosinolate breakdown prod-
ucts; favism associated with pyrimidine glycosides 
in faba beans; cardiotoxicity and reproductive 
abnormalities caused by gossypol in cottonseed; 

phytodermatitis following contact with furano-
coumarins in celery and other plants; and can-
cer induced by ptaquiloside in bracken fern.

Lower organisms possess variable mechan-
isms for metabolizing several of  these phyto-
toxins. Nevertheless, it is consistently maintained 
that phytotoxins serve in a protective role in 
plants against invertebrate herbivores and fungal 
pathogens. It is concluded that a defence system 
based on protein phytotoxins may be relatively 
more robust than those involving secondary 
compounds. Furthermore, it is suggested that 
these heat-labile protein phytotoxins should form 
part of  a plant breeding programme to enhance 
pest and pathogen resistance without comprom-
ising food safety. However, the challenge for the 
future is to exploit the wide array of  the other 
phytotoxins as environmentally friendly protect-
ants for food crops. Structure-activity and other 
functional relationships have been established 
for a limited number of  phytotoxins, thus im-
proving the prospects for the development of  
more effective bio-pesticides.

1.2 Introduction

A diverse array of  toxic compounds occurs in 
higher plants as a consequence of  endogenous 
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synthesis, involving intricate and extensive 
 pathways of  secondary metabolism (D’Mello, 
1997). These products differ widely in terms of  
molecular weights, structure and biological 
 activities, eliciting responses independently of  
each other or in synergy with other molecules 
and perhaps even implying a role for specific re-
ceptors. The term ‘phytotoxins’ has been adopted 
in this chapter, but there is a plethora of  syn-
onyms in the extensive literature, justifying fur-
ther clarification as detailed below. Although 
these substances are considered to be constitu-
tive in origin, there are also significant mechan-
isms for induced synthesis in response to biotic 
and environmental stresses. In general, phyto-
toxins are of  low to medium molecular weights, 
but more complex compounds regularly occur, 
particularly in seeds and certain roots. Toxicity is 
directed towards, and readily expressed in, a wide 
range of  organisms, irrespective of  taxonomic 
classification, contributing to a proposed consti-
tutive and induced mechanism of  defence in 
higher plants. Thus, other plant genera may suc-
cumb to adverse effects just as well as microbial 
pathogens, insect herbivores and vertebrates.

The study of  phytotoxins is relevant to this 
volume for several reasons, in addition to enhan-
cing our knowledge of  fundamental and applied 
toxicology. It highlights issues in chemical ecol-
ogy, particularly with regard to the differences 
between temperate and tropical plant species and 
the interaction with biotic and environmental 
factors, thus assisting in our understanding of  
niche biodiversity. An emerging issue is the puta-
tive role of  these toxins in the elucidation of  host–
pathogen and host–parasite interactions and the 
expression of  innate immunity in plants. A logical 
progression in this aspect is the exploitation of  
plant toxins for the development of  bio-pesticides 
as environmentally friendly alternatives to per-
sistent chemical protectants currently in use.

An important exclusion clause applies here 
to further define the terms of  reference. Phyto-
toxins with established pharmacological activ-
ities and those with medical uses fall outside the 
scope of  this review, due to limited environmen-
tal implications. Nevertheless, there is a need 
for flexibility in this restrictive approach, since 
several phytotoxins may potentially serve as 
novel pharmaceuticals partly designed to allevi-
ate drug pollution, an emerging problem high-
lighted by Larsson (2014).

1.3 Terminology

It is essential at the outset to clarify several issues 
concerning nomenclature. It is generally accepted 
that phytotoxins comprise those secondary com-
pounds of  plants that are toxic to other living or-
ganisms. This definition, by convention, extends 
to certain protein molecules that clearly do not 
arise as a result of  secondary metabolism and 
may serve additional functions in the plant. Over 
the course of  time, additional terms have come 
into common usage to emphasize distinct func-
tional characteristics of  certain phytotoxins. 
These include allelochemicals, anti-metabolites 
and particularly phytoalexins. In addition, sec-
ondary substances may be classified as carcino-
gens, phytoestrogens and anti-nutritive factors.

According to recognized nomenclature, 
phytoalexins refer specifically to those secondary 
compounds synthesized by plants to inhibit infec-
tion and proliferation of  pathogenic fungi. It is 
important to note overlap in common usage in 
that several phytotoxins are also classified as 
phytoalexins. The term ‘death acids’ has also been 
used with reference to cytotoxic phytoalexins in 
maize, Zea mais (Christensen et al., 2015).

It is instructive to consider the broad context 
of  the term ‘phytotoxins’. For example, Dadler 
(2014) referred to a bacterial phytotoxin in the 
inhibition of  eukaryotic proteasomes, and Bignell 
et al. (2014) reported the synthesis of  phytotoxins 
by plant pathogenic Streptomyces species, while 
Cimmino et al. (2015) indicated the existence of  a 
fungal phytotoxin with herbicidal potential. Fur-
thermore, Chang et al. (2016) identified multiple 
phytotoxins as well as phytotoxic effector in 
Fusarium virguliforme. This chapter is concerned 
exclusively with toxins produced by plants.

As will be seen later, the concept of  secondary 
metabolism is now under renewed scrutiny since it 
implies that the derived molecules exist on the per-
iphery of  plant survival, growth and reproduction, 
surplus to requirements. There is now overwhelm-
ing evidence of  important signalling and defence 
roles for a wide range of  these compounds. Exam-
ination of  metabolic pathways indicates that pri-
mary and secondary processes are not parallel but 
integrated with respect to utilization of  common 
substrates, cofactors and shared bioenergetics. 
Thus, the distinction between primary and sec-
ondary metabolism appears to be largely arbitrary 
in the light of  present-day evidence.
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1.4 Objectives

It is not intended to provide an exhaustive 
catalogue of  phytotoxins but rather to focus on 
key compounds that illustrate how molecular 
and structural diversity affect toxicology. In 
determining this selection, the aim has been to 
indicate the disparate range of  manifestations 
attributed to the different phytotoxins. For ex-
ample, in vertebrate animals, including humans, 
deleterious effects range from inhibition of  pro-
teolytic enzymes in the gut to organ damage and 
dysfunction, photosensitization reactions, gen-
etic damage and carcinogenesis. The selection of  
plant sources of  these toxins will reflect species 
occurring in natural and managed ecosystems. 
An additional consideration includes the puta-
tive role of  phytotoxins and other secondary 
compounds in defence mechanisms of  plants 
specifically directed at insect pests and fungal 
pathogens. Attempts to elucidate the detoxifi-
cation mechanisms in target species are also 
relevant in this chapter, as efforts continue to 
identify potential targets for the development of  
effective bio-pesticides.

1.5 Distribution and Ecology

The phytotoxins under consideration here have 
been selected from the important primary groups 
in the conventional classification of  secondary 
compounds, namely glycosides, non- protein amino 
acids, phenolic compounds and derivatives, al-
kaloids and proteins. The occurrence of  these 
compounds in plants of  economic and  ecological 
importance is presented in Table 1.1. The diver-
sity of  individual compounds present as glyco-
sides is immediately apparent. It will be noted that 
the cyanogens occur in tubers as well as in seeds. 
The distribution of  several phytotoxins is charac-
teristically associated with tropical species, for ex-
ample mimosine in Leucaena leucephala (ipil-ipil) 
and gossypol in Gossypium hirsutum and G. bar-
badense (cotton). In contrast, canavanine occurs 
more widely, including both temperate and trop-
ical plants. Legumes tend to contain a greater di-
versity of  phytotoxins, with the seed being the 
most concentrated source. The co-occurrence 
of  S-methylcysteine sulfoxide (SMCO) with glu-
cosinolates in Brassica species is worth noting. 

 Condensed tannins also invariably occur with 
other phytotoxins in legume plants. Proteinase in-
hibitors, lectins and certain enzymes complete the 
spectrum of  large molecular-weight phytotoxins.

1.6 Adverse Effects in Vertebrate 
Animals

1.6.1 Toxic glycosides

It is instructive to commence with the glyco-
sides, due to the diverse range in molecular com-
plexity and mode of  deployment of  the toxic 
principle. The effects of  the glycosides listed in 
Table 1.2 are only expressed after completion of  
an enzyme-dependent reaction releasing the 
deleterious component from its precursor. This 
enzyme reaction is triggered by tissue damage to 
the plant, as for example after insect herbivory 
or fungal penetration and infection.

The cyanogens exist as a distinctive class of  
glycosides in the foliage and seeds of  different 
species of  plants (Davis, 1991). The classical ex-
ample is amygdalin, present in bitter almonds, 
while another well-known cyanogen, linamarin, 
occurs in cassava. In sorghum plants, the princi-
pal cyanogen is dhurrin. The structures and a 
comprehensive list of  cyanogens are presented 
by Davis (1991). Following tissue damage, hydro-
gen cyanide (HCN) is released from the cyano-
gen, causing dose-related toxicity and lethality 
to insect herbivores and vertebrate animals. Ex-
tensive human health issues continue to be re-
ported in sub-Saharan communities dependent 
upon cyanogenic cassava even to the present 
time (Tshala-Katumbay et al., 2016). Sub-lethal 
blood HCN concentrations of  up to 80 μmol l–1 
are regularly observed, leading to symptoms of  
acute toxicity. Sub-lethal effects include distinct 
and irreversible spastic paralysis, known in sub- 
Saharan African regions as ‘konzo’, and cognition 
deficits. However, the issue may be confounded 
by other factors such as age, gender, dietary pro-
tein insufficiency and even micronutrient defi-
ciency. Health disorders may also result from 
thiocyanate, a detoxication product of  HCN. 
Thiocyanate increases the metabolic demand for 
iodine and goitre may occur in cassava-reliant 
populations if  the intake of  the essential element 
is inadequate (Davis, 1991).
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Common manifestations of  glycoalkaloid 
poisoning in human subjects include headache, 
vomiting, diarrhoea, abdominal pain and neuro-
logical disorders (Percival and Dixon, 1997). 
 Potato glycoalkaloids are consumed by signifi-
cant numbers of  the global population over their 
lifespans, but there appears to be a dearth of  
data on potential long-term effects.

Histological lesions in the liver and kidney 
of  rats have been attributed to breakdown prod-
ucts of  glucosinolates (Duncan, 1991). Nitriles, 
isothiocyanates and 5-vinyl oxazolidinethione 
(5-OZT) are the principal degradation products 
under regular investigation. The goitrogenic ef-
fects of  5-OZT are attributed to the organic iod-
ination of  thyroxine. Due to intermittent intakes, 

Table 1.1. Classification and distribution of important phytotoxins in higher plants. This table is not 
designed to be exhaustive but illustrative of the biophysical features of the selected phytotoxins. The 
compounds below are arranged in order of increasing complexity of the bioactive groups. Of particular 
note is the occurrence of phytotoxins as glycosides.a For comparison of chemical structures, refer to Toxic 
Substances in Crop Plants (D’Mello et al.,1991) and Handbook of Plant and Fungal Toxicants (D’Mello, 
1997).

Classification
Phytotoxins (precursors/ 
active compounds) Occurrence

Cyanogensa Linamarin
Amygdalin

Dhurrin

Cassava (Manihot esculenta)
Bitter almonds (Prunus dulcis), and seeds 

of peaches (Prunus persica) and apricots 
(Prunus armeniaca)

Sorghum (Sorghum vulgare)
Glycoalkaloidsa Solanine and chaconine Potato (Solanum tuberosum)
Glucosinolatesa Nitriles, isothiocyanates and 

other derivatives and 
breakdown products

Cabbage, cauliflower, kale and other 
Brassica species

Saponinsa Triterpenoid and steroid 
aglycones

Wide distribution in plants destined for 
consumption by humans and farm 
animals

Pyrimidine glycosidesa Vicine and convicine Faba beans (Vicia faba)
Flavonesa Quercetin, myricetin,  

rutin, etc.
Constituents of fruits, vegetables, cereals, 

tea and cocoa
Isoflavonoidsa Daidzin, glycitin, genistin,  

etc.
Wide distribution in plants, especially 

legumes
Illudane glycoside  

(bracken toxin)
Ptaquilosidea Bracken fern (Pteridium species)

Non-protein amino  
acids

S-Methylcysteine sulfoxide
Mimosine
Canavanine

Selenoamino acids

Brassica species
Ipil ipil (Leucaena leucocephala)
Alfalfa (Medicago sativa), jackbean 

(Canavalia ensiformis) and certain other 
tropical legume seeds

Brassica vegetables
Linear  furanocoumarins Psoralen, bergapten, 

 xanthotoxin, isopimpinellin
Distributed in at least 15 plant families

Polyphenolic compounds Condensed tannins

Gossypol

Distributed in cereal grains, legume seeds 
and forages

Cotton plant (Gossypium spp.)
Proteins Proteinase inhibitors

Lectins

Threonine dehydratase

Ubiquitous in plants, especially legume 
seeds, e.g. soyabeans (Glycine max)

Concentrated in legume seeds,  
e.g. jackbean (Canavalia ensiformis), 
kidney beans (Phaseolus vulgaris)

Tomato (Solanum lycopersicum)
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glucosinolates and associated breakdown prod-
ucts are not risk factors in human health; on the 
contrary, several of  the sulfur-containing sec-
ondary compounds in Brassica vegetables are at-
tributed with beneficial properties as potential 
anti-cancer agents (see below).

Although saponins are known for inter-
actions with biological membranes and haemolytic 
and cytotoxic effects under experimental condi-
tions (Tong et al., 2017), there is no evidence of  ad-
verse implications for human health with common 
foods containing these secondary compounds. In-
deed, the hypocholesterolaemic effect of  saponins 
has generated considerable clinical interest.

The pyrimidine glycosides are associated 
with favism in humans with a genetic deficiency 
of  glucose-6-phosphate dehydrogenase (G6PD) 

in erythrocytes, precipitated by ingestion of  faba 
beans or by certain drugs or infection; acute 
haemolytic anaemia is another feature. Reading 
et al. (2016) observed that the most common 
form of  severe haemolytic anaemia in Palestin-
ian children varies in severity with three differ-
ent variants of  G6PD deficiency within the same 
community.

Flavones in general are attributed with 
moderate to low cytotoxicity, as shown by 
studies with human cell lung carcinoma and 
colorectal cancer cell lines (Gaydou, 1997). How-
ever, in studies with Chinese hamster ovary 
cells, quercetin aglycone induced the highest 
degree of  toxicity of  all the flavonoids tested by 
Engen et al. (2015). With isoflavonoids, biliary 
atresia in neonates exposed to biliatresone from 

Table 1.2. Contrasting effects of phytotoxins in mammals and other vertebrates.

Phytotoxins Effects References

Cyanogens Irreversible spastic paralysis in humans (konzo); cognition 
deficits; goitre

Tshala-Katumbay  
et al. (2016)

Glycoalkaloids Headache, vomiting, diarrhoea, abdominal pain and 
neurological disorders in humans

Percival and Dixon 
(1997)

Glucosinolates Histological lesions in the liver and kidney of rats attributed 
to breakdown products of glucosinolates; goitrogenic 
effects

Duncan (1991)

Saponins Interaction with biological membranes; haemolytic and 
cytotoxic effects

Tong et al. (2017)

Pyrimidine  
glycosides

Favism in humans with a genetic deficiency of 
 glucose-6-phosphate dehydrogenase in erythrocytes; 
precipitated by ingestion of faba beans or by certain  
drugs or infection; acute haemolytic anaemia

Reading et al. 
(2016)

Flavones Moderate to low cytotoxicity in human cell lung carcinoma 
and colorectal cancer cell lines

Gaydou (1997)

Isoflavonoids Biliary atresia in neonates exposed to  biliatresone from 
Dysphania species

Lorent et al. (2015)

Ptaquiloside Major carcinogen of bracken fern Virgilio et al. (2015)
Non-protein  

amino acids
S-Methylcysteine sulfoxide: haemolytic anaemia in 

 ruminants; mimosine: disruption of reproductive  processes, 
teratogenic effects and loss of hair and wool; canavanine: 
antagonist of arginine in avian species; selenoamino 
acids: anti-metabolite activity towards sulfur amino acids

D’Mello (2015a)

Furanocoumarins Phytophotodermatitis, mutagenic and  carcinogenic 
 properties

Diawara and 
Trumble (1997)

Condensed  
tannins

Anti-nutritional effects in ruminants, including reduced feed 
intake and digestibility of nutrients

Kumar and D’Mello 
(1995)

Gossypol Cardiotoxic effects; reproductive dysfunction Santana et al. 
(2015)

Proteinase  
inhibitors

Depressed dietary protein digestibility; pancreatic 
 hypertrophy

Norton (1991)

Lectins Reduced appetite and severe digestive disorders D’Mello (1995)
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Dysphania species has emerged in a recent study 
(Lorent et al., 2015).

In contrast, ptaquiloside, the major toxin in 
bracken fern, is positively associated with car-
cinogenic properties towards livestock and pos-
sibly humans through contact or consumption. 
Virgilio et al. (2015) reported ptaquiloside in the 
pooled raw milk of  healthy sheep and goats, rep-
resenting an underestimated, global concern for 
food safety.

1.6.2 Non-protein amino acids

Non-protein amino acids precipitate a diverse 
array of  toxic effects in mammals (see D’Mello, 
2015a). SMCO causes haemolytic anaemia in 
ruminants fed largely or exclusively on Brassica 
forage. Adverse effects of  SMCO develop after its 
metabolism by anaerobic rumen bacteria to di-
methyl disulfide, a reactive metabolite. SMCO in 
Brassica vegetables is safe for human consump-
tion due to the absence of  significant microbial 
activity in the gut. Mimosine causes disruption 
of  reproductive processes, teratogenic effects and 
loss of  hair and wool in cattle and sheep grazing 
Leucaena pastures. The toxicity of  Leucaena is de-
termined by geographical differences in rumen 
ecology. In regions where Leucaena is indigenous 
(Central America) or is naturalized (Hawaii and 
Indonesia), ruminants possess the full comple-
ment of  bacteria to completely degrade mimo-
sine, which accounts for the absence of  Leucaena 
toxicity in these countries. However, in Austra-
lia, the USA and Kenya, ruminants lack the 
requisite bacteria required for the complete deg-
radation of  mimosine and succumb to the goit-
rogenic effects of  its intermediate compound, 
3-hydroxy-4(1H)-pyridone (see D’Mello, 2015a). 
Anecdotal evidence indicates that consumption 
of  Leucaena as a vegetable may cause hair loss in 
humans. In avian species, canavanine acts as an 
antagonist of  arginine, an essential amino acid 
for these animals. The selenoamino acids also 
display anti-metabolite activity, but the target is 
the sulfur amino acids.

1.6.3 Linear furanocoumarins

Manifestations of  mammalian toxicity of  linear 
furanocoumarins include phytophotodermatitis, 

mutagenesis and carcinogenesis (Diawara and 
Trumble, 1997). The linear furanocoumarins 
are photoactivated by ultraviolet A radiation in 
the wavelength range 320–400 nm. The epider-
mal symptoms include bullous eruptions, pig-
mentation, erythema and potential vesicle 
formation. These changes may appear at points 
of  contact with plants containing linear furano-
coumarins, or over the entire body if  exposure 
occurs via ingestion.

1.6.4 Condensed tannins

With condensed tannins, the primary obser-
vations relate to anti-nutritional effects in ru-
minants, including reduced feed intake and 
digestibility of  nutrients. However, these effects 
may vary according to the ability of  certain spe-
cies to produce and secrete salivary proline-rich 
proteins (PRPs). It is considered that PRPs form 
the first line of  defence against ingested tannins 
and that deer and possibly goats produce copi-
ous quantities of  PRPs, whereas they are absent 
in the salivary secretions of  cattle and sheep 
(Kumar and D’Mello, 1995).

1.6.5 Gossypol

Gossypol toxicity is characterized by two fea-
tures: cardiotoxic effects, for example in pigs, 
lambs and calves consuming cottonseed or its 
by-products (Risco and Chase, 1997); and repro-
ductive dysfunction. The latter issue continues 
to attract attention, with Santana et al. (2015), 
for example, investigating the mechanisms in-
volved in reproductive damage caused by gossy-
pol in rats and the protective effects of  vitamin E.

1.6.6 Protein phytotoxins

The protein phytotoxins exert moderate to 
powerful anti-nutritional effects in vertebrate 
animals. Proteinase inhibitors depress dietary 
protein digestibility in a wide range of  animal 
species and also cause pancreatic hypertrophy 
(Norton,1991). In contrast, lectins are associ-
ated with rapid and wasteful growth of  the small 
intestine and pancreas in laboratory animals, 



 Phytotoxins 9

causing, in addition, a disruption of  the absorp-
tive epithelium and reduced nutrient availability 
for peripheral organs. Mortality in these animals 
is attributed to severe depletion of  body reserves 
(Grant, 1991).

1.7 Role as Plant Defence 
 Compounds

The role of  phytotoxins as plant defence com-
pounds has been a major justification for con-
tinuing research (see D’Mello et al., 1991). In 
recent years, a high degree of  sophistication has 
emerged in the description of  innate immunity in 
higher plants (comparable to that in mammals), 
involving signal transduction and deployment of  
secondary compounds in response to insect her-
bivory or fungal infection (D’Mello, 2015b). Sig-
nal transduction in plants is critically dependent 
upon the metabolism and utilization of  amino 
acids. Specific amino acids may directly contrib-
ute to signal transduction, as in the case of  gluta-
mate. For example, Ca2+ conduction by an amino 
acid-gated channel has been attributed to the ex-
istence of  glutamate-like receptor homologues of  
mammalian ionotropic glutamate receptors. The 
role of  d-serine in a novel plant signalling mech-
anism has also been demonstrated, reflecting a 
similar system in mammals. Contemporary evi-
dence and opinions implicate a diverse array of  
phytohormones and other bioactive compounds 
in complex signal transduction networks inte-
grated into a complex defence system. Examples 
frequently cited include abscisic acid, salicylic 
acid, jasmonate, ethylene, nitric oxide and indole 
acetic acid. The context for signal transduction 
in plants is generally associated with stress and 
defence metabolism and the initiation of  induced 
resistance, though signalling compounds rarely 
operate in isolation. The emerging evidence con-
firms complex interactions or crosstalk in com-
munication networks of  plants exposed to biotic 
or environmental challenges. Specific signalling 
compounds have been associated with crosstalk 
functions. It is generally accepted that salicylic 
acid signalling mediates defences towards bio-
trophic pathogens, whereas jasmonate is effect-
ive against insect herbivores and necrotrophic 
microorganisms. However, much still needs to be 
uncovered about salicylic acid/jasmonate cross-
talk at the molecular and ecological levels (see 

D’Mello, 2015b). Insect herbivory activates  several 
endogenous signals from the damaged tissues, 
resulting in the deployment of  plant defence 
compounds. Collectively, these processes comprise 
the ‘wound response’ of  plants to insect herbivo-
ry. Molecular analysis of  the wound response 
 indicates that systemin and prosystemin are up-
stream components of  a jasmonate- dependent 
cascade, though a jasmonate- independent path-
way may also operate. Others implicate oligosac-
charides, ethylene and abscisic acid as additional 
contributors to the wound response.

The foregoing account amply demonstrates 
the extensive and in-depth advances relating to 
the characterization of  signalling and defence 
compounds in plants. It is also evident that the 
role of  signalling molecules involved in the initi-
ation of  defence reactions in plants applies to 
both constitutive and inducible phytotoxins. 
However, the integration of  these components 
into a working model to explain plant immune 
responses towards insect herbivores or fungal 
pathogens remains largely elusive. This relative 
lack of  progress may be attributed, in part, to the 
unpredictable efficacy of  certain phytotoxins in 
plant responses to biotic stress.

1.7.1 Effects on insect herbivores

Although considerable attention has been given 
to the activity of  constitutive phytotoxins, there 
is evidence that several of  these defence com-
pounds may also be induced during and after 
 insect predation.

Several phytotoxins exert their defence 
functions towards predatory insects by redu-
cing feeding activity. These include glycoalka-
loids, saponins, furanocoumarins and condensed 
 tannins (Table 1.3).

On the basis of  mammalian evidence, it 
would be logical to assume that plant cyanogens 
might serve as highly effective defence com-
pounds against insect herbivores. Any such 
perceptions are not entirely supported by experi-
mental observations. The widespread herbivory 
associated with cyanogen-containing plants 
argues against any protective functions for this 
phytotoxin. Davis (1991) suggested that cyano-
gens may serve in a defensive role arising from 
deterrence to feeding rather than from out-
right toxicity. Differences may also be apparent 
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 between specialist and generalist insect predators. 
The southern armyworm (Spodoptera eridania) 
exhibits preference for the linamarin- containing 
lima bean (Phaseolus lunatus) and it has been 
demonstrated that cyanide acts as a feeding 
attractant. In choice-feeding studies, larvae of  
a Southern African butterfly (Acraea horta) 
preferred leaves of  cyanogen-containing plant 
species. Davis (1991) concluded that the role 
of  cyanogens was ‘neither clear nor consistent’. 
As shown in Table 1.3, multiple strategies may 
exist in Zygaena filipendulae larvae to overcome 

plant cyanogen defence. These mechanisms in-
clude behavioural, morphological, physiological 
and biochemical adaptations at different phases 
during feeding and digestion to avoid toxic 
breakdown of  cyanogens (Pentzold et al., 2014; 
Fig.1.1). Despite the lack of  consistency on the 
efficacy of  cyanogens as defence against insect 
herbivores, others point to the prophylactic and 
curative properties of  extracts from cassava bio-
waste on the pseudostem weevil (Odoiporous lon-
gicollis Oliver) (Coleoptera) in banana (Krishnan 
et al., 2015). The practical implications of  this 

Table 1.3. Diverse effects of phytotoxins on insects of economic importance, including herbivores and 
stored-product pests: a selection of recent data.

Phytotoxins Effects References

Cyanogens Insect herbivore employs multiple strategies to 
overcome plant cyanogens

Pentzold et al. (2014)

Glycoalkaloids (GAs) Feeding preferences affected by concentrations 
and profile of GAs in specialist and generalist 
insect herbivores

Altesor et al. (2014)

Glucosinolates (GSLs) Insects are capable of diverting hydrolysis of 
GSLs to less toxic compounds or desulfate 
parent GSLs to prevent hydrolysis by plant 
myrosinases; insects may also sequester 
ingested GSLs for use as defence molecules

Jeschke et al. (2015)

Saponins In combinations with the flavonoid apigenin, 
saponins reduce both the number and 
duration of feeding probes in aphids; 
responses depend upon the concentration 
and proportions of compounds in the mixture

Goławska et al. (2014)

Flavones Survival, food utilization and cell organelles of a 
generalist insect herbivore adversely affected 
by quercetin

Selin-Rani et al. (2016)

Non-protein amino acids Mimosine inhibitory to growth and development 
of insect larvae; insecticidal activity of 
canavanine attributed to its mimicry of 
arginine

D’Mello (2015a)

Furanocoumarins Insecticidal and anti-feeding effects observed 
with extracts containing furanocoumarins

Pavela and Vrchotova 
(2013)

Condensed tannins Anti-feeding activity of condensed tannins to 
various non-adapted insect herbivores

Griffiths (1991)

Gossypol Aldehyde groups of gossypol are critical for its 
toxicity to cotton-feeding insect larvae; 
up-regulation of cytochrome P450 enzyme 
attributed to a general stress response to 
plant toxins and not just gossypol

Krempl et al. (2016)

Proteinase inhibitors Trypsin inhibitor causes high mortality in the 
raspberry weevil

Medel et al. (2015)

Lectins Anti-nutritional effects of lectins affecting larval 
weight, fecundity, pupation and survival

Macedo et al. (2015)

Threonine dehydratase Depletion of threonine (an essential amino acid) 
in insect gut

D’Mello (2015b)
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approach for pest control in low-input tropical 
agriculture is all too clear.

The review by Percival and Dixon (1997) 
indicated that glycoalkaloids are characterized 
by repellent properties towards the Colorado po-
tato beetle (Leptinotarsa decemlineata) causing ef-
fects in both larval and adult beetles. The type of  
glycoalkaloid present in plant foliage may be as 
important as total glycoalkaloid concentrations 
in conferring resistance to insect predation. In 
wild Solanum species, glycoalkaloid concentra-
tions were inversely correlated with nymphal in-
festation by the potato leaf  hopper (Empoasca 
fabae Harris) and positively affected nymphal 
survival and feeding behaviour. It was concluded 
that foliar concentrations of  glycoalkaloids may 
markedly assist in the defence of  wild potato  
towards this pest. However, glycoalkaloid com-
position and concentrations of  foliage were not 
associated with resistance to the potato aphid 
(Myzus persicae). In recent studies (Table 1.3), it 

has emerged that different glycoalkaloid profiles 
affect feeding preferences of  insect herbivores 
and that domestication has affected the defensive 
potential of  Solanum tuberosum. Nevertheless, 
the wild potato plant is susceptible to predation 
by specialist insect herbivores guided by gly-
coalkaloids (Altesor et al., 2014).

According to Duncan (1991), the rapid 
turnover of  glucosinolates reflects an adaptive 
function, possibly related to a defensive role in 
plants. The glucosinolate content of  various 
plants has been shown to affect larval develop-
ment, pupation and the extent of  predation by 
insect herbivores. Some insect species have been 
designated ‘Brassica specialists’, being endowed 
with biochemical and other mechanisms of  de-
toxification or avoidance of  adverse effects of  
glucosinolates. One such pathway may involve 
glucosinolate desulfation, as in the phloem-feeding 
insect Bemisia tabaci. Insect herbivores are 
capable of  diverting hydrolysis of  glucosinolates 

Insect
herbivoryCyanogen

in plant
cell

Glucose

Aglycone
(HCN)

Behavioural, morphological,
physiological and biochemical
strategies in certain insects

Avoidance of toxicity by insect
Insecticidal
activity

Fig. 1.1. Fate of plant cyanogens in 
insect herbivores.
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to less toxic compounds or desulfate parent 
glucosinolates to prevent hydrolysis by plant 
myrosinases; insects may also sequester in-
gested glucsinolates for use as defence molecules 
(Jeschke et al., 2015; Table 1.3). Adult flea beetles 
(Phyllotreta striolata) selectively acquire intact 
glucosinolates from their host plant and also 
produce their own myrosinase enzyme to enable 
utilization of  the glucosinolate breakdown prod-
ucts for their own purposes (Beran et al., 2014). 
An intriguing aspect relates to the attractant– 
defence axis, in that young leaves high in glu-
cosinolates stimulate oviposition by a specialist 
herbivore despite reduced survival of  larvae due to 
high saponin content (Badenes-Perez et al., 2014).

Marked insecticidal activity of  non-protein 
amino acids has been known for several decades, 
with the effects of  canavanine being most con-
sistent (D’Mello, 2015a). The efficacy of  canava-
nine as a plant defence molecule is based on 
its structural analogy to arginine, an essential 
amino acid for insect herbivores. Substitution of  
canavanine for arginine results in the synthesis 
of  aberrant dysfunctional canavanyl peptides 
and proteins, thus compromising insect survival.

It is assumed that the cotton plant is well pro-
tected by its primary defence compound, gossypol. 
It is now known that the aldehyde groups of  gossy-
pol are critical for its toxicity to cotton-feeding 
insect larvae. Furthermore, upregulation of  cyto-
chrome P450 enzyme was attributed to a general 
stress response to plant toxins and not just gossy-
pol (Krempl et al., 2016). Nevertheless, gossypol 
may be partially detoxified via glycosylation, thus 
providing a mechanism even for generalist insect 
herbivores to utilize cotton as a host plant.

In contrast, protein phytotoxins may provide 
a more robust system of  defence against insect 
pests. Norton (1991) noted that proteinase inhibi-
tors conferred protection to various parts of  the 
plant against insects. This conclusion was based 
on the observation that wounding the leaves of  
potato and tomato plants by larvae or adult Color-
ado beetle induced a rapid accumulation of  pro-
teinase inhibitors throughout the aerial parts 
of  the plant. It was further stated that high levels 
of  proteinase inhibitors in the seed of  a cultivar of  
cowpea (Vigna unguiculata) provided resistance 
against the bruchid beetle larva (Callobruchus 
maculatus). The insecticidal properties of  a pro-
teinase inhibitor from Clitoria fairchildiana seeds 
has also been investigated (Dantzger et al., 2015).

An elegant model involving the activity of  a 
plant enzyme, threonine dehydratase, in response 
to insect herbivory has been reviewed by D’Mello 
(2015b). Following initiation of  damage to tis-
sues, a cascade of  molecular events ensues that 
vary according to plant species and insect herbi-
vore. Several signals emanate from injured tissues, 
including calcium ion fluxes, phosphorylation 
reactions and jasmonic acid signalling. In plants, 
threonine dehydratase catalyses the dehydration/
deamination of  threonine. In the tomato plant, 
this enzyme is encoded by duplicate genes. One 
acts in the housekeeping mode, allowing the syn-
thesis of  isoleucine. The other (TD2) acts in a de-
fence mode against insect herbivores. Following 
insect-provoked damage to the plant, jasmonic 
acid signal transduction induces TD2 and the 
resulting enzyme causes depletion of  threonine 
in the insect gut, thereby depriving the predator 
of  an essential amino acid. The enhanced sur-
vival and growth rates of  larvae on transgenic 
tomato lines silenced for TD2 expression support 
the hypothesis that threonine dehydratase serves 
in defence towards insect herbivores.

1.7.2 Defence against nematodes

There is good evidence that phytotoxins may con-
fer resistance towards nematode damage to crop 
plants and glucosinolate breakdown products 
are frequently implicated in this role, due to the 
volatile nature of  these metabolites. For example, 
benzyl isothiocyanates exert such protection to 
the plant by affecting development, hatching and 
reproduction of  the soybean cyst nematode (Het-
erodera glycines) (Wu et al., 2014). Allylisothiocy-
anate in extracts from horseradish (Armoracia 
rusticana) were also effective against the nema-
tode Meloidogyne incognita (Aissani et al., 2013).

Similarly, flavonoids, total phenolics and 
gossypol have been correlated with resistance of  
the cotton plant to the root-knot nematode 
M. incognita (Alves et al., 2016).

Proteinases in plants may also confer resist-
ance to nematodes. For example, cysteine pro-
teinases are lethal to parasitic nematodes in vitro 
and exhibit anti-helminthic activity in vivo (Phiri 
et al., 2014). However, susceptibility of  nema-
todes to these proteinases may be modulated by 
the production of  inhibitors such as cystatins.
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The complex hormone signalling operating 
in plants has been extended to the effects of  the 
root-knot nematode M. incognita in tomato 
(Martinez-Medina et al., 2016). It is known that 
beneficial root endophytes such as Trichoderma 
species provide protection to the host plant by 
stimulating endogenous defences. In this study, 
it emerged that Trichoderma protects tomato 
against the root-knot nematode by shifting from 
priming of  salicylic acid-regulated to jasmon-
ate-regulated defences.

Thus, it is clear that a number of  phyto-
toxins have the capacity to respond to nematode 
infestation in plants and may participate in a 
complex defence system under hormonal control.

1.7.3 Defence against microbial 
 pathogens

Following initial fungal infection, plants gener-
ally exhibit enhanced resistance to subsequent 
challenge by that particular pathogen (see 
D’Mello, 2015b). This systemic acquired resist-
ance (SAR) is widely recognized and constitutes a 
major and distinctive feature of  defence mechan-
isms in plants. Signal transduction and synthesis 
of  pathogenesis-related proteins and defence 
compounds (including phytoalexins) are major 
manifestations of  the establishment and efficacy 
of  SAR. Recent research by Seneviratne et al. 
(2015) provided an example of  defence responses 
and non-host disease resistance. Following ex-
posure to Fusarium solani, pea (Pisum sativum) 
pod tissue undergoes an inducible transcriptional 
activation of  pathogenesis-related genes and also 
synthesizes (+)-pisatin, its principal phytoalexin. 
These changes are consistent with the widely ac-
cepted concept that plant–pathogen interactions 
are characterized by modulations in plant metab-
olism involving the activation of  defence responses. 
The major phytoalexins produced, including 
camalexin, glucosinolates, phenylpropanoids, 
terpenes and fatty acid derivatives, exert defen-
sive functions (Konig et al., 2014). Gossypol 
(together with brassinosteroids and jasmonic acid) 
has also been implicated in a role as phytoalexin 
in the  resistance of  cotton to Verticillium wilt 
(Gao et al., 2013).

The precise nature of  pathogenesis-related 
proteins needs to be addressed in order to define 
SAR more effectively. It is likely that these 

 proteins will include enzymes necessary for the 
synthesis of  signalling molecules and phyto-
alexins, but the need for structural components 
and specific inhibitory compounds may also 
contribute to plant immunity. It may be relevant 
that lectin-like proteins promote systemic rather 
than local immunity, possibly in conjunction 
with salicylic acid (Breitenbach et al., 2014). 
Van Holle et al. (2016) distinguished between 
the classical lectins localized in the vacuole of  
plants and a group of  inducible cytoplasmic/nu-
clear lectins conferring tolerance towards mi-
crobial infection and other stressors.

The outcome of  plant–pathogen interaction 
may partly depend upon the ability of  microbes 
to detoxify phytoalexins. Jeandet (2015), for ex-
ample, pointed to the detoxification of  brassinin, 
the indole phytoalexin occurring in Brassica plants.

1.7.4 Herbicidal potential

There is increasing evidence that deleterious 
properties of  phytotoxins towards a wide range 
of  plants may form the basis for the development 
of  novel bio-herbicides. Several non-protein amino 
acids are attributed with this type of  activity (see 
D’Mello, 2015a).

Mimosine is unequivocally toxic to plants, 
inhibiting seed germination and seedling growth 
in studies with mung beans, rice, wheat, peren-
nial ryegrass and cocksfoot. Mimosine also in-
hibits root growth in soybean. Consistent with 
these and other observations is the emerging 
consensus that mimosine may serve as a model 
or parent compound for the development of  
 potent bio-herbicides.

Limited data suggests that canavanine and 
canaline are inhibitory towards organogenesis 
in leafy spurge, specifically with respect to root 
and shoot growth, and that arginine is partially 
effective in restoring root development. A cana-
vanine–arginine antagonism was also implied in 
rice shoots treated with canavanine.

It is consistently maintained that selenoam-
ino acids are toxic to plants that are deemed to be 
‘non-accumulators’ with respect to the Se ele-
ment. There are indications that selenoamino 
acids interfere with cellular biochemical pro-
cesses and that methionine status is comprom-
ised by selenomethionine in an anti-metabolite 
mechanism.
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1.8 Clinical Applications

Pharmaceutical pollution represents an emer-
ging risk factor for the environment particularly 
affecting water quality and ecotoxicity, though 
efforts are currently being directed at remedi-
ation technologies (Marquez Brazon et al., 2016). 
It is possible that mitigation of  potential risks 
may be achieved by the use of  alternative medi-
cinal compounds based on biodegradable phyto-
chemicals with relatively short half-lives.

Despite the overriding theme of  negativity 
normally associated with particular secondary 
compounds of  plants, there is a favourable per-
spective deserving attention. Plants synthesize a 
diverse array of  beneficial secondary compounds 
that are expressed in the edible parts of  vegetables 
and fruit. The health attributes of  plant antioxi-
dants are extensively publicized, but phytotoxins 
are increasingly perceived as preventive and 
curative measures for a variety of  human dis-
eases. The term ‘nutraceuticals’ is often used as a 
collective term in this context.

The anti-cancer properties of  Brassica sec-
ondary compounds are under active investiga-
tion, particularly with respect to glucosinolates, 
SMCO and certain selenoamino acids. For  
example, Awasthi and Saraswathi (2016) identi-
fied sinigrin as a potent anti-cancer glucosi-
nolate in cruciferous vegetable, in efforts to 
elucidate its molecular mechanism of  action. Ef-
forts to conserve glucosinolate breakdown 
products during processing are now under way 
(Park et al., 2013). The efficacy of  SMCO and its 
metabolite methyl methane thiosulfinate has 
been investigated, with the conclusion that these 
two compounds may contribute to the anti- 
carcinogenic effects of  Brassica vegetables. How-
ever, epidemiological evidence only supports the 
case for the prevention of  gastric and lung can-
cers through the  consumption of  these veget-
ables (see D’Mello, 2015a). The anti-cancer role 
of   selenoamino acids is reflected in the activity 
of  Se-methylselenocysteine, which is effective 
against mammary tumours. In addition, this 
amino acid is highly effective in potentiating the 
activity of  anti-cancer drugs and in protecting 
against drug-induced toxicity. Indeed, it has been 
suggested that the efficacy of  methylselenocyst-
eine in enhancing the therapeutic index of  the 
anti-cancer drug irinotecan was  dependent 

upon the dose of  the amino acid. Other studies, 
however, indicate that Se- allylselenocysteine is 
more effective than a number of  other selenoam-
ino acids in the chemoprevention of  mammary 
cancer in a rat methylnitrosourea model (see 
D’Mello, 2015a).

In addition, gossypol has been attributed 
with a wide range of  therapeutic properties, in-
cluding anti-fertility, antioxidant, antimicrobial 
and anti-cancer activities (Keshmiri and Goliaei, 
2014). The preparation of  novel gossypol nano-
particles for therapeutic use in prostate cancer 
has been reported (Jin et al., 2015). The potential 
role of  gossypol as a contraceptive is also being 
considered (Lopez-Charcas et al., 2016).

1.9 Conclusions

The distribution of  the major phytotoxins has 
been reviewed in this chapter. The cyanogens, 
glycoalkaloids, glucosinolates, non-protein amino 
acids, furanocoumarins, gossypol and bioactive 
proteins have been selected for detailed study 
due to diverse toxicology towards vertebrate ani-
mals, insects, nematodes and fungal pathogens. 
Mammals display maximal manifestations of  
toxicity to these compounds, whereas lower or-
ganisms possess variable detoxification mechan-
isms. Nevertheless, it is consistently maintained 
that phytotoxins serve in a defence role in 
plants against invertebrate herbivores and fungal 
pathogens.

The resilience of  a defence system based on 
protein phytotoxins is strongly implied as a result 
of  recent evidence reviewed in this chapter. 
Whereas, for example, cyanogens and gossypol 
are readily metabolized and detoxified by specialist 
insect herbivores, proteinase inhibitors and at least 
one enzyme, threonine dehydratase (TD), offer 
greater resistance in this respect. Following insect- 
provoked damage to the plant, jasmonic acid sig-
nal transduction induces the TD2, the defence 
gene and the resulting enzyme causes depletion 
of  threonine in the insect gut, thereby depriving 
the predator of  an essential amino acid. It is sug-
gested, therefore, that these heat-labile protein 
phytotoxins should form part of  a plant breeding 
programme to enhance pest and pathogen resist-
ance without compromising food safety; it is 
widely acknowledged that protein phytotoxins 
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are readily denatured during  cooking. However, 
 attempts to use transgenics for this purpose would 
be controversial, due to continuing consumer dis-
quiet over the ethics and acceptability of  genetic-
ally modified foods.

The lack of  a working model for fungal 
pathogens that encompasses the major compo-
nents of  SAR in plants should not deter future 
researchers, despite the daunting nature of  the 
work involved. It will require the intellectual re-
sources of  molecular biologists, biochemists 
and geneticists to unravel the complex inter-
actions associated with the synthesis of  patho-
genesis-related proteins, signalling compounds 
and phytoalexins. It will be necessary to dissect 
out the components of  the said proteins into en-
zymes, receptors and inhibitory factors, but the 
large number of  differentially expressed pro-
teins adds to the difficulties in functional ana-
lysis. Crosstalk between salicylic acid and other 
signalling networks following fungal infection 
is another essential step towards elucidating 

SAR as well as the role of  individual phyto-
toxins operating in defence mode (as phyto-
alexins).

It is clear, therefore, that considerable fun-
damental work still needs to be undertaken in 
order to develop the aforementioned phyto-
toxins into practical bio-pesticides. In addition, 
it should be acknowledged that other second-
ary compounds may emerge as preferred can-
didates for this role. Researchers in this field 
will not be short of  encouragement: Matthews 
(2017) states that ‘bio-pesticides have a bright 
future, but more attention is needed on their 
application’. Furthermore, European pesticide 
regulations favour the use of  reduced-risk  
substitutes in integrated pest management pro-
tocols. At the same time, it is important to rec-
ognize that future work should be underpinned 
by a substantial element of  studies at the  
molecular level if  current understanding of  
host–parasite interactions is to evolve into innova-
tive solutions.
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