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The road goes ever on and on
Down from the door where it began.
Now far ahead the road has gone,
And | must follow if | can,
Pursuing it with weary feet,

Until it joins some greater way
Where many paths and errands meet.

And whither then? | cannot say.

The Fellowship of the Ring

J.R.R Tolkien.



ABSTRACT

The toxicity of plant lectins to insects after oral ingestion was investigated by

incorporating the proteins into insect diets. Bioassays carried out using an
artificial diet system demonstrated that kidney bean (Phaseolus vulgans)
lectin (PHA) caused a significant decrease in survival of larvae of the tomato
moth, Lacanobia oleracea. Jackfruit (Arfocarpus integrifolia) lectin (jacalin)
and black mulberry (Morus nigra) lectin both caused a significant decrease in
growth of the peach potato aphid (Myzus persicae) when compared to
controls in an artificial diet based bioassay.

Interactions of lectins with insect gut tissues /in vivo were studied by
immunolocalisation. Binding of the snowdrop lectin (Galanthus nivalis
agglutinin;GNA) and jack bean (Canavalia ensiformis) lectin (Concanavalin A;
Con-A) to the digestive tract of L. oleracea larvae was observed and localised
at the electron microscope level after oral ingestion of the proteins. GNA was
also observed to bind to the midgut of the two-spot ladybird Adalia bipunctata.
No disruption of the brush border membrane of either L. oleracea or A.
bipunctata was observed. Binding of GNA to the peritrophic membrane of L.
oleracea was observed by fluorescence microscopy.

Histological evidence of lectin binding to insect guts in vivo was
corroborated by in vitro studies, which showed that the lectins GNA and Con-
A bind to sections of the digestive tract of L. oleracea larvae. Binding of Con-A
to proteins from brush border membranes, solubilised brush border
membranes and peritrophic membranes was also observed.

The use of confocal microscopy showed that GNA bound to the midgut
and haemocytes of the peach potato aphid Myzus persicae, both when
incubated with isolated tissues and cells and when fed orally to live insects,
providing evidence for transport of GNA across the gut wall.

Larvae of L.oleracea fed the lectins GNA and PHA showed a significant
increase in polyphenoloxidase levels within the haemolymph, suggesting that
the lectins were causing systemic responses in the insects.

A partial sequence for leucine aminopeptidase a potential receptor for
lectin binding was obtained from a cDNA library constructed from the midgut
of the tomato moth larvae.
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Chapter One

Introduction

1.1 General introduction

Despite improvements in agricultural production during the latter half of the
twentieth century, shortages of food remain a problem in many parts of the
modern world. Although the causes of these shortages are complex, and include
political and ethical considerations outside the realm of science, nevertheless
science can still contribute to alleviating the problem. In many areas of the world
farming practices achieve suboptimal yields, due to pests, wéeds and diseases,
or poor soil or growing conditions (Hobbs et al., 1998). Even where these
constraints do not apply, or have been largely overcome, production must
increase to keep pace with population growth. For example, it has been pointed
out that over the next 30 years global rice production must be raised by another
300million tons. Although at global level there is adequate unused potential
farmland, in South Asia 94% of suitable land was being farmed in 1997-99

(http://www.fao.org/docrep 05/11/02). Therefore, as there is little scope to increase

rice production in this area the demands needs to be met by increased yields
from existing riceland. This requirement could be particularly significant in view of
the fact that rice is the staple dietary constituent of at least half the worlds
population (Tu et al., 2000). In other areas of the world such as Latin America
where there is adequate unused agricultural land, only a fraction is realistically

available for agricultural expansion, as much is required to retain forest cover



and to support infrastructural development (http://www.fao.org/docrep 05/11/02).
The increases in crop yields which have already been made through the scientific
process of crop improvement have made a major contribution to global food
supplies, and plant breeding has the potential to continue increasing yields in
future.

Increased yields from existing agricultural land remain the highest priority for crop
improvement, although a short term solution to suboptimal yields would be to
increase the land available for cultivation. However, this could result in increased
deforestation. The effects of deforestation can lead to erosion of topsoil,
therefore increasing desertification, giving rise to famine, or conversely to floods
(Secretariat for Convention to Combat Desertification 2000). In addition, gross
deforestation is known to contribute to global warming, resulting in effects such
as abnormal weather patterns (Harrison 2001) and changes in sea level (Wigley
& Raper 2001). Through all these factors agriculture is adversely affected, with
decreased crop yields being caused in a variety of ways, such as the poleward

progression of insects and plants and associated diseases (Planton 1999).

New crop varieties which can give higher yields for lower inputs of fertilisers,
pesticides and other exogenously applied materials are thus viewed by most
relevant agencies as a central strategy in efforts to address the problem of world
hunger. Previous work with conventional plant breeding methods has been
successful in producing crops with many of the agronomically desirable qualities

of high yield, disease resistance, etc., but has been necessarily limited in what



can be achieved by the available gene pool in the crop species. There is a need
to be able to produce crop varieties with phenotypical characteristics not present
in any naturally occurring variety, and for this purpose, plant genetic modification
(GM) technology has been seen as a timely solution. GM technology, in theory,
gives the scientist precise control of the genome of a crop species, and allows

any phenotype to be transferred from one species to another.

While GM technology has the potential to improve all aspects of crop production,
much of this promise is as yet unfulfilled, due to a lack of fundamental knowledge
of the mechanisms by which many desirable phenotypes (such as high yield) are
determined by the genes of an organism. When such knowledge is available,
production of new crop varieties has already been undertaken. One area in which
progress seems likely is improvement of the nutritional quality of crops. Currently
1 million children die every year as a result of vitamin A deficiency and many
others suffer problems such as increased risk of infection. A further 2 billion
people suffer from iron deficiency (mainly in underdeveloped nations). The
development of a strain of rice with increased Vitamin A and iron content (known
as “Golden Rice”) could be a great step forward in easing these nutritional
problems (Anon. 1999). Although previous GM crops have been highly priced,
“Golden rice” is being offered at an affordable price (Wrong & Tait 2000), to allow
its adoption by poor farmers. Although yield increases have been sought by
increasing the production of harvestable plant matter, yields could also be

increased by modification of crops to confer traits such as the ability to grow in



hostile environments, or to increase protection against pests and diseases
(Gatehouse et al., 1995). This thesis describes work directed towards the goal of
protecting crops from yield losses due to insect pests through the use of a GM
strategy. Such a strategy has advantages and drawbacks, as will be discussed,

but must be evaluated in comparison with existing strategies of crop protection.

Currently, the main method for crop protection involves the use of chemical
pesticides, since they significantly increase crop yields and thus provide many
benefits to farmers and to consumers (Anon 2000). Oerke et al. (1994) estimate
that yields of many crops could decrease by as much as 50% if they were not
adequately protected from insect damage. Pesticide usage also provides direct
economic benefits to consumers; for example in the USA, Zilberman et al.,
(1991) estimated that for every $1.00 increase in pesticide expenditure, gross
agricultural production increases by $3-6.50, the benefit to consumers being
lower food prices. Although currently effective, there are a number of drawbacks
to pesticide usage. A number of crop pests have developed resistance to
pesticides as a direct consequence of their indiscriminate use. A classic example
of this is the rice brown planthopper, Nilarparvata lugens, a major rice pest; the
species has accrued resistance to a number of pesticides such as
organophosphates, and carbamates (Hemingway et al., 1999). In these
instances resistance was shown to be due to increased levels of
carboxylesterases within the insect (Karunaratne et al., 1999). The same

problem has occurred in other pest species with both similar and other types of



pesticides. In addition, pesticides can also be toxic to beneficial insects, e.g.
some acaricides cause toxicity to the predatory bug Dicyphus tamanini (Castane

et al., 1996).

Another major problem encountered with pesticides is their inherent toxicity and
their deleterious effects on both the environment and mankind. It has been
shown that pesticides exert toxic effects on aquatic microorganisms via run off
and drift; these compounds are then metabolised or bioaccumulated by the
microorganisms (DelLorenzo et al., 2001). Increased morbidity upon exposure to
pesticides has been demonstrated with effects such as watery eyes, headaches
and muscular pains (Gomes et al., 1998). Furthermore, accidental
organophosphate poisoning can lead to death (Singh et al., 2001) and prolonged
exposure to organophosphates is linked with variant Creutzfeldt-Jacob disease
(Churchill et al., 1999). The organochlorine pesticide DDT (1,1,1-trichloro-2.2-bis
(p-chlorophenyl) ethane) has a half life in water of 22 years and even longer in
soil (Howard et al., 1991). Although its use is now restricted, it is still assimilated
by aquatic species from coastal sediment (Green et al., 1986). DDT is highly fat
soluble and since it accumulates in an organism faster than the organism can get
rid of it, accumulation of the pesticide is magnified through the food chain
(Mellanby 1992). DDT has toxic effects to birds via egg shell thinning (Faber &
Hickey 1973), and through immune suppression in mammals and (Vial et al.,
1996) (Bannerjee et al., 1995). Some studies have found a correlation between

breast cancer and DDT (Krieger et al., 1994) (Wolff et al., 1993). Problems with



pesticides are often exasperated by incorrect or inappropriate pesticide usage.
For example, pesticides are often used at the wrong time, at the wrong
concentration, or without following the correct safety procedures. It should be
noted that these problems occur mainly in the third world, due to poor education
(Harrington & Grace 1998), although cases of pesticide poisoning due to misuse

or accidents regularly occur in the USA (Gladen et al., 1998).

These drawbacks point to a clear role for plants with endogenous protection
against pests being a valuable component of agricultural systems. Plant genetic
engineering has provided the means to achieve this aim. The use of transgenic
plants in the field of crop protection would be particularly useful if the protection
offered could be directed against specific pesis, and had no detrimental effect on
beneficial or secondary organisms, or on the ultimate commercial viability of the
product. Indeed, this has already been achieved with the commercialisation of
transgenic crops expressing the entomocidal toxin from Bacillus thuringiensis
since 1995. Such insect resistant crops show significant levels of resistance to
pests such as cotton bollworms but are harmless to many beneficial insects such
as ladybirds, which prey on crop pests (Hargrove 1999)

When adopting this strategy it is important to ensure that only those proteins with
high insecticidal activity but also with no/low mammalian toxicity are used in
transgenic crops. Other candidates for expression in transgenic crops to enhance
endogenous resistance include endogenous plant defence proteins such as

lectins.



1.2 Lectins

Lectins are proteins which are found widely in living systems. The term lectin is
derived from the Latin verb “/legere” which means to pick out, select or chose,
and refers to the remarkable selectivity and specificity with which lectins
recognise and bind to carbohydrate structures. These proteins have been
defined as “proteins possessing at least one non-catalytic domain, which binds
reversibly to a specific mono or oligosaccharide” (van Damme et al., 1998), or as
“a group of carbohydrate binding (glyco) proteins of non-immune origin capable
of specific recognition of, and reversible binding, to carbohydrates without
altering their covalent structure” (Kocourek & Horejsi 1983). Recognition of
glyconjugates is an important event in biological SS/stems, and is frequently
mediated by carbohydrate-protein interactions (Mercedes Iglesias & Wolfenstein-
Todel 1996). The ability of lectins to bind specific carbohydrates is a determining

factor in their different proposed functions (Pusztai & Bardocz 1995).

1.3 Properties and binding specificities of selected plant lectins

1.3.1 Snowdrop (Galanthus nivalis) agglutinin (GNA)

Of the 18 species of Snowdrop in Europe and Western Asia the most common
snowdrop in the UK is Galanthus nivalis. GNA is found in relatively high
concentrations in the bulbs of the snowdrop, and can be isolated using affinity
chromatography (Van Damme et al., 1987). It is also present in ovaries and

other floral tissues. The lectin is a tetrameric protein with a molecular weight of



approximately 50,000, containing four subunits of molecular weight
approximately. 12,000. The protein has been fully sequenced and a three-
dimensional structure obtained by X-ray crystallography is available. The lectin is
not glycosylated and exhibits binding specificity for mannose (Van Damme et al.,
1998). GNA agglutinates rabbit but not human erythrocytes (Van Damme et al.,
1987) and is virtually non-mitogenic to human lymphocytes (Kilpatrick et

al.,1990).

1.3.2 Jack bean (Canavalia ensiformis) lectin (Concanavalin A; Con A).
Concanavalin A is synthesised in the seeds of the Jack bean and was initially
isolated in 1936 by conventional protein purification methods. (Sumner & Howel
1936). The structure of the molecule is pH dependent: at neutral pH it is
composed of 4 non-glycosylated subunits of 26.5 kDa, but below pH 5.6 the
molecules are dimeric. Con A exhibits a binding specificity for Glucose (Glc),
Mannose (Man) & N-acetylgalactosamine (GalNAc), with its highest binding
specificity being for terminal a-linked mannose residues (Goldstein & Poretez
1986). Con A is a metalloprotein with one Ca?* and one Mn?*ion per subunit and
demetalisation leads to Con A losing its reactivity (Agrawal & Goldstein 1967).
Con A agglutinates most erythrocytes and is a mitogen causing stimulation of T
lymphocytes (Wang & Edelman 1978). Like GNA, Con A is highly resistant to gut

proteolysis (Nakata & Kimura 1985).



1.3.3 Jackfruit (Artocarpus integrifolia) lectin (jacalin)

A lectin, jacalin, can be isolated from the seeds of the jackfruit, and was originally
purified on a column of immobilised guar gum or galactosamine. Jacalin exhibits
binding specificity for Galactose (Gal) and N-acetylgalactosamine (GalNAc)
(Kabir 1994). The lectin agglutinates all human red blood cells as well as

erythrocytes from sheep and rabbit. (Kabir 1994)

1.3.4 Black mulberry (Morus nigra) lectin
The lectin from black mulberry has a similar binding specificity to jacalin in that it
binds to Galactose (Gal) and N-acetylgalactosamine (GalNAc); however, it also

has a slight affinity for mannose. (Angel, C & Pickford, W. Pers. Comm.).

1.3.6 Kidney bean (Phaseolus vulgaris) lectin (phytohaemagglutinin; PHA)

PHA is perhaps the best documented plant lectin. It is found mainly in the seeds
of kidney bean where it is an abundant protein available in gram quantities (Van
Damme et al., 1998). It is also present in all vegetative tissues of the plant
(Borrebaeck & Mattiasson 1983). The protein is a tetramer of 118kDa composed
of two different subunits (Allan & Crumpton 1971), an erythroagglutinating E type
subunit, and a mitogenic leucoagglutinating L type subunit (Pusztai & Stewart
1978). PHA has a complex binding specificity recognising virtually all surface
carbohydrates (Pusztai & Bardocz 1995). PHA is a stable protein, resistant to
proteolysis, that can survive passage through the entire alimentary canal of the

rat intact. A proportion of the ingested PHA binds to and exerts a mitogenic effect



on epithelial cells (Pusztai et al., 1990). This in turn stimulates protein synthesis
(Palmer et al., 1987) and induces extensive, dose and polyamine-dependent,
reversible hyperplastic growth of the gut, (Bardocz et al., 1997, Bardocz et al.,
1990), causing some microvillar damage of enterocytes (King et al., 1982). PHA
is capable of affecting the immune system of mammals, inducing the synthesis of

lymphokines interleukins-2 and IgE (Pusztai 1991) (Nowell 1960).

1.4 Roles of lectins within plants.

Plant lectins have been known to exist for over 100 years, since Stillmark first
observed that castor bean extracts agglutinated red blood cells (Stillmark 1888).
Subsequently a large number of lectins have been isolated and characterised
(Van Damme et al., 1998). However, although lectins appear to be ubiquitous in
plants, their roles in plant physiology are not well understood. Lectins are known
to be synthesised on the rough endoplasmic reticulum, from where they are
translocated. Although it is not entirely clear how the lectin reaches the protein
bodies for deposition; it appears that some lectins such as the PHA-L isolectin
are first transported through the Golgi stacks, where they are fucosylated prior to
deposition in protein bodies (Pusztai 1991). This appears to be true for a number
of other lectins, including the seed lectin of Bauhinia purpurea (Herman &

Shannon 1984).

Genes encoding lectins have been well conserved during evolution (especially in

Leguminosea), and the encoded proteins form several families of homologous
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proteins, This suggests that lectins play an important role in the life of the plant
(Pusztai 1991). Lectins are present in many plant tissues, but occur primarily in
seeds where they can constitute a large proportion of the total seed protein
(Liener 1976). Lectins are thus present in a wide variety of foodstuffs consumed
by humans and other species, although there is evidence that these proteins can
play a role in defence against plant predators (see below). The accumulation of
lectins to high levels in the seeds of certain plant species suggests their role in
these cases is that of storage proteins. However, some plants contain lectins at
very low levels (Van Damme et al., 1998), and in these cases, the lectins must

be playing a different role.

It is apparent that plant lectins can play more than one-functional role, depending
on the type of lectin in question and the plant species. It has been shown that
lectins are involved in bacterial colonisation of legume roots, for the
establishment of symbiosis (Sharon & Lis 1989). In roots lectins are an important
determinant of host specificity (Diaz et al., 1989) (Bolhool & Schmidt 1974);
however, their role may not be in the actual species-specific recognition, which
appears to be mediated by tetrasaccharides (Lerouge et al., 1990). The lectin
from the Jack bean Canavalia ensiformis (Concanavalin A;Con A) has been
shown to induce phytoalexin production (Toyoda et al., 1995), and to inhibit auxin
induced elongation (Hoson & Masuda., 1995). The role of lectins which has
received the most attention, however, is their involvement in plant defence

against predators.
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1.5 Lectins in plant defence and plant-insect interactions.

Unlike the animal kingdom, plants lack an active immune system to protect them
from microbial or viral attack, and as they are sessile are unable to escape
predation. Plants employ a variety of mechanisms to protect themselves from
attack, including the production of secondary metabolites and defensive proteins.
Although not initially recognised as defensive proteins, it has become apparent
that lectins can and do play this role in plants, which is mediated by their ability to
bind to specific carbohydrates. A role for lectins as defensive proteins in plants
against insect predators was first proposed by Janzen et al. (1976), who
suggested that the common bean (P. vulgaris) lectin was responsible for the
resistance of these seeds to attack by coleopteran storage pests, although
subsequent work showed that in this example the major resistance factor was the
seed amylase inhibitor (Huesing et al., 1991). Subsequent studies, involving the
screening of purified lectins against insect pests of economically important crop
plants in artificial diet bioassays (e.g. Murdoch et. al., 1990) have confirmed that
many lectins are insecticidal. Insecticidal lectins which have been identified in

this way will be discussed by insect order.

1.5.1 Lectins active against insects of the order Coleoptera
Lectins toxic to the bruchid seed weevil Callosobruchus maculatus, a major
storage pest of cowpeas in many parts of the developing world, have been

identified in by several groups. Murdoch and co-workers screened 17
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commercially available plant lectins for insecticidal activity against this pest
(Murdoch et. al., 1990). Five lectins were found to cause a significant delay in
larval development at dietary levels of 0.2% and 1.0% (w/w) and all had
carbohydrate binding specificity for N-acetylgalactosamine/galactose (GalNAc) or
for N-acetylglucosamine (GIcNAc). The winged bean (Psophocarpus
tetragonolobus) lectin (GIcNAc-specific) was also shown to be toxic to C.
maculatus (Gatehouse et al., 1989). The rational for using lectins specific for N-
acetylglucosamine is based on the fact that the insect midgut contains chitin, a
polymer of N-acetylglucosamine, in the peritrophic membrane (Richards and
Richards, 1977). Of all the lectins tested against C. maculatus by Murdoch et al.,
wheat germ agglutinin (WGA) was found to be the most potent. The same
workers later identified rice and stinging nettle lectins (UDA) as being toxic to C.
maculatus, exhibiting similar levels of toxicity to WGA; like WGA they are specific
for GIcNAc (Huesing et. al., 1991).

Czapla and Lang (1990) took a similar approach when they screened a
range of lectins for activity against the Southern corn rootworm (Diabrotica
undecimpunctata), a major economic pest of corn. Of the lectins tested three,
from castor bean, pokeweed and green marine algae, were found to be toxic to
the neonate larvae when applied topically (2%) to the artificial diet. Several
others, including WGA, were found to inhibit larval growth by at least 40% when
compared with larvae fed on control diet. As reported by Murdoch et. al., (1990)
for C. maculatus, all those lectins with insecticidal activity against corn root worm

were either specific for GalNAc or GIcNAc.
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1.5.2 Lectins active against insects of the order Lepidoptera

Comparatively few lectins have been tested by bioassay in artificial diet and
found to be toxic to members of this economically important insect order. Czapla
and Lang (1990) tested a range of lectins for insecticidal activity against the
European cornborer, Ostrinia nubilalis. The lectins from castor bean (Ricinus
communis), Camel's foot tree (Bauhinia purpurea) and wheatgerm (WGA),
specific for GalNAc, GalNAc and GIcNAc respectively, were found to give 100%
mortality after 7 days when administered to neonate larvae as a 2% topical
application; WGA and the lectin from R. communis were also found to inhibit
larval weight gain by >50% at 0.1% topical applications. The LC50 values for R.
communis, WGA and B. purpurea lectins against cornborer were 0.29, 0.59 and
0.73 mg/g of diet respectively. Czalpa and Lang also reported that the soya
bean lectin actually increased larval weights of O. nubilalis by >25% compared
with control larvae, in contrast to earlier reports where addition of this particular
lectin at the 1% level was found to be detrimental to the larval growth of Manduca
sexta, the tomato hornworm (Shukle and Murdock, 1983). The snowdrop lectin,
GNA, also exerts a detrimental effect on larvae of a lepidopteran species,
Lacanobia oleracea (tomato moth). Larvae chronically exposed to GNA showed

a weight reduction of 560-60% (Fitches et al., 1997).
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1.5.3 Lectins active against insects of the order Homoptera

The absence of Bt toxins with activity against Homoptera has led to insecticidal
activity of lectins against homopteran pests receiving much attention. Powell et
al. (1993) used an artificial diet bioassay system to test a series of lectins against
the rice brown planthopper (Nilaparvata lugens), an important pest of rice in S.E.
Asia, and although some lectins (e.g those from garden pea or potato) had no
effect on insect survival, other lectins decreased insect survival significantly. The
two most effective proteins tested were the lectins from snowdrop (GNA;
mannose-specific) and wheat germ (WGA,; GlcNAc-specific), each of which gave
approximatelyimately 80% corrected mortality at a concentration of 0.1% w/v in
the diet. The LC50 value for GNA against brown planthopper was found to be
0.02%, or approximately 6mM (Powell et al., 1995). GNA was also found to be
toxic to another sucking pest of rice, the rice green leafthopper, Nephotettix
cinciteps. These findings, taken in conjunction with the absence of toxicity of
GNA towards mammals (q.v.), point to a potential use for this lectin in crop
protection.

Habibi et. al. (1993) carried out similar bio-assays in order to identify lectins
which may be suitable in the control of the potato leafhopper (Empoasca fabae);
the lectins tested were specific for glucose/mannose, GicNAc or GalNAc. Of
those tested, 6 were found to cause a significant reduction in insect survival at
dietary levels of 0.2% to 1.5% (w/w). Those found to be effective were from
jackfruit, pea, lentil and horse gram and also PHA and WGA. Rabhé and

Febvay (1993) demonstrated that the lectin from Canavalia ensiformis (Con A)
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was a potent toxin of the pea aphid Acyrthosiphon pisum, having a significant
effect upon both survival and growth; in comparison, WGA was relatively
ineffective. Chitin binding lectins from wheat germ (WGA), stinging nettle and
Brassica spp. were also reported to cause high levels of mortality to the cabbage
aphid Brevicornye brassicae when incorporated into artfificial diet (Cole, 1994).
Subsequent experiments have shown that the snowdrop lectin, GNA is also
inhibitory to aphid development. Artificial diet studies to evaluate the insecticidal
properties of GNA demonstrated a 34 % reduction in nymph survival on the
peach potato aphid Myzus persicae, at a level of 1500ug/ml (Sauvion et al.,
1996), and an effect on fecundity. This effect would be significant in preventing

the build-up of an insect population.

1.5.4. Lectins in plant defence against pathogens

Lectins have also been implicated in resistance to pathogens. To be successfui
against bacteria and fungi the lectin will have to prevent their invasion at an early
stage of infection before they can penetrate more deeply into the plant. This is
usually achieved by lectin binding to the bacterial or fungal cell wall (Pusztai &
Bardocz 1996). Activity of this type is shown, for example, by the stinging nettle
(Urtica dioca) agglutinin (UDA), which effectively reduced the growth of the
fungal pathogen Botrytis cineava persoonia by 85%, and, in combination with

chitinase, completely stopped fungal growth (Broekaert et al., 1989).



If the carbohydrate binding affinity of lectins is considered to be vital for their role
as defensive molecules, it is unlikely that a single lectin would be capable of
defending a plant against all potential predators, particularly since the glycosyl
structures expressed on the surface of bacteria, fungi, insects and other animals
are usually different. Fortunately as most pests are host specific to some extent,
it is possible for a plant to evolve lectins with the correct carbohydrate specificity.
The selectivity of lectin toxicity towards different predator species has potential

applications in plant protection.

1.6 Mechanism(s) of lectin toxicity towards insects
The mechanism(s) by which some lectins are toxic to higher animals have been
studied extensively (see section 1.7), although they are not yet fully understood.
In contrast, mechanisms of lectin toxicity to insects are largely unexplored. In
higher animals, lectin toxicity involves a number of factors, among which are:
(i) resistance of ingested lectin protein to proteolysis, i.e. its survival and
activity in the gut;
(i) binding of the lectin to glycoproteins on the surfaces of cells in the gut
wall;
(iii)  lectin-mediated interactions between the gut microflora and celis in the
gut wall;
(iv)  mitogenic effects of lectins on gut cells, i.e. the stimulation of cell

division;
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(V) passage of lectins across the gut wall, possibly by endocytosis, and
migration of intact lectin to the circulatory system, causing systemic
effects on other organs.

Of these factors, (ii) and (iii) are mediated by the carbohydrate-binding specificity
of the lectin, but the others are not; there is thus no simple correlation between
the specificity of a lectin and its toxicity. This is the case in insects also, and all
the above factors can reasonably be expected to play a role in determining lectin

toxicity.

A common feature of lectin toxicity in both lower and higher animals is a
requirement that the protein binds to the surface of cells of the gut epithelium.
The binding of PHA to midgut epithelial cells of the bruchid C. maculatus was
demonstrated by immunofluorescence microscopy by Gatehouse et al. (1984).
In contrast, there was no binding of the lectin molecules to midgut epithelial cells
of a related bruchid species, Acanthoscelides obtectus; this insect is a storage
pest of P. vulgaris seeds and can tolerate moderately high levels of PHA
(Gatehouse et al., 1989). The binding of GNA to the midgut epithelial cells of rice
brown planthopper was investigated by Powell (1993), using immunological
techniques. In agreement with other results, specific binding of the lectin to the
gut wall was observed, although the lectin also bound to the yeast-like symbionts
in this species. Rabhé et al (1995) have also demonstrated the binding of Con A

to the midgut epithelium of another sap sucking insect, the pea aphid A. pisum.
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Lectins may also bind to the peritrophic membrane, as opposed to the
epithelium, in the midgut region of insects. This membrane exists in most
phytophagous insects protecting the midgut epithelial cells from abrasive food
particles. Since the membrane is composed primarily of chitin, certain lectins
may exert their toxic effects through binding to this membrane, particularly as
many of the insecticidal lectins are specific for N-acetylglucosamine (Huesing et.
al., 1991; Czapla and Lang, 1990). However, apart from the work of Eisemann
and co-workers (qg.v.) there has been little other direct evidence reported to
support this hypothesis. The toxicity of the mannose-specific lectins such as

GNA clearly cannot depend on binding to chitin polysaccharides.

The effects of WGA, Con A and lentil lectin on larvae of the blowfly, Lucilia
cuprina have been thoroughly studied in experiments designed to elucidate the
mechanism of lectin toxicity in insects (Eisemann et. al., 1994). These authors
propose that the insecticidal effects of lectins on blowfly larvae are caused by at
least three different mechanisms of action; a reduced intake of diet due to
feeding deterrence, a partial blockage of the pores of the peritrophic membrane,
and the direct binding of specific lectins to the midgut epithelial cells. Blockage
of pores in the peritrophic membrane could cause a restriction in the uptake of
the products of digestion, and a subsequent shortfall of nutrients available to the
larva. This conclusion is consistent with the observation that ingested wheat
germ lectin, Con A or lentil lectin cause no obvious damage to the larvae, and

that larvae can exhibit reductions in weight of up to 80-90% caused by these
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lectins before there is substantial mortality. The large amount of undefined
material observed on the gut lumen side of the peritrophic membrane after a
larva has fed on the growth medium containing lectins suggests that an
aggregation of ingested material has been induced, and thus the blocking effect

is not simply due to lectin binding.

A feeding deterrent effect caused by lectins has been observed in several
studies. Experiments measuring food intake and feeding behaviour in rice brown
planthopper exposed to lectins have been reported by Powell et. al. (1995).
When adults of this insect were fed a diet containing either GNA (0.1% w/v) for
24 h, the volume of honey dew produced was reduced to less than 10% of that
collected from control insects. Since the volume of honey dew excreted is
roughly proportional to the volume of fluid ingested it would appear the lectin,
which is known to be toxic to brown planthopper (Powell 1993) has a marked
feeding deterrent effect. The deterrent effect decreased with time, so that there
was some recovery in the amount of honey dew produced over a time period of
48 h, but this never reached the levels produced by control insects. Similarly,
blowfly larvae, when offered a free choice between pads containing either bovine
serum albumin (5 mg/ml) in the presence of 50mM WGA or bovine serum
albumin alone where nine times more likely to choose the latter than the lectin
treated pad (Eisemann, et. al., 1994). These preliminary observations suggest
that some lectins can directly stimulate avoidance responses. The feeding

deterrent effect, if mediated by gustation, may be due to the binding of lectins to
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glycoproteins situated on dendrites of chemoreceptor neurones near the insect
mouth parts. A consequent disruption of the normal functioning of these
neurones may give rise to abnormal sensory input to the central nervous system,

resulting in a partial inhibition of feeding.

The toxicity of certain lectins towards insects may involve several mechanisms of
action, as is the case in higher animals. However, no causal relationship between
the proposed mechanisms of action caused by lectins and the relative

importance of their effect on insects has been determined.

1.7 Toxicity and immunological/mitogenic effects of lectins towards
mammals

The resistance of lectins to degradation or inactivation in the harsh environment
of the mammalian gut determines their ability to interact with cell surface
glycoproteins in the digestive tract. Since many lectins will both survive extremes
of pH and resist proteolysis, species that consume plant material containing
lectins will be exposed to these proteins (Van Damme et al.,1998). From such
interactions, toxic effects can follow. For example, uncooked kidney beans
(Phaseolus vulgaris) have long been known to be toxic to mammals, due to the
seed lectin, PHA. Toxicity due to the lectin is only abolished if the protein is
denatured by thorough cooking of beans; it should be noted that in general piant
lectins are more resistant to heat denaturation than other plant proteins (Pusztai

& Bardocz 1996). PHA is toxic to mammals because, as a powerful mitogen, it

21



causes the cell turnover time in the intestine to decrease from 72 to 12 hours
leading to an increased proportion of immature cells, the ability to digest and
absorb nutrients is reduced as a consequence (Puzstai et al., 1990).
Experiments in rats have demonstrated that various dietary lectins not only act as
powerful mitogens for the small intestine, but can survive the passage across the
intestinal epithelium and affect remote organs such as the pancreas. (Pusztai

1991).

Some lectins can also affect constituents of the-mammalian immune system
acting either as mitogens or anti-mitogens (see fig 1.1). Mitogenic lectins, such
as PHA and Con A, act as polyclonal activators because they will activate most B
and/or T cells, not just those bearing a specific receptor. PHA and Con A can
cause an increase in lymphocyte population of up to 20%. It is thought that
lectins bind to a receptor on T cells and associated molecules (T-cell receptor -
complex), causing signals to be released, resulting in the synthesis of interleukin
2 (IL-2) and interleukin 2 receptors (IL-2R) (Kilpatrick 1999). Anti-mitogenic
lectins act by binding to accessory molecules disrupting signals that would
otherwise lead to the production of immunological agents; for example wheat
germ agglutinin causes anti-mitogenic activity in chickens (Greene & Waldmann

1980).

It has also been stated that a high intake of antinutrient lectin in mammals affects

both thymus & spleen by causing atrophic changes, some of which are
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Fig 1.1 Model for mitogenic and antimitogenic activity of lectins
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Fig 1.1 Model of the mitogenic and antimitogenic action of lectins. Leading
to the production of Interleukin 2, and Interleukin 2 receptors

The simplest model is that mitogenic lectins bind to the T-cell receptor
complex, to which accessory molecules bind. This leads to the transmission
of activation signals by accessory molecules, activating the production of
interleukin 2 and interleukin 2 receptors.

Antimitogenic lectins act by blocking the normal transmission pathways,
and can therefore act to prevent mitogenic activity.
(Kilpatrick, 1999)
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irreversible, with potentially serious effects for the immune system, especially T
cell mediated immunity. In the gut Type-1 hypersensitivity reactions may occur
even to highly degradable proteins; however such reactions are more extensive
with stable lectins such as PHA, which remain bound to the brush border cells in
the gut (Pusztai & Bardocz 1996).

In vertebrate species the activation of the complement system is an important
part of the immune response. Within humans a mannose binding lectin (MBL)
recognises carbohydrates on the surface of pathogens. This results in the
activation of a mannose associated serine protease (MASP) from its inactive
proenzyme form to its active form, thus resulting in the proteolytic activation of
the complement components C4 