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ABSTRACT

The parasitic angiosperm Striga hermonthica is native to Africa where it 

parasitizes maize and can reduce crop yield to zero.

Pulse-chase experiments showed that carbon was assimilated in control and 

infected plants mainly by the Q  pathway but the distribution of among 

photosynthetic intermediates indicated an increase in photorespiratory metabolism 

in leaves of infected plants. Measurements with an infra-red gas analyser showed 

that maize infected with Striga hermonthica had decreased rates of photosynthesis. 

All the leaves were affected. The decrease often began before parasitic shoots 

had emerged above the soil and the extent of the decrease was not correlated 

with the number of parasitic shoots that eventually emerged. The decrease in 

photosynthesis was not due to a reduction in activity of four major photosynthetic 

enzymes. Glutathione reductcise activity was increased as a result of infection.

Microscopic studies of fresh sections showed abnormalities in bundle 

sheath cells of leaves from infected plants. Electron micrographs showed that the 

bundle sheath and vascular cells of infected plants had thinner walls and were not 

as rounded in outline as in control plants. Immunofluorescent labelling of 

RuBisCO showed it to be localised in the bundle sheath cells in leaf tissue of 

both control and infected plants, but decreased autofluorescence indicated that 

the walls of the bundle sheath cells were thinner in leaves of infected plants.

The effects of extracts of leaves on cells in culture provided no evidence 

for the presence of a toxin, but suggested a change in growth hormone content 

caused by infection. Differences in the content of soluble carbohydrate, starch 

and Œ-amino nitrogen showed that Striga infection changed host resource 

partitioning.
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CHAPTER 1: INTRODUCTION

1.1 The General Biology Of Parasitic Flowering Plants

There are more than 300(kpecies of parasitic angiosperms around the world 

(Atsatt, 1983). Parasitic flowering plants depend on other plants to provide them 

with water, minerals and reduced carbon. Parasitic plants obtain their nutrition 

from host plants via a specialised organ called the haustorium, which joins the 

host and parasite together. The most extensively studied famihes of parasitic 

angiosperms are those which are economically-important, such as the stem 

parasites, Loranthaceae, (for example mistletoes {Viscum sp.), and dodders 

(Cuscuta sp., Convolvulaceae)) and root parasitic plant species from the families 

Scrophulariaceae, (for example yellow rattle {Rhinanthus sp.) and witchweed 

{Striga sp.)), and Orobanchaceae (for example broomrape {Orobanche sp.)) 

(Musselman, 1980; Doggett, 1984; Stewart & Press, 1990).

Parasitic angiosperms are generally classified as holoparasites or 

hemiparasites (Kujit, 1969). Holoparasites are achlorophyllous and wholly 

dependent on the host plant for the supply of water, minerals and organic solutes. 

Close connections with the host phloem are formed, allowing the movement of 

solutes from host to parasite (Wolswinkel, 1985). Hemiparasites are 

photosynthetic, but remove most or all of their water and mineral nutrients from 

the host. Hemiparasites are only connected to the host xylem vessels, not to the 

phloem (Atsatt, 1983). All parasitic plants utilise products from both the phloem 

and xylem of the host (Atsatt, 1983). They have a poorly-developed root system, 

or none at all (Musselman, 1980). There is variation, though, in how greatly a 

hemiparasitic plant depends on its host. For example, in Cuscuta sp. there is a 

wide degree of photosynthetic capability, and therefore varying dependence on the 

host for carbohydrate. Mistletoes, generally thought to only obtain water and 

minerals from the host, have been shown to receive as much as 62% of their 

carbon from the host (Marshall & Ehleringer, 1990). Adult Striga plants receive
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upto 35% of their carbon from the host (Press et a l, 1987), but this depends on 

the nutritional status of the host (Cechin & Press, 1993).

Parasitic angiosperms are beheved to be closely attuned to their host’s 

chemistry, but most do not operate with precise host recognition chemistry (Kujit, 

1969; Begon et al., 1986). The greater the number of possible hosts to be utilised 

by the parasite, the less Ukely it is that specific chemicals from the host plant act 

upon it; the more complete the dependence of parasitic flowering plants on their 

hosts, the more limited the range of plants they wiU parasitise (Kujit, 1969). 

Odontites vema (Scrophulariaceae) has a wide range of potential hosts including 

Hordeum sp., Stellaria sp., and Trifolium sp.; Orobanche species have a range 

which is often restricted to a single host species. Vicia faba.; Striga species 

parasitise eight economically-important crop species: sorghum, maize, millet, rice, 

sugarcane, cowpea, tobacco and sweet potato, as well as having natural grassland 

hosts (Doggett, 1984). Odontites shows no absolute requirement for a host 

stimulus for seed germination, unlike both Orobanche and Striga, and is capable 

of effecting a hemiparasitic relationship with a wide range of angiosperms. Nearly 

all parasitic Scrophulariaceae lack host-specificity (Kujit, 1969); in only four 

known genera of Scrophulariaceae (Lathraea, Tozzia, Alectra, and Striga) does the 

seed germinate when chemically stimulated by root exudate from certain vascular 

plants (Kujit, 1969). These are the most advanced parasitic flowering plants.

Parasitic plants exhibit morphological (Tuohy et al., 1986; Shah et al., 

1987) and metabolic (Shah et al., 1984; Press et al., 1986) reductionism. This 

reductionism is an evolutionary trade-off between using its own resources or those 

from the host (Kujit, 1969). Receiving fixed carbon and nitrogen supplies from 

the host allows for a reduction in the number and type of enzymes in the parasite 

which would otherwise be used for the same purpose (Atsatt, 1983). The more 

wholly parasitic the plant, the smaller the seeds tend to be, and the more 

numerous (Sahai & Shivanna, 1982). This is also an evolutionary step towards 

parasitism. Parasitic plants may also lose the independent seedling stage (Kujit, 

1969; Begon et al., 1986). Striga, Orobanche and related parasites form haustoria 

soon after germination and pass the seedling stage underground before adult 

flowering shoots emerge (Atsatt, 1983).

Infection with parasitic plants can reduce the growth of a host plant
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(Bidwell, 1979; Knutson, 1979). This is often due to relocation of resources from 

host to parasite (Wolswinkel, 1985), diseases caused by the parasite (Strange, 

1993) and possible alteration of host metabohsm (Bidwell, 1979). When the host 

plant is an economically-important crop, the consequences may be severe. 

Mistletoes can reduce timber yield by 30% (Begon et al., 1986), and Striga 

infestations can completely eliminate maize and sorghum crops (Doggett, 1965; 

Press & Stewart, 1987). Parasitic weeds, including Orobanche, Cuscuta, zjiâ. Striga, 

represent one of the most destructive agricultural plagues on earth (Mwanza,

1991).

1.2 The Economic Significance of Cereals and Parasitic Plants

The parasitic angiosperm Striga is found in semi-arid tropical habitats 

around the world (Figure 1.1). Maize crops in semi-arid tropical and sub-tropical 

regions of Africa, Asia and the Persian Gulf are affected by various Striga species. 

Maize is the most important cereal in the world after wheat and rice. It is the 

most important crop in the United States, where half the world’s maize is 

produced. It is used as a staple food, particularly in the tropics, and for over 500 

important products and byproducts (Purseglove, 1979).

Maize is thought to have originated in Central America, and was brought 

to the Old World by the Spaniards and Portuguese. It is most probable that the 

Portuguese introduced maize into Africa in the sixteenth century. Maize was a 

major cash crop on the West Africa coast (part of the Portuguese Empire) in the 

seventeenth and eighteenth centuries, and is now the dominant staple crop over 

large areas of Africa. Maize has replaced sorghum, another cereal, in many parts 

of Central and East Africa, being generally preferred as a food, higher-yielding 

and less labour-intensive as a crop. Unfortunately it is very susceptible to Striga 

infection (see later).

Sorghum is the fourth most important world cereal. It is a staple food in 

the drier parts of tropical Africa, India and China. It is inherently drought 

resistant, and is thought to have been grown much more extensively in Africa
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striga asiatica • Striga hermonthica v other Striga species

Figure 1.1: The global distribution of Striga.
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before the introduction of maize. Sorghum has greater resistance than maize to 

native pests, such as Striga species. Striga is thought to have been associated with 

sorghum in its evolutionary history, and sorghum is believed to be its primary host 

(Kim, 1991) because it is only in sorghum that strong resistance mechanisms to 

Striga are known. When a host has co-existed with a parasite for a long time 

strong and stable resistance mechanisms, such as low stimulant production and 

mechanical barriers, evolve (Mussehnan, 1987). Most traditional varieties of 

sorghum and millet which are widely grown in areas where Striga is endemic 

possess a marked degree of tolerance. There is great difficulty in breeding 

resistant crop varieties which are as well-adapted to the other environmental 

constraints as traditional varieties. In other agricultural hosts of Striga  ̂including 

maize, there is hardly any true resistance at all. Infestation of a field of maize 

with Striga can completely eliminate the crop (Doggett, 1965). More than 20 

countries on the continent of Africa are suffering from serious Striga infestations, 

and a further 25 report moderate crop damage (Obilana & Ramaiah, 1992) 

(Table 1.1).

Striga species threaten the food supplies of millions of people in developing 

countries, and their effect is on the increase (Nour et al., 1986; Mwanza, 1991). 

This is largely because of the shift in Africa especially towards continuous 

monocropping which produces increasingly impoverished soils, due to the lack of 

a fallow season and drought. Studies have shown that the application of high- 

nitrogen fertilisers on crops greatly reduces Striga germination (Pesch & Pieterse, 

1982), and host infection (Agabawi & Younis, 1965). Conditions are becoming 

more and more conducive for the spread of parasitic weeds, and fertilisers are 

scarce or too expensive to be used by small-scale subsistence farmers (Nour et al., 

1986; Mwanza, 1991).

In Africa crop losses due to Striga infestation are estimated at 40%, 

equivalent to $7 billion (Kim, 1991). The losses mean disaster to the subsistence 

farmers who make up 80-90% of the population (Mwanza, 1991). In the United 

States, where Striga asiatica was accidentally introduced and parasitises sorghum 

and maize, the weed could cost farmers an estimated $ 1  billion in annual control, 

plus yield losses of about 10% (Musselman, 1980). In Africa the use of improved 

crop varieties, producing higher yields, is encouraged, but these high-yielding

22



Distribution and hosts of African species of Striga

Species Distribution Host

S. hermonthica Nigeria, Ghana, Burkina 

Faso, Niger, Chad, Mali, 

Senegal, Mauritania, 

Sudan, Ethiopia, Yemen, 

Kenya, Uganda, Angola, 

Tanzania, and 

Mozambique

Sorghum, pearl millet, 

maize and wild 

grasses

S. asiatica Ethiopia, Kenya, SADCC 

region, limited occurrence 

in West Africa

Sorghum, pearl millet, 

finger millet, maize, 

upland rice, sugarcane 

and wild grasses

S. gesnerioides Nigeria, Niger, Burkina 

Faso, Mali, Senegal, 

Botswana, Malawi, 

Swaziland, Tanzania, 

Zimbabwe

Cowpea, tobacco, 

convolvulaceae and 

fabaceae

S. euphrasioides Malawi, Tanzania, 

Zimbabwe, Zambia, and 

Mozambique

Sorghum, maize, 

sugarcane, upland 

rice, wild grasses

S. elegans Tanzania, Kenya, 

Botswana, and South 

Africa

Cereals and wild 

grasses

Table 1.1: A summary of some of the species of Striga found in Africa, their 

geographical distribution, and their host plants (adapted from Obilana & 

Ramaiah, 1992).
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cultivars are less resistant to Striga attack than lower-yielding varieties, and this 

also aids the spread of Striga.

13  The Natural History of Striga

The success of parasitic plants is due to more than just their host 

recognition strategies (Kujit, 1969; Riopel & Timko, 1992). Striga species are 

well adapted to their environment and to the lifecycle of their host. Striga species 

produce thousands of tiny seeds, giving rise to a large seed bank in the soil: one 

mature Striga hermonthica plant may produce 40 000 seeds, and one S. asiatica 

plant may produce 90 000 seeds per year (Kujit, 1969). The seeds can remain 

viable in the soil for upto 20 years (Mussehnan, 1980).

Seed physiology and the required pre-ripening period ensures germination 

does not occur at the wrong time. The seeds need to become imbibed with water 

before they will respond to exudates from host plants during the growing season, 

when there has been sustained wet conditions. Williams (1961) showed that water 

pre-treatment leaches germination and growth inhibitors from the seed testa. 

Musselman (1987) proposed that water pre-treatment may increase the 

permeability of the seed aleurone layer. A chemical germination signal from the 

host may be mostly important in conveying length of photoperiod as much as 

distance of the seed from the host (Fate et al., 1990; Smith et al., 1990). In 

Striga's native grassland, timing of germination along with the growth of many 

grass species and other host crops ensures that many potential hosts are present 

(Riopel & Timko, 1992). It has been suggested that Striga has adapted to utilize 

defence compounds as recognition cues for germination stimulation and 

haustorium initiation (Atsatt, 1977).

1,3.1 Germination of Striga seeds

Striga seeds go through a period of ripening which effectively prevents 

suicidal germination at the end of the host crop growing period. The following
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season, the seeds need to become fully imbibed with water before becoming 

sensitive to chemical signalling from a germination stimulant (Musselman, 1987). 

Only after this pre-conditioning are the Striga seeds able to respond to chemical 

stimulants released from the host. Exudates from the growing host roots contain 

chemicals which stimulate the germination of the Striga seeds (Sunderland, 1960; 

Worsham et al., 1964).

Strigol (Figure 1 .2 ), a sesquiterpene isolated from cotton (Gossypium 

hirsutum L.) (Cook et al., 1966; 1972), will induce the germination of Striga seeds. 

The Striga attaches to the cotton root, but necrosis of both parasite seedhng and 

host root in the immediate vicinity will occur after a couple of days, preventing 

the survival of the Striga seedling (J. A. Lane, pers. comm.). Strigol is active at 

concentrations as low as 10"̂  ̂M, with germination rates of 70 to 90%. It is made 

up of four rings, labelled A to D. Small modifications in the structure alters its 

effects on germination; for example, the addition of a benzene ring to ring A 

promotes germination activity, but addition to ring D decreases germination 

activity (Figure 1.3) (Hassanoli, 1984). Strigol is currently believed to stimulate 

ethylene production in the Striga seed, and thereby stimulate seed germination (by 

radicle extension) (Babiker et al., 1993).

Germination stimulants isolated from natural Striga hosts are very unstable 

in the soil, which restricts the distance from the host at which parasite seeds can 

germinate. Netzly and Butler (1986) isolated hydrophobic droplets exuded from 

the length of sorghum roots, which were identified as p-benzoquinones, and were 

later found to be capable of stimulating the germination of Striga asiatica seeds 

(Netzly & Butler, 1986; Netzly et al., 1988). The p-benzoquinones have been 

termed sorgoleone (Netzly et al., 1988) and have a different chemical structure 

from that of strigol (Figure 1.4). Sorghum exudes germination stimulant along the 

length of its roots, maize exudes stimulant only 3-6 mm behind the meristematic 

root tip, and also produces significantly less stimulatory material than sorghum 

(Worsham et a l, 1964). The dihydroquinone forms of sorgoleone are the active 

forms of the germination stimulant, and were the first compounds identified as 

germination stimulants from the roots of a Striga host plant (Riopel & Timko, 

1992). Hauck et al. (1992) isolated a different germination stimulant from 

sorghum root exudate, which they postulate has a structure similar to that of
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Figure 1.2: The chemical structure of strigol.
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Figure 1.3: Alterations in strigol structure change its activity in stimulating Striga 

germination: a) increased activity; b) decreased activity (Hassanoli, 1984).
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Figure 1.4: The chemical structures of a) sorgoleone-358; and b) the

dihydoquinone form of sorgoleone-358 (active as a germination stimulant) (Netzly 

et al., 1988).
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strigol. Hess et al. (1992) found unidentified germination stimulants exuded from 

sorghum roots, which were water soluble. They found that sorgoleones are 

released in similar quantities by sorghum plants that are resistant and susceptible 

to Striga infection. With susceptible varieties of sorghum large quantities of the 

unidentified water-soluble compounds are released, and if resistant to Striga only 

small amounts are exuded (Hess et al., 1992). The Striga radicle grows down the 

concentration gradient of the germination stimulant towards the host root, but 

only those seeds less than 1 0  mm from the host root are likely to germinate 

(Doggett, 1965).

1,3.2 Haustorial Initiation

A different set of chemicals from those that stimulate germination are 

responsible for initiating haustorial development in parasitic plants. Chang and 

Lynn (1986) extracted a benzoquinone from sorghum roots which was identified 

as a haustorial inducer, but not a germination stimulant. They concluded that the 

two separate signals were triggered by two separate groups of compounds in 

sorghum (Chang & Lynn, 1986). Studies have shown that it is essential for Striga 

to receive a  chemical signal in order to induce haustoria initiation (Kujit, 1969). 

All haustorial initiators are active at higher concentrations than the germination 

stimulants (10^ to 10"̂  M, compared with 10"̂  ̂M for strigol) (Press et al., 1990). 

Haustoria formation may be induced by numerous compounds (Riopel & Timko,

1992) (Table 1.2). Lynn and Chang (1990) proposed that haustorial induction in 

Striga results from the conversion of host root surface components, including 

flavonoids, to active quinones and that the zones in the soil for Striga germination 

and haustorial initiation are determined by a combination of factors including the 

diffusion rates of the various compounds in the soil, and their instability.

On reaching a host root, the Striga radicle is exposed to a chemical which 

win induce haustorium formation (Doggett, 1965). Exposure to the initiator for 

30 minutes is sufficient to induce haustorium development, and an established 

haustorium develops in 12 to 24 hours (Mallaburn & Stewart, 1987). Haustorial 

hyphae develop, firmly attaching the parasite seedling to the surface of the host 

root. The seedling penetrates the host tissue by both mechanical and enzymatic
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Substances active in Promoting Haustoria Formation

Phenolic Compounds Cytokinins

Arbutin 6 -benzylaminopurine

2 ,6 -dimethoxy-p-benzoquinone 6 -benzylaminopurine riboside

Sinapic Acid Dihydrozeatin

Vanillin Isopentenyl adenine

Vanillic Acid Kinetin

Umbelliferone Zeatin

Gum tragacanth

Table 1.2: Some of the compounds which can cause initiation of haustoria in 

Striga (adapted from Riopel & Timko, 1992).
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action (Rogers & Nelson, 1962). When the parasite’s xylem develops, it joins to 

the xylem of the host (Okonkwo & Nwoke, 1978). At various points along the 

host-parasite interface, differentiation of xylem elements occurs, maximising 

nutrient transfer from host to parasite (Okonkwo & Nwoke, 1978).

The haustorium has three functions: attachment, penetration, and water 

and solute acquisition (Press et al., 1990). Following attachment and penetration 

it functions primarily to transfer nutrients and water from host to parasite (Visser 

& Dorr, 1987). Features of haustorial ultrastructure indicate an active metabolic 

role in the transfer of nutrients from host to parasite (Ba, 1984; Mallabum & 

Stewart, 1987; Smith & Stewart, 1987).

1.3.3 Resource Acquisition

After successful attachment to the host, Striga plants develop underground, 

and depend entirely on their host for minerals, water and organic carbon (Press, 

et al., 1987b). Striga hermonthica will produce tiny roots which form secondary 

haustoria on the roots of nearby hosts, as well as with the original host (Okonkwo 

& Nwoke, 1978; Visser, 1981). These increase the efficiency with which the 

parasite can divert increasing amounts of the host’s resources towards its own 

growth (Smith & Stewart, 1987).

Movement of photosynthate from host to parasite is well-documented 

(Press et al., 1987b, 1988). The parasite becomes a metabohc sink for 

carbohydrates (Press et al., 1987; Graves et al., 1990), and amino acids and 

amides (Shah et al., 1984; McNally & Stewart, 1987) from the host.

Adult Striga plants may receive up to 35% of their carbon from the host 

plant, despite being capable of photosynthesis themselves (Press et al., 1987a). 

Graves et al. (1989) estimated that 34-42% of the carbon in an adult Striga plant 

growing on sorghum came from the host. Cechin and Press (1993) recently 

demonstrated that an adult Striga plant receives less carbon heterotrophically from 

its host if the host is supplied with a high nitrogen supply; if nitrogen is limited, 

more carbon is received from the host. Translocation of organic substances is not 

fully understood because phloem connections between host and parasite have not 

been demonstrated. There is no evidence for the presence of phloem transfer
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cells in the haustorium (Kujit, 1969; Musselman, 1980), although there is 

parenchymatous tissue between host and parasite phloem. Rogers and Nelson 

(1962) found that parenchyma in the haustorium "nucleus" have several 

characteristics of phloem sieve tube elements, and demonstrated the movement 

of organic materials from host to parasite via these parenchyma cells. Ba (1984) 

showed that the parenchyma cells are not cytologically similar to sieve cells, and 

would not conduct organic materials. Wolswinkel et al. (1984) demonstrated 

enhanced phloem unloading into the apoplast of Vicia faba at the site of Cuscuta 

europaea attachment which is under metabolic control of the host.

Once the Striga shoot has emerged from the soil (there may be many Striga 

plants attached to the host, but not all will emerge at once, the juvenile plants 

competing between themselves for the host’s resources), it is referred to as an 

adult plant. The emerged Striga is capable only of low rates of photosynthesis 

(Okonkwo, 1966; Shah et al., 1984), but has high rates of respiration (Shah et al., 

1987) and still receives nutrients and water from its host (Press et al., 1987). The 

degree of heterotrophy depends on the nitrogen status of host and soil (Cechin 

& Press, 1993).

The high rate of transpiration exhibited by Striga is common to all \bc

plants. It is believed to facilitate resource flux from host to parasite (Knutson, 

1979; Musselman, 1980). High concentrations of soluble carbohydrates have 

been implicated in the generation of an osmotic gradient between host and 

parasite (Press et al., 1986), and Striga is known to have a high concentration of 

mannitol in its leaf and stem tissue (Kujit, 1969; Musselman, 1980). The rate of 

transpiration by Striga only reduces when the host is subjected to a high degree 

of water stress (Press et al., 1987b). Complete stomatal closure of Striga plants 

does not occur until the leaf relative water content of the leaves is reduced to 

about 70% (Press et al., 1987), possibly due to the continual supply of potassium 

ions in the transpiration stream to the parasite, and lack of modulation of 

potassium uptake until high water stress is being experienced by the host (Smith 

and Stewart, 1990).
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1.3.4 Symptoms to Infection

In many cases when plants are diseased or infected with fungi or bacteria, 

photosynthesis is reduced (Bidwell, 1979). Photosynthesis may initially be 

increased, possibly in response to increased production of growth substances, yet 

with Striga this initial increase in photosynthesis is short-lived (Seel et al., 1992). 

With infection by Striga, symptoms vary with the degree of infection and the host’s 

resource availabihty. Common effects oiStriga infection include: stunting of shoot 

growth (a reduction in internode elongation), evident within a few weeks of 

infection and before the parasite has emerged from the ground (Press & Stewart, 

1987), wilting, leaf chlorosis (Kim, 1991), reduction in hfespan and accelerated 

senescence, reduction in photosynthesis (Press & Stewart, 1987; Cechin & Press,

1993), and a reduction in yield of up to 100% (Doggett, 1965). Once Striga plants 

have emerged from the soil, the symptoms of infection shown by the host appear 

to become more extreme.

1.3.5 Alterations in Host Biochemistry

Although the development of the above-ground parts of the host is 

inhibited by Striga infection, the host roots appear to remain relatively unaffected 

(Matthies, 1987). Resource competition is the simplest explanation for reduction 

in host growth and productivity (Press et al., 1987), but there is often a large 

disparity between the biomass of the parasite and the difference between the 

biomass of infected and healthy plants (Stewart et al., 1984; Graves et al., 1989). 

Small changes in productivity early on in the lifecycle of the host may have great 

effects later and competition for organic material early in the lifecycle may be 

important as a determinant of eventual host performance. Disturbances in the 

allocation of resources within a host may alter the ratio of structural to 

assimilatory tissue, thereby altering the capabihty of productivity (Seel et al.,

1992). It has been suggested that the very dramatic effects on host growth 

indicate a toxic or pathological effect in reducing host productivity because 

reductions in the mass of infected host plants can far exceed the mass of the 

parasites they support (Musselman, 1980; Graves et al., 1989; Stewart et al., 

1991), but there has been no evidence to support this hypothesis.
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Many changes observed in host morphology following infection are 

consistent with the hypothesis that parasite infection results in an imbalance of 

growth regulatory compounds. For example, mistletoes growing on trees or 

shrubs frequently cause the appearance of "witches’ brooms", a  spray of extra 

growth near the parasite, which is caused by a disturbance of growth hormones 

in the host (Bidwell, 1979). Drennan and El Hiweris (1979) found that sorghum 

infected with Striga had reduced amounts of cytokinins and gibberellins, and 

increased amounts of ABA and famesol, when compared with uninfected 

sorghum. They concluded that the Striga was not acting as the source or sink for 

these growth compounds, and suggested that the alterations came from the host 

tissues. "Green Islands" are a common symptom of infection by obhgate parasites, 

caused by increased levels of cytokinins in the leaf tissue, mobilizing nutrients 

from the leaf (Strange, 1993), and is one of the early symptoms shown by cereals 

to Striga infection (Kim, 1991).

Knutson (1979) hypothesized that Striga causes nitrogen starvation in the 

host, and this imbalance in the circulation of organic nitrogen in the host induces 

the common symptoms to infection. The data of Cechin and Press (1993) support 

this hypothesis. Thus sorghum plants subjected to infection by Striga hermonthica 

and given high nitrogen fertilization showed no reduction in biomass, little 

reduction in photosynthesis and unaffected yields compared with sorghum plants 

subjected to S. hermonthica infection and low nitrogen fertilization. There has 

been much speculation that Striga directly alters the metabolic processes of its 

hosts (Graves et al., 1990; Press & Stewart, 1987), similar to the effects of 

Cuscuta europaea on its host. Vicia faba (Wolswinkel et al., 1984). Press et al. 

(1987) found that Striga infection reduces the capacity of sorghum leaves to fix 

CO 2 , and also induces water stress in the host. Measurements of quantum yield, 

CO2  fixation at high intercellular concentrations of carbon dioxide and host 5 %  

values (Press et al, 1987; Graves et al., 1990) indicated that reductions in 

photosynthesis may result from the impairment of electron transport and/or 

metabolite shuttling between mesophyll and bundle sheath chloroplasts (Stewart 

& Press, 1990).

With Striga infections, the alteration in host gross morphology and yield 

reduction is believed to reflect physiological and possible metabolic dysfunction
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induced by the parasite. Mechanisms that bring about these changes are unknown 

(Stewart & Press, 1990).

1.4 Striga Infection compared with Other Parasitic Organisms

In many respects, infection of a host plant by Striga resembles infection of 

higher plants by fungi or other plant pathogens. A  haustorium is often involved 

with infection by plant pathogens, and host symptoms to infection are often very 

similar. The mechanism of host location, germination of seeds/spores, and host 

infection in all cases are very different.

Fungal spores need suitable conditions for successful germination: 

moisture, pH, temperature. Once germinated, the fungal hyphae may enter the 

host in a variety of ways: through a wound, lenticels or water pores, or by 

penetrating an undamaged cuticle and epidermis. Often the fungal spore may 

enter the host through stomata, and germinate and grow completely within the 

host. The stimulus leading to host penetration by a fungal parasite is physical 

contact with the surface of the host, not the chemical stimulation found with 

haustorium development in Striga. Once the fungus is inside the host, chemical 

digestion aids the spread of the parasite through its host and the breakdown of 

cellular compounds as nutrition for the parasite. Many parasitic fungi cause 

dwarfing of the host plant. Galls (eg: Gymnosporangium on Juniperus), leaf 

curling, or the development of witches’ brooms (eg: Chrysomyxa on spruce) are 

frequent symptoms of infection. Altered hormone concentrations have a major 

role in host expression of these symptoms (Strange, 1993).

If host symptoms to Striga infection resemble those caused by fungal plant 

pathogens, the processes leading to the expression of these symptoms do not: 

namely germination and infection of the host by Striga. Striga seeds become 

stimulated to germinate by exudates released from the host root. Rhizobia 

bacteria which are present in the soil as free-living bacteria, and which induce the 

formation of nitrogen-fixing nodules on legumes, are stimulated by compounds 

secreted by the host root to infect the host root and to form root nodules
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(Redmond et al., 1986). These stimulatory compounds are flavonoids (Redmond 

et al., 1986) and are secreted in the same concentration as the germination 

stimulants for Striga seeds (Fate et al., 1990). Unlike the germination of Striga, 

the stimulation of the Rhizobia to form associations with higher plants is 

reversible (Firmin et al., 1986). The Rhizobia release low-molecular-weight 

substances which induce host root hair distortion and curhng and cortical cell 

division; the host responds by secreting lectins which attach the bacterium to the 

root hair cell (Bauer, 1981). These responses of the host are thought to result 

from rhizobial catabohsm of the secreted flavonoids into benzoquinones 

(Djordjevic et al., 1987); some benzoquinones which induce haustorial formation 

in Striga will also induce root-hair curling in white clover (Lyim & Chang, 1990). 

If the host and parasite are able to form a nitrogen-fixing nodule they will switch 

to mutualistic symbionts, but a failure to fix nitrogen results in a pathogenic 

response by the Rhizobia, as the host is debilitated by its presence (Djordjevic et 

al, 1987).

Agrobacterium tumefasciens is a soil phytopathogen which genetically 

transforms dicotyledonous plant cells to cause crown galls by the transfer of a 

piece of its DNA as a plasmid to the host. This DNA becomes integrated with 

the host genome and is expressed. The expression of the plasmid DNA (T-DNA) 

results in elevated auxin and cytokinin production. Only host cells which are 

wounded are susceptible to infection by Agrobacterium, and it is thought that 

phenolics released from the wounded host tissue attract and stimulate the 

Agrobacterium to infect it (Stachel et a l, 1985).

Striga, Rhizobium, and Agrobacterium all use phenolic compounds for host 

detection. Striga is a very successful parasite, not least because of the ways in 

which it identifies the presence of a host plant, infects and grows on it.

1.5 Control Measures against Striga species

Striga is a serious weed pathogen on maize, millet and sorghum crops in 

Africa, especially those grown by subsistence farmers. Two thirds of the 73
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million hectares devoted to cereal crop production in Africa is seriously affected 

by Striga (Lagoke et al., 1991). The control of Striga is difficult because of the 

large number of seeds produced each year.

Rotation with so-called "trap crops", whose presence stimulates Striga seeds 

to germinate but are not host plants, has been found to be effective. A major 

limitation is that small farmers who depend on their crops for their own food 

often do not have enough food reserves to allow them to replace a food staple 

with a non-food rotation crop, such as cotton (Nour et al., 1986). Another 

problem is that infestation with Striga may still occur unless the trap crop is used 

consecutively for many years, to clear the soil of the large numbers of seeds 

present. Trap and catch crops, when used as components of crop rotation 

systems, are important in reducing Striga infestation and dissociated yield losses 

(Akobundu, 1991)

Hand-pulling the emerged Striga plants is labour-intensive, but is cheap and 

prevents the build-up of a Striga seed bank in the soil. This is the most widely 

used practice of Striga control. It may not save an infested crop, but it does 

reduce the number of seeds being deposited in the soil to germinate the following 

year, and is an effective method of control when there is only a light degree of 

infestation.

Apphcation of fertilisers reduces the number of emerged Striga plants and 

the apparent effect the parasite has on the host crop (reduced decrease in yield). 

In vitro experiments have shown that urea and ammonium sulphate application 

inhibit Striga germination (Pesch & Pieterse, 1982). Application of nitrogen to 

the soil will reduce the number of Striga seeds which germinate, and the number 

of seedlings which become successfully attached to the host (Cechin & Press,

1993).

Suicidal germination of Striga seeds in the United States, caused by 

fumigating the soil with ethylene or methyl bromide, is an expensive method of 

control and eradication. The United States also operates a quarantine system, to 

prevent the spread of different Striga species into the country (Musselman, 1980).

A novel method of control is the apphcation of antitranspirants to the 

emerged Striga plants. This causes the stomata to close, and the plants become 

black and shrivelled within a matter of hours, dying very quickly (Press et al,
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1989). Although this is successful, it is costly. An effective alternative to this is 

covering the emerged plants with black plastic sheets. These also serve to raise 

the temperature of the Striga plants, causing them to blacken, shrivel and die 

(Mwanza, 1991).

Many control methods are beyond the means of farmers whose crops are 

affected by Striga species. For such farmers the development of resistant or 

tolerant crop varieties seems to afford the best possibility for the control of 

parasitic weeds. Resistance to infection lies in tolerance: tolerant crop varieties 

have higher yields than susceptible varieties under similar levels of Striga 

infection, and less parasites complete their lifecycle when attached to tolerant 

plants.

A better understanding of the physiology of parasitic plants and 

biochemical interactions with their hosts should assist plant breeders to select 

resistant hnes, yet breeding crops for resistance to Striga has proved to be slow 

and difficult (Parkinson et al., 1991).

1.6 The C4  Pathway of Photosynthesis

Maize employs the Q  mode of carbon fixation and assimilation. The Q  

pathway is a complex biochemical and physiological adjunct of the Calvin cycle. 

It is the complete reaction sequence in which CO 2  is transferred via four-carbon 

acids to the reactions of the Calvin cycle, and reduced to carbohydrates (Hatch 

& Osmond, 1976). It is dependent on high internal concentrations of CO2  in 

speciahsed photosynthetic tissue. In C3  plants photosynthesis is inhibited by the 

effects of oxygen on the carboxylation reaction of the major carboxylating enzyme 

in the Calvin cycle, RuBisCO, and causes a loss of carbon from the system. 

Decreasing these effects caused by oxygen increases rates of photosynthesis. C4  

photosynthesis concentrates CO2  in photosynthetic cells where RuBisCO is 

exclusively located. The elevated ratio of CO2  to O 2  suppresses the oxygenation 

reaction of RuBP caused by RuBisCO, and increases the rate of photosynthesis. 

C4  plants exhibit high rates of photosynthesis, high growth rates, low rates of

38



photorespiration, specialised leaf anatomy, high water use efficiency and a high 

nitrogen use efficiency (Hatch 1976, 1987).

C4  plants have two distinct photosynthetic cell types: the mesophyll and 

Kranz cells. In many Q  species, such as maize, Kranz cells surround the vascular 

bundle, and are termed bundle sheath cells. Bundle sheath ceUs are large and 

thick-walled with no air spaces between them, and contain prominent chloroplasts 

and many mitochondria. They are the major sites of starch storage, although 

starch has been observed in mesophyll cell chloroplasts in maize after prolonged 

exposure to light (Downton & Hawker, 1973). Mesophyll cells are found adjacent 

to the bundle sheath cells. Their structure is very similar to the spongy mesophyll 

in C3  plants, with thin walls and large air spaces between the cells.

The C4  cycle can be divided into two phases: the carboxylation phase, 

occurring in the mesophyll, and the decarboxylation phase, occurring in bundle 

sheath cells. In all C4  species the carboxylation phase involves the enzyme PEP 

carboxylase. Photosynthetic enzymes are localized in the two cell types, and so 

the different phases of the C4  pathway are compartmentalized. The mesophyll 

cells contain PEP carboxylase in the cytoplasm, and pyruvate. Pi dikinase and 

enzymes of the reductive phase of the Calvin cycle (allowing the reduction of 

PGA to triose-phosphate) in the chloroplasts. Bundle sheath cell chloroplasts 

contain enzymes of the Calvin cycle, including RuBisCO, and the C4  acid 

decarboxylating enzymes.

When C4  plants are allowed to photosynthesize with "̂̂ C0 2  for a few 

seconds, 70-80% of the labelled products are in the four-carbon acids malate and 

aspartate, and a small percentage (1-5%) in oxaloacetate. Oxaloacetate is the 

initial product of the C4  pathway of photosynthesis, but this is unstable and is 

rapidly converted to malate and aspartate. In all C4  species malate is considered 

to be a transport metabolite to bundle sheath cell chloroplasts, and aspartate a 

transport metabolite to bundle sheath cell mitochondria. Rapid bidirectional 

transport of metabolites between mesophyll and bundle sheath cells and between 

chloroplasts and mitochondria is essential for the success of C4  photosynthesis. 

Little is known about the mechanism of intracellular transport between the 

mitochondria and chloroplasts, but it is generally thought that intercellular 

transport occurs along diffusion gradients through plasmodesmata; there is

39



substantial evidence for the presence of numerous plasmodesmata between 

mesophyll and bundle sheath cells (Weiner et al., 1988).

C4  species are divided into three subgroups according to the mechanism 

they employ for the decarboxylation phase of photosynthesis: NAD-malic enzyme 

type, NADP-malic enzyme type, and PEP carboxykinase type. Maize belongs to 

the NADP-ME subgroup of Q  plants. In maize and all other NADP-ME species, 

the Calvin cycle depends on malate decarboxylation to provide CO2 , and malate 

decarboxylation depends on the Calvin cycle for the re-oxidation of NADPH 

(Figure 1.5).

Many C4  plants have dimorphic chloroplasts as well as dimorphic cells 

which are involved in the photosynthetic process. Hodge et at., (1955) observed 

that mesophyll chloroplasts in maize had grana and were similar to other higher 

plant chloroplasts, but that the bundle sheath chloroplasts had no grana. It has 

since been found that bundle sheath cell chloroplasts of maize do contain 

rudimentary grana. Studies of chloroplasts of many C4  species have shown that 

the ultrastructure varies from species to species, from being completely agranal 

(sugarcane and sorghum), to having rudimentary granal structure (maize), to 

"normal" granal formation, as found in the mesophyll cell chloroplasts (millet and 

guineagrass). Size dimorphism also exists between the two types of cell 

chloroplast, with the Kranz cell chloroplasts being larger than those in mesophyll 

cells. The arrangement and type of chloroplasts in the bundle sheath cells differs 

between the decarboxylation subgroups. In NAD-ME species the chloroplasts are 

arranged centripetally in the bundle sheath cells, close to the vascular tissue; the 

chloroplasts are granal. In NADP-ME species the chloroplasts are arranged 

centrifugally in the bundle sheath cells, and tend to have little granal structure. 

In PCK species the chloroplasts are arranged mostly centrifugally in the bundle 

sheath cells and are granal (Edwards & Walker, 1983) (Figure 1.6).

In all species belonging to the NADP-ME subgroup of C4  photosynthesis, 

the chloroplasts in the bundle sheath cells exhibit a substantial reduction in grana 

development. 70-100% of the capacity for non-cyclic electron flow (and therefore 

the production of reducing power) appears to be in the mesophyll chloroplasts.
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Figure 1.5: A schematic diagram showing the process of NADP-ME

decarboxylation.
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Figure 1.6: Chloroplast arrangement in bundle sheath cells of the C4  subgroups 

(from Edwards & Walker, 1983).
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There is a deficiency in PSll activity in the bundle sheath cell chloroplasts which 

corresponds to the lack of grana development. In maize, which has rudimentary 

thylakoid stacking, there is some PSll activity, though much reduced when 

compared with PSll activity in the mesophyll cells. It has been reported that 15- 

30% of noncyclic electron flow in maize is from bundle sheath cells (Edwards & 

Walker, 1983) (Table 1.3). In the decarboxylation phase of photosynthesis in 

NADP-ME species, malate transport effectively donates reducing power from the 

mesophyll cells to the bundle sheath cells. Up to half of the PGA produced in 

the bundle sheath cells may be shuttled back to the mesophyll cells for reduction.

1.7 Objectives of Research Undertaken

The research undertaken was to study the effects Striga hermonthica, 

endemic to Africa (Figure 1.7), has on its host Zea mays, with particular reference 

to the effects on host photosynthesis. Although reductions in host photosynthesis 

had been reported in laboratory experiments (Press et al., 1987), there had been 

no similar data from field experiments. When the work presented in this thesis 

began the effect of Striga on host photosynthesis was still under dispute. The 

primary aim of the study was to clarify the effect of Striga on photosynthesis in 

maize grown in the glasshouse, and to determine at what stage of plant growth 

and how this came about. Two hypotheses for the reduction in host 

photosynthesis noted in laboratory experiments had been suggested: an alteration 

in the mode of photosynthesis (Mansfield et al., 1990), and a disruption of 

metabolite flux between mesophyll and bundle sheath cells in infected host plants 

(Press & Stewart, 1990). Once a reduction in host photosynthesis had been 

observed, experiments were devised to elucidate the mechanisms involved.
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% Distribution of noncyclic electron flow in Q  species

Species Mesophyll

chloroplasts

Bundle sheath 

chloroplasts

Grana (in BS 

chloroplasts)

Saccharum

ofpcinarum

100 - 97 0 - 3 Agranal

Sorghum bicolor 100 - 95 0 - 5 Agranal

Zea mays 85- 70 15-30 Rudimentary

Digitaria

sanguilis

70 30 Rudimentary

Table 1.3: Percentage of non-cyclic electron flow in chloroplasts form several Q  

plant species (from Edwards & Walker, 1983).
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Figure 1.7: The distribution of Striga hermonthica in Africa, shown by areas that 

are cross-hatched.
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CHAPTER TWO: MATERIALS AND METHODS

2 . 1  General

2 .1 . 1  Chemicals

Chemicals were obtained from BDH Ltd., Poole, Dorset, U.K.; Sigma 

Chemical Company, Poole, Dorset, U.K.; Pharmacia Biosystems Ltd, Milton 

Keynes, U.K.; Fisons Scientific Equipment, Loughborough, Leicestershire, U.K., 

and May and Baker, Dagenham, U K  AU were analytical grade unless otherwise 

stated.

RuBP was a gift from A. J. Keys and I. Major, synthesized in the 

laboratory from AMP. Monoclonal antibodies raised in rat against ribulose-1,5- 

bisphosphate carboxylase-oxygenase were a gift from M. A. J. Parry. Maize ceU 

culture BMS (black Mexican sweet) was a gift from the university of Hamburg, 

Germany, obtained with the help of P. A. Lazzeri.

2.1.2 Enzymes

Enzymes were purchased from Sigma Chemical Company, Poole, Dorset, 

U.K., and from Calbiochem, Nottingham, U.K.

2.1.3 General Equipment

In general four centrifuges were used. An Eppendorf Centrifuge 5402 

(supplied by Eppendorf, Hamburg, Germany, obtained via Fisons Scientific 

Equipment, Loughborough, Leicestershire, U .K) was used to centrifuge samples 

in Eppendorf tubes (1.5 ml conical plastic tubes with caps). An MSE Chilspin 2 

(supplied by Fisons Scientific Equipment, Loughborough, Leicestershire, U.K.) 

was used to centrifuge volumes of up to 30 ml requiring only a low force. A 

Centrikon H-401 and a Centrikon T-124 (both supplied by Kontron Instruments,
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St Albans, U.K.) were used to centrifuge samples of a larger volume using rotor 

A  8.24 ( 8  X 50 ml).

Absorbancies of solutions were measured on a Pye-Unicam SP8-100 UV 

Spectrophotometer (Cambridge, U.K.) and a Caiy 3 UV-Visible 

Spectrophotometer (Varian Techtron Pty. Limited, Melbourne, Austraha).

Freeze-clamping of leaf tissue involved the use of phers with turned brass 

blocks fitted to an extension of the jaws to a design developed by Don Geiger 

(Biology Department, University of Drayton, Ohio, USA). The brass blocks were 

cooled in liquid nitrogen prior to cutting disks from the leaves.

2.1.4 Seeds

Maize (strain 8338-1) and Striga seeds were obtained from stocks kept in 

the Biology Department, University College London. These had been received 

from ICRISAT research stations in West Africa.

2.2 Growth of Plants

2.2.1 Germination of Maize seeds

Maize seeds were surface sterilised for 20 minutes in a stirred 10% 

solution of sodium hypochlorite (a solution with 5% available chlorine diluted 

1:10). They were rinsed well with distilled water and placed onto damp GFA 

glass fibre filter discs (Whatman) in 9 cm Petri dishes. The Petri dishes were 

wrapped in aluminium foil and incubated at 37°C for 1-3 days. The dampness of 

the filter disc was checked daily, and more water was added as necessary. Once 

the seeds had germinated and the radicle was approximately 5 cm long, the 

seedlings were transferred to grids over pots (black 250 ml plastic beakers) 

containing 20% Long Ashton solution (Hewitt, 1966, Tables 40, 41), and placed 

in the glasshouse for 4-6 days.
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2.2.2 Preconditioning of Striga seeds

About 50 mg of seed were used per maize plant. The seed was surface 

sterilised for 3 min using a 10% sodium hypochlorite solution (as above), stirring 

constantly. The seeds were rinsed well with distilled water using a miUipore filter. 

The seeds were washed onto six GFA glass fibre discs in 9 cm Petri dishes. The 

Petri dishes were wrapped in aluminium foil and incubated at 37°C for 3 days. 

The dampness of the filter discs were checked daily, and more water was added 

as required. The Striga seeds were kept in the incubator until the maize seedlings 

were large enough to be placed individually into 25.5 cm diameter plastic pots 

(generally 7-10 days).

2.2.3 Infection of Maize with Striga

When the aerial part of the maize seedlings were approximately 15-20 cm 

high (4-6 days after having been placed on grids over 20% Long Ashton solution) 

they were transferred to 25.5 cm diameter plastic pots partly filled with a mixture 

of sand, peat and loam (7:3:3). Preconditioned Striga seeds were evenly 

distributed on 6  fresh damp GFA discs. Each disc was placed centrally on the 

temporary surface, 10-15 cm down from the eventual surface of the artificial soil, 

with the seeds uppermost. A maize seedling was held above the GFA disc, and 

the soil replaced around it (Figure 2.1). With the six maize seedlings to act as 

controls, just damp GFA discs were placed in the pots. The control plants thus 

had the same conditions applied to them, with the exception of the presence of 

Striga seeds.

Batches of 12 plants were planted in this way at intervals of about 3 

months throughout the course of the investigation.

2.2.4 Glasshouse Conditions

The air temperature in the glasshouse was automatically controlled, with 

a minimum of 25°C during the day and 18°C at night. The temperatures were 

often above the set minimum during the summer months, depending on the 

external temperatures.
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Figure 2.1: Planting maize seedlings with Striga hermonthica seeds
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Supplementary lighting was automatically controlled, providing a 16 hour 

day period (4 am until 8  pm) when the natural daylength was shorter. The lights, 

Son-T lamps (1 kW high pressure sodium lamps emitting hght radiation towards 

the lower end of the spectrum) came on when the day was overccist to maintain 

a minimum photosynthetic photon flux density of about 250 /xmol m"̂  s‘̂  at the 

bench level on which the pots were grown.

2.2.5 Watering of Plants

The plants were watered daily with deionized water. Twice a week the 

plants were given 100 ml each of 20% Long Ashton solution (Hewitt, 1966, Tables 

40, 41).

23  General Techniques

2.3.1 Extraction of Soluble Metabolic Intermediates

Leaf tissue was removed from the main body of the plant and plunged into 

liquid nitrogen. It was ground to a powder in liquid nitrogen. 0.2 g of powder 

was placed into a cold test tube containing 4 ml of methanol /  chloroform /  water 

/  formic acid (12:5:2:1). The tubes were left at -20°C for at least 12 hours. The 

tissue was then processed according to RedgweU (1980):

1) It was centrifuged at 1 100 x g for 10 minutes at 4°C. The supernatant 

was poured into a clean test tube, extract 1. The residue was re-extracted in 5 ml 

80% methanol, and centrifuged again. The supernatant was kept, extract 2.

2) To the original supernatant, extract 1 , 1 ml chloroform and 1.4 ml 

water was added. The mixture was centrifuged as before. The top layer was 

removed with a Pasteur pipette, and combined with extract 2.

3) The residue was washed and re-extracted in 80% methanol. The 

mixture was centrifuged and the supernatant was added to extract 2. This was the 

water-soluble fraction and contained soluble carbohydrates and amino acids from 

the leaf.
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4) The water-soluble fraction was evaporated to diyness at 40°C on a 

rotary evaporator (Biichi Rotavapor, Switzerland). The residue was redissolved 

in 5 ml water.

This solution was used in determining the amounts of total soluble 

carbohydrates and on-amino nitrogen in the leaf extracts, and for analysing 

radiolabelled photosynthetic intermediates.

2.3.2 Extraction of Carbohydrates from Leaf Tissue

Freeze-clamped 5 cm^ leaf discs were extracted in hot ethanol/water 

mixtures. Each leaf disc was extracted in 5 ml hot (80°C) 80% ethanol for 5 

minutes and with 5 ml portions of 50% ethanol for three five-minute periods. 

The extracts were pooled together for each individual leaf disc, and the mixtures 

were evaporated to complete dryness in vacuum in a rotary evaporator at 40°C. 

The residue was redissolved in 1 ml distilled H 2 O.

Each sample was desalted by passing it through a Dowex 50W column in 

the form (2.5 meq.) and a Bio-Rad AG 1-X4 column in the C O ^  form (2 

meq.), following the method of Moing et al. (1992). The columns were washed 

with distilled water to give a total volume of extract of 1.5 ml.

2.3.3 Preparing in Air

Stock NaH^^^COg was diluted with N aH ^ O g  to give a solution containing 

Narf'^COg with a specific activity of 15 /xCi (5.55 x 10̂  Bq) per /xmol. 

Appropriate volumes of this solution were injected into a 10-fold excess of 2 M 

H 2 SO4 , in a gas washing both through a serum cap. The ^̂ C0 2  released was 

transferred through a drying tube into a storage bag made from two layers of 1 0 0 0  

guage polythene by bubbling through a sufficient volume of C0 2 -free air to make 

a final composition of 13 /xmol CO2  and 195 /xCi (7.22 x 10̂  Bq) per litre.
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2.3.4 Supplying to Plants

2.3.4.1 Striga
A polythene bag, 27.5 cm x 20 cm, was placed over a Striga shoot and 

sealed round the base of the stem with blu-tak. Residual air was evacuated and 

1.7 litres of air containing ^^C02 was forced into the bag around the Striga shoot. 

The plant was allowed to photosynthesize for either one or two minutes. The 

excess in air was evacuated to a soda lime tower. The plant was cut off at 

the base of the stem and plunged into liquid nitrogen. Plant tissue was extracted 

according to RedgweU (1980) (2.3.1).

2.3.4.2 Maize

A bag was shpped over the leaf to be allowed to photosynthesize in air 

containing ^^C02. It was sealed at the base of the leaf by pressure from two 

wooden splints covered with foam plastic against the mouth of the bag. Residual 

air was removed, and 500 ml air containing was introduced into the bag. 

The leaf was allowed to photosynthesize with ^^C02 for 10 seconds in ambient 

light. The air was evacuated to a soda lime tower. The bag covering the 

leaf was removed, and the leaf was allowed to photosynthesize in atmospheric air 

(^^COj) for a specified chase period. The leaf was then removed from the main 

body of the plant and plunged into liquid nitrogen. Leaf tissue was then extracted 

(2.3.1). With this technique it was difficult to arrange for a constant hght 

intensity, but the purpose was mainly to establish a normal pattern of 

photosynthetic products.

2.3.5 Fractionation of Plant Extracts

Crude extracts were split into four fractions by the use of ion-exchange 

Sephadex columns: sugars, organic acids, amino acids and phosphate esters 

(RedgweU, 1980).

10 g each of Sephadex QAE-A-25 and Sephadex SP-C-25 were washed and 

equilibrated. 5  ml glass hypodermic syringe barrels were used for the columns. 

Each was filled with the appropriate amount of Sephadex suspension, to give 

columns with a bed volume of 5 ml. The SP column was washed with 20 ml of
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1%  (w/v) formic acid, followed by 20 ml of distilled water. At the same time, the 

QAE column was washed with 20 ml of distilled water. The SP column was 

mounted in tandem above the QAE column, and the columns were hnked with 

a  hypodermic needle.

Crude extract was layered on to the surface of the SP Sephadex. This was 

followed with two 0.5 ml washes of distilled water. Elution with water was 

continued until 20 ml had been collected. This was the sugar (neutral) fraction. 

The columns were disconnected. The SP column was eluted with 30 mis of 0.2 

M NH4OH to yield the amino acid fraction. The QAE column was eluted with 

30 mis of 4% (w/v) formic acid to yield the organic acid fraction. The QAE 

column was then eluted with 15 mis of pyridine /  formate buffer, pH 4.0 ( 50 ml 

10% (w/v) formic acid, 8  ml pyridine, 42 ml distilled water), to yield the 

phosphate ester fraction.

The fractions were evaporated to diyness in a rotary evaporator at 40°C, 

and redissolved in 1 ml distilled water. The phosphate ester fraction was further 

dried over PgO  ̂ and in the presence of KOH pellets in a vacuum desiccator to 

remove the last traces of pyridine and formate.

2.3.6 Extraction of Enzymes from Maize

The method is shghtly modified from Ashton et al. (1990). Leaf tissue (5 

cm^) was freeze-clamped and the frozen sample stored in liquid nitrogen until 

required. The leaf tissue was ground in 300 fd buffer containing 50 mM HEPES- 

KOH, pH 7.5; 5 mM MgClg; 10 mM DTT, and 1 mM EDTA at room 

temperature. The suspension was passed through a 100 [im nylon mesh. 30/zl of 

the filtrate was removed for chlorophyll estimation (Wintermans and de Mots, 

1965). The rest of the filtered extract was centrifuged for 2 minutes at 10 000 g 

at 15°C. The supernatant was desalted down a 2 ml G-25 column, and the diluted 

extract was collected at room temperature.

This method was used to prepare extracts for the determination of the 

activity of four photosynthetic enzymes, and four enzymes involved with 

carbohydrate metabolism and defence (2 .8 ).
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2.3.7 Protein Determination by the method of Bradford (1976)

The soluble protein was measured by a modified dye-binding method 

(Bradford, 1976). 100 mg Coomassie Brilhant Blue G-250 was dissolved in 50 ml 

of 95% ethanol, and 100 ml of 85% (w/v) H 3 PO4  was added. The solution was 

diluted to 1 litre with water and filtered through Whatman number 1 filter paper. 

The reagent was stable for several months when stored in the dark.

Samples containing up to 0.5 ml were placed in 1.5 ml centrifuge tubes 

and diluted with distilled water to a total volume of 0.5 ml. 0.5 ml of Bradford 

reagent was added and the solution was mixed thoroughly. The absorbance at 

595 nm was measured after three minutes. The reagent blank contained 0,5 ml 

water and 0.5 ml Bradford reagent. The protein concentration was determined 

by comparison to a bovine serum albumin (BSA) standard curve.

2.3.8 Chlorophyll Estimation

Chlorophyll was estimated using a method modified from Wintermans and 

de Mots (1965). An aliquot of leaf extract was placed in a 1.5 ml centrifuge tube 

and shaken with ethanol at a final concentration of 95%, in a total volume of 1 

ml. The solution was centrifuged at 10 000 g for 30 seconds, and the supernatant 

decanted into a second 1.5 ml centrifuge tube. Using disposable plastic cuvettes, 

the absorbance of the solution was measured at 649 nm and 665 nm. Chlorophyll 

content was determined from the equation of Wintermans and de Mots (1965):

c.+b = [6.10 A« , 5  + 20.4 A<4 ,] X 1000/a

where c is the chlorophyll concentration in /xg/ml, and are the 

absorbances of the solution at 649 nm and 665 nm respectively, and a is the 

amount of crude extract (/xl) used in the chlorophyll determination.

2.3.9 Monitoring Maize Photosynthesis

Measurements of foliar COg exchange rates were made using a portable 

infra red gas analyser (IRGA) (LCA-2, Analytical Development Company (ADC),
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Hoddesdon, U.K.) together with a Parkinson type narrowleaf chamber (ADC). 

Illumination was from a quartz halogen lamp supported directly above the leaf 

chamber (Young et al., 1989), and supplied a photosynthetic photon flux density 

of 400 /xmol m'^ s’̂ . The partial pressure of the COj entering and leaving the 

cuvette together with the photosynthetic photon flux density and water vapour 

pressure were recorded using a data logger (ADC). The data were later used to 

calculate CO2  exchange rates on a leaf area basis through a computer programme 

based on the equations described by von Caemmerer and Farquhar (1981). 

Measurements were made in the morning at least five hours after the start of the 

photoperiod and at air temperatures between 32 and 38°C. The leaf from which 

the rate of photosynthesis was to be determined was placed into the leaf chamber, 

taking care that the midrib was not damaged. The leaf was allowed to equilibrate 

at the light level supplied by the IRGA for a few minutes until steady state 

photosynthesis was reached, and then the rate of photosynthesis was recorded. 

The rate of photosynthesis was recorded three times for each leaf used in each 

experiment. Measurements of leaf photosynthesis were made on two sets of 

plants starting a few weeks after maize seedlings had been planted with 

preconditioned Striga seed.

2.4 Total Soluble Carbohydrate Analysis of Crude Extracts

A modification of the anthrone method described by Hansen and Moller 

(1975) was used. 2.5 ml anthrone reagent (74 ml concentrate H 2 SO4 , 26 ml H 2 O, 

200 mg anthrone) was added to 0.5 ml cold sample (water plus extract in a glass 

stoppered tube, kept on ice). This mixture was heated at 100°C for exactly 11 

minutes and then rapidly cooled to zero. The absorbance was read at 630 nm as 

soon as possible, and amounts of glucose equivalents present in the extract were 

estimated from a calibration curve.
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2.5 HPLC Analysis of Carbohydrates

Carbohydrates extracted from leaf tissue (2.3.2) were analysed on a Dionex 

BioLC (Dionex (UK) Ltd., Camberley, Surrey, UK). The samples were diluted 

16-fold and injected via a 100 fd injection loop onto a CarboPac 4 x 250 mm 

column. Separation of compounds in the extract was achieved with 0.1 M NaOH 

over a twenty minute period per run, with a flow rate of 0.5 ml /  minute (ie: 

isocratic elution). Standard solutions of glucose, fructose and sucrose were run 

individually on the column and together, for subsequent compound identification. 

Amounts of sugar were measured by peak area with reference to the standards.

2.6 Analysis of Starch

This method used the residue from 2.3.1 and follows the method described 

by Rufty and Huber (1983). The residue was desiccated. It was then suspended 

in 1 ml 0.2 M KOH and boiled for 30 min. The samples were allowed to cool, 

and the KOH was neutralised, by the addition of appropriate amounts of 1.0 M 

acetic acid. More acid was added to give a final pH of 5.5. To each sample 1 ml 

dialysed amyloglucosidase solution (35 units in 50 mM sodium acetate buffer, pH 

4.5) was added. The tubes were incubated at 55°C for 30 minutes, to allow 

digestion of the starch. Digestion was halted by heating the tubes for one minute 

at 100°C.

The tubes were centrifuged at 1 100 x g at 4°C for 10 minutes. The pellet 

was discarded. The supernatant was used to determine the amount of soluble 

carbohydrate now present in the extract (using the anthrone method (2.4)), and 

was calculated as the amount of starch present originally in the leaf tissue by 

multiplying amounts of glucose or glucose equivalents determined by 0.9.
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2.7 Nitrogen Analysis of Crude Extracts

2.7.1 Coloiirimetric Analysis of a-amino Nitrogen

The method described by Lea et al. (1990) was used. Crude extract was 

mixed with water to give a volume of 500 /xL 1 ml ninhydrin reagent (0.4 g 

ninhydrin, 80 ml 95% ethanol, 1 g cadmium acetate, 10 ml glacial acetic acid, 20 

ml water) was added. The mixture was heated for 10 min at 80°C, and then 

cooled rapidly. The amount of oi-amino nitrogen present was determined from 

the absorbance of the coloured product at 506 nm, compared with a glycine 

standard.

2.7.2 HPLC Analysis of Amino Acids

An automated Kontron HPLC was used to measure amounts of individual 

amino acids in the extracts, and to identify them on the basis of column retention 

time. Extracts (2.3.1) were evaporated to dryness in vacuum at 40°C on a rotary 

evaporator. The residue was redissolved in 1 ml HPLC-grade methanol. Samples 

were filtered prior to HPLC analysis. The system was fully automated; the 

amino acids in the samples were derivatised with o-phthaldehyde (oPA) and 

injected onto a C-18 column. Stock oPA reagent was prepared by dissolving 50 

mg oPA in 1 ml HPLC-grade methanol, and adding 6.5 ml borate buffer, pH 9.5. 

Working reagent was prepared daily by adding 1.5 ml stock reagent to 10 /xl 2- 

mercaptoethanol. Samples were prepared by adding 50 fil extract to 150 /xl 

working reagent and mixed for 2  minutes to derivatize before injection onto the 

column. 30 /xl of prepared extract and 10 /xl of the internal standard, homoserine, 

were injected onto a C-18 column with 5 /xm spherical packing and a length of 12 

cm. Fluorescence of the oPA-amino acid derivatives at 340 nm enabled 

identification of the amino acids eluting from the column.
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2.8 TLC analysis of Plant Extracts and Extract Fractions

2.8.1 Crude Plant Extracts

Crude water-soluble extracts (2.3.1) from leaf tissue allowed to 

photosynthesize in air containing were applied to TLC cellulose/starch 

plates containing EDTA (0.1 g EDTA was added to 1 g soluble starch in a 

mortar, a maximum of 2 mis water was added. The mixture was worked to a 

smooth paste. A few ml boiling water was added, and the mixture diluted to a 

total volume of 100 ml with cold distilled water. 40 g Whatman CC41 cellulose 

powder was mixed to a slurry with 90 mis of the EDTA-soluble starch solution, 

and spread over 20 cm x 20 cm glass TLC plates to a thickness of 0.5 mm). 

Crude extract with a radioactive count of approximately 10 000 dpm (166.67 Bq) 

was loaded onto each plate. The plates were developed in two dimensions, with 

a double development in each direction (Waidyanatha et al., 1975). The solvents 

used were propan-l-ol /  0.880 ammonia /  water (6:3:1) and 0.2% (w/v) EDTA 

in the first direction, and n-propyl acetate /  formic acid /  water (11:5:3) in the 

second.

2.8.2 Extract Fractions

Organic acid fractions were applied to TLC cellulose/starch plates without 

EDTA (made as before, omitting the EDTA from the slurry). Extract with a 

radioactive count of approximately 10 000 dpm (166.67 Bq) was loaded onto each 

plate. The samples were separated in two dimensions according to Myers and 

Huang (1969). The solvents used were diethyl ether /  formic acid /  water (7:2:1 

by volume) in the first dimension, and phenol /  water /  formic acid (75:25:1 by 

volume) in the second.

Amino acid fractions were applied to TLC cellulose/starch plates without 

EDTA. Extracts with a radioactive count of approximately 10 000 dpm (166.67 

Bq) were loaded onto each plate. The samples were developed in two directions 

according to Haworth and Heathcote (1969). The solvents used were 2-propanol/ 

butanone /  N-HCl (65:15:25) in the first direction, and 2-methylpropanol /  2- 

butanone /  propanone /  methanol /  water /  O.88O-NH3 (40:20:20:1:14:5:) in the
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second.

Sugar fractions were loaded onto high performance sihca gel plates 

(Whatman) and separated in one direction only according to Hay et al. (1963). 

The solvent used was 1-butanol /  acetic acid /  ethyl ether /  water (9:6:3:1 by 

volume).

2.8.3 Autoradiography of TLC Plates

After chromatography TLC plates were labelled on diametrically opposite 

corners with radioactive ink and exposed to Fuji Xray NIF RX Medical film for 

several weeks. The film was developed using an automatic Compact X2 film 

developer (X-ograph, Wiltshire, U.K.). Areas of the cellulose/starch layer 

containing radioactive compounds were removed: 30 ml pyroxihn solution (1% 

pyroxilin in 50/50 ethanohether) were poured over a TLC plate and was evenly 

spread over the thin layer. As the pyroxihn dried, the thin layer went opaque. 

The developed autoradiogram was placed on the plate, matching the labels 

previously made using radioactive ink, and each spot on the autoradiogram was 

firmly traced using a ballpoint pen. The autoradiogram was removed and three 

sides of each spot cut with a scalpel. As the pyroxilin on the plate continued to 

dry, the thin layer was shrunk, and peeled away from the glass plate. The fourth 

side of the traced spot was cut with a scalpel, and each spot placed in vials with 

toluene-based scintillation fluid (5 g /  htre PPO and 0.1 g /  htre DMPOPOP in 

toluene, giving a solution of 0.4% PPO and 0.01% POPOP (w/v)). "̂̂ C was 

measured using a Tri-Carb 2500 TR Liquid ScintiUation Analyser (Packard, 

Canberra, Australia). This gave the percentage "̂*C recovered from the plate for 

each compound which appeared on the autoradiogram.
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2.9 Enzyme Assays

Enzyme assays were performed at 25°C in a spectrophotometer.

2.9.1 Phosphoewo/ Pyruvate Carboxylase

In 1 ml final volume there was 25 mM Tris-HCl, pH 8 ; 5 mM MgCl2 ; 2 

mM DTT; 1 mM KHCO3 ; 5 mM G 6 P; 10 mM PEP; 0.2 mM NADH; and 2 

units MDH. The reaction was started by adding 40 /xl extract and was followed 

at 340 nm for two minutes, observing the production of NAD^ from NADH.

2.9.2 Ribulose-l,5-bisphosphate Carboxylase-Oj^genase

In 1 ml final volume there was 50 mM HEPES-KOH, pH 7.8; 10 mM 

NaHCOg; 20 mM MgClz; 660 /xM RuBP; 200 /xM NADPH; 5 mM ATP; 5 

mM creatine phosphate, and 80 nkat of creatine phosphokinase, glyceraldehyde 

phosphate dehydrogenase and phosphoglycerate kinase with 40 /xl extract. The 

reaction was started by adding the RuBP, and was followed at 340 nm for two 

minutes, observing the production of NADP^ from NADPH.

2.9.3 Pyruvate, Pi Dlklnase

In 1 ml final volume there was 25 mM HEPES-KOH, pH 8 ; 8  mM 

MgSO^; 10 mM DTT; 10 mM NaHCO^; 2 mM pyruvate; 5 mM (NH 4 )2 S0 4 ; 

1 mM G 6 P; 1 mM ATP; 2.5 mM inorganic phosphate; 0.2 mM NADH; 0.5 

units PEP carboxylase, and 2 units MDH. The reaction was started by adding 40 

/xl extract, and was followed at 340 nm for two minutes, observing the production 

of NAD^ from NADH.

2.9.4 NADP-Malic Enzyme

In 1 ml final volume there was 25 mM Tricine-KOH, pH 8.3; 5 mM 

malate; 0.5 mM NADP^; 0.1 mM EDTA and 2 mM MgCl2 . 40 /xl of extract 

was added. The reaction was started by the addition of NADP^, and was
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followed for two minutes at 340 nm, observing the production of NADPH from 

NADP+.

2.9.5 Invertase

Acid and alkaline invertase were assayed by measuring the formation of 

reducing sugar from sucrose, using the Nelson-Somogyi method (Somogyi, 1952). 

Alkaline copper reagent (1 g CUSO4 .5 H 2 O, 6  g anhydrous NajCOj, 4 g NaHCOg, 

3 g Rochelle salt, 45 g Na^SO^ in 250 mis distilled water) and arsenomolybdate 

reagent (8.33 g ammonium molybdate, 7 ml concentrated H 2 SO4 , 1 g sodium 

arsenate in a total of 158.33 mis distilled water) were prepared.

40 /xl extract was added to 100 /xl 0.1 M sucrose in 860 /xl acetate buffer, 

pH 5 in stoppered tubes. The mixture was incubated for ten minutes at 25°C. 

The reaction was stopped with the addition of 1  ml alkaline copper reagent, and 

heated in a boiling water bath for 10 minutes. The tubes were rapidly cooled on 

ice, and 1 ml arsenomolybdate reagent was added. The tubes were shaken 

vigorously, to release CO2 . The solutions were made up to 10 ml with distilled 

water and the absorbance read at 625 nm. Absorbances were compared with a 

calibration curve of A^ 2 5  against mg glucose (where A^ 2 5  is the absorption at 625 

nm). Alkaline invertase was assayed at pH 7 by a similar procedure, but using 

phosphate buffer.

2.9.6 Sucrose Phosphate Synthase

This follows the method of Rufty & Huber (1983), and measured the F 6 P- 

dependent formation of sucrose and sucrose phosphate from UDPG.

70 /xl assay mixture comprising 7.5 mM UDPG, 7.5 mM F 6 P, 5 mM MgCl2  

and 50 mM HEPES-NaOH, pH 7.5, was incubated with 40 /xl extract at 25°C for 

10 minutes. 70 /xl 1.0 M NaOH was added to terminate the reaction. The 

mixture was boiled for 10 minutes to destroy any unreacted fructose or F 6 P, and 

cooled. 250 /xl 0.1% (w/v) resorcinol in 95% ethanol and 750 /xl 30% HCl were 

added. The mixture was incubated at 80°C for 8  minutes and cooled. The 

absorbance at 520 nm was determined. Sucrose formation was quantitated by
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comparison to a sucrose standard curve after subtraction of A 5 2 0  at 0  minutes 

(where A5 2 0  is the absorbance at 520 nm).

2.9.7 Glutathione Reductase

The activity of glutathione reductase was measured by monitoring the fall 

in absorbance at 340 nm, as NADPH was oxidised to NADP^ (Foyer & HaUiwell, 

1976). In 1 ml final volume there was 0.7 ml 0.3 M Tris-HCl, pH 7.5 /  3 mM 

EDTA, 0.1 ml 30 mM oxidised glutathione, and 0.1 ml 2 mM NADPH. To start 

the reaction 40 /xl of extract was added. The reaction was followed for 2 minutes 

at 340 nm, observing the production of NADP^ from NADPH.

2.9.8 Superoxide Dismutase

Following the method of Flohé & Ôetting (1984), 970 /xl cytochrome c 

solution (0.75 mg xanthine and 24.8 mg cytochrome c dissolved in 10 mis 1 mM 

NaOH, then added to 0.1 mM EDTA in 50 mM phosphate buffer, pH 7.8) and 

17 /xl crude extract were mixed in a plastic cuvette. An appropriate amount of 

xanthine oxidase solution (10 units dissolved in 11 ml 0.1 mM EDTA) was added, 

and the reaction was monitored for two minutes at 550 nm. The gradient of the 

reaction was calculated and its reciprocal was used to determine the amount of 

superoxide dismutase present in the sample.

2.10 Light Microscopy of Maize Leaves

Maize leaf tissue was held between two pieces of carrot root, and thin 

sections were cut by hand using a fresh razor blade. The sections were 

transferred to a glass slide, mounted in water, covered with a cover shp, and 

viewed down a Leitz Dialux 20 EB photomicroscope (Wetzlar, Germany). 

Photographs were taken using an Olympus photomicroscope on Kodak 

Ektachrome 160T film.
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2.11 Immunofluorescent Labelling of RuBisCO in Maize

Following the method of Hattersley et al. (1977), maize leaf tissue was cut 

into 1x5  mm strips and left soaking in 70% ethanol for two hours. The sections 

were then held in fresh carrot root, and transections 10-15 fim thick were cut by 

hand. They were rinsed in buffered saline (0.1 M potassium phosphate in 0.2 M 

NaCl, pH 7.5). The sections were transferred to 10 /xl of anti-RubisCO 

monoclonal antibodies from rat in buffered sahne for one hour. They were rinsed 

in buffered saline (3 washes of 2-3 mis in 20 minutes), transferred to 10 /xl anti-rat 

IgG (whole molecule) fluorescein isothiocyanate (FITC) conjugate and left for 

one hour in the dark.

The sections were rinsed with buffered saline (3 washes of 2-3 mis in 20 

minutes), and mounted on sUdes with 50% glycerol(aq) containing 1% (w/v) 

thymol. Slides were kept in the dark until needed.

The mounted sections were observed with an Olympus photomicroscope 

set up for epifluorescence. Filters were used to expose the mounted sections to 

a wavelength of 530 nm.

Sections were photographed within a few hours of being mounted. The 

film used was Kodak Ektachrome 160T stored at 4°C prior to use.

2.12 Protein Gel Electrophoresis

2.12.1 Solutions used in Gel Electrophoresis

Stock acrylamide solution: ready-made solutions of 40% acrylamide and 

2% bis-acrylamide were obtained from Bio-Rad.

Loading buffer: for denaturing gels the x 2 buffer contained 0.8 ml H 2 O; 

1 ml 0.5 M Tris; 1 ml glycerol; 1 ml 10% (w/v) SDS; 0.1 ml 2-mercaptoethanol, 

and 0.1 ml 0.05% bromophenol blue. For non-denaturing gels the x 2 buffer 

contained 1 ml glycerol; 1 ml H 2 O; 1 ml 0.5 M Tris-HCl, pH 6 .8 , and 0.25 mg 

bromophenol blue.

Running buffer: for denaturing gels the buffer contained 3.0 g Tris base;
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14.4 g glycine, and 5 mis 10% (w/v) SDS. This was made up to one litre with 

distilled water. For native gels the buffer contained 3.0 g Tris base, and 14.4 g 

glycine. This was made up to one htre with distilled water.

1.5 M Tris-HCl: 18,15 g Tris was dissolved in 50 ml distilled water and the 

pH was adjusted to 8 . 8  with concentrate HCl. The solution was made to a final 

volume of 1 0 0  ml.

0.5 M Tris-HCl: 6  g Tris was dissolved in 50 ml distilled water and the pH 

was adjusted to 6 . 8  with concentrate HCl. The solution was made to a final 

volume of 1 0 0  ml.

10% w/v SDS: 10 g SDS was dissolved in distilled water and made to a 

final volume of 1 0 0  ml with distilled water.

Ammonium persulphate (APS) solution: a 10% solution of APS was 

prepared fresh as required.

2.12.2 Denaturing Electrophoresis (SDS PAGE) (Laemmli, 1970)

Sodium dodecyl sulphate polyacryamide gel electrophoresis (SDS PAGE) 

of proteins was performed according to the method of Laemmli (1970). 

Electrophoresis was performed using the Bio-Rad Protean II apparatus.

SDS PAGE was performed with a separating gel composed of a 

concentration gradient of 4 to 20% acrylamide. The 4% acrylamide solution was 

prepared by mixing 5.842 ml distilled water, 0.972 ml 40% acrylamide, 0.536 ml 

2 % bis-acrylamide, 2.5 ml 1.5 M Tris-HCl pH 8 .8 , 100 /zl SDS and 50 /xl APS. 

The 20% acrylamide solution was prepared by mixing 4.86 ml 40% acrylamide, 

2.68 ml 2% bis-acrylamide, 2.5 ml 1.5 M Tris-HCl pH 8 . 8  100 /xl SDS, and 50 /xl 

APS. Solutions were degassed before use.

The glass plates were assembled according to manufacturers instructions 

to form a mould for the gel. A hnear gradient from 20 to 4% acrylamide was 

generated between the plates using a three chaimel peristaltic pump. A flask 

containing 1 0 . 5  ml of 2 0 % acrylamide with a stirring bar was placed on a 

magnetic stirrer base. Two channels of the pump were arranged to pump the 

20% acrylamide from the flask into the mould between the plates. The other 

channel was set to pump the 4% acrylamide into the mixing flask containing the
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20% acrylamide. 5/xl TEMED was added to both acrylamide solutions as the 

pump was switched on. The separating gradient gel dimensions were 14 cm x 20 

cm X 0.75 mm. A water overlay, appUed to the gel surface during polymerisation, 

was removed once polymerisation was complete.

A 4% stacking gel solution was made by combining 5.842 ml distilled 

water, 0.48 ml 40% acrylamide, 0.26 ml 2% bis, 1.26 ml 0.5 M Tris-HCl pH 6 . 8  

and 50 /xl 10% SDS. 25/xl APS and 5/xl TEMED were added to the solution, and 

the acrylamide solution was immediately poured above the separating gel to 

within 0.5 cm from the top of the glass plates. A well former was inserted 

between the glass plates to give sample wells 0.5 cm deep. The stacking gel 

dimensions were 2 cm x 20 cm x 0.75 mm. The well former was removed when 

the stacking gel had set.

Protein concentrations of extracts were determined (2.3.7). Samples for 

electrophoresis were placed in 1.5 ml centrifuge tubes and diluted with an equal 

volume of X 2 sample buffer before being heated in a boiling water bath for 2-3 

minutes. The electrophoresis apparatus was assembled according to 

manufacturers instructions and the buffer reservoirs were filled with denaturing 

running buffer. The samples were injected into the wells, and electrophoresis was 

performed at a low voltage (50 - lOOV) until the dye front had entered the 

separation gel. The voltage was then increased (to a maximum of 150 V), and 

electrophoresis proceeded until the dye front was about 0.5 cm from the bottom 

of the gel. The power supply was disconnected, and the gel was removed from 

between the glass plates and placed into a tray for staining of protein.

2.12.3 Non-denaturing Electrophoresis

Electrophoresis was performed using the Bio-Rad Protean II apparatus. A 

4% acrylamide solution was prepared by mixing 5.842 ml distilled water , 0.972 

ml 40 % acrylamide, 0.536 ml 2% bis, 2.5 ml 1.5 M Tris-HCl pH 8 . 8  and 50 /xl 

APS. A 20% acrylamide solution was prepared by combining 4.86 ml 40% 

acrylamide, 2.68 ml 2% bis, 2.5 ml 1.5 M Tris-HCl pH 8 . 8  and 50 /xl APS. 

Solutions were degassed before use.

A 4 to 20% acrylamide gradient gel was cast (2.11.2). Samples for
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electrophoresis were placed in 1.5 ml centrifuge tubes. Protein concentrations of 

the samples had already been determined (2.3.7). An equal volume of x 2 non

denaturing sample buffer was added. The electrophoresis apparatus was 

assembled to manufacturers instructions and the buffer reservoirs were filled with 

non-denaturing running buffer. The samples were loaded into the wells and 

electrophoresis was performed at a low voltage (50 - 100 V) to stack the proteins. 

Once the dye front had entered the separating gel, the voltage was increased (to 

a maximum of 150 V) and electrophoresis proceeded until the dye front was 

about 0.5 cm from the bottom of the gel. The power supply was disconnected, 

and the gel was removed from between the glass plates and placed into a tray for 

staining of protein.

2.12.4 Coomassie Staining of Gels

Gels were soaked for 30 to 60 minutes in 200 ml of stain solution (0.1% 

w/v Coomassie Brilliant Blue G-250 in methanol, acetic acid and distilled water 

mixed in the ratio 5:1:4 by volume). The stain solution was removed and replaced 

by 2 0 0  ml of destain solution (methanol, acetic acid and distilled water mixed in 

the ratio 1:1:8). Destain solution was changed after 30 minutes. The gel was left 

in destain solution until background staining was minimal.

If the staining of protein bands was not of sufficient intensity, the stain- 

destain procedure could be repeated using longer staining times in order to 

achieve sufficient contrast.

2.12.5 Detection of Peroxidase Enzymes on Non-denaturing Polyacrylamide Gels

The assay was adapted from Vance et al., 1976. Native gels on which leaf 

proteins had been separated were transferred without staining to the substrate 

solution (0.1 g 4-chloro- 1-naphthol dissolved in 20 mis methanol to which 40 mis 

distilled water was added) and left on a shaker for 2  minutes. 200-800 fx\ H 2 O 2  

was added dropwise until colour started to appear. The stain on the gel was 

allowed to develop on a shaker for 5 minutes, and was photographed immediately, 

when possible, or stored in the dark in 50% methanol until it could be
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photographed.

2.12.6 Scanning Gels stained with Coommassie Blue

The gels had to be destained such that background colour was minimal.

The gel was placed into a transparent polythene bag. Equal amounts of 

distilled water and destain solution were added to the bag to prevent dehydration 

of the gel. Gel and bag were placed in an LKB Ultrascan XL Enhanced Laser 

Densitometer (LKB Bromma, Sweden). The scanner was operated according to 

manufacturers instructions, and a computer print-out showing the absorbance of 

each protein band for each sample track was obtained. The relative peak areas 

could then be compared for the different samples loaded onto the gel.

2.13 Preparation of Leaf Samples for Examination by Transmission 

Electron Microscopy (TEM)

Fresh leaf material was cut into 1 x 1  mm^ pieces. The pieces were fixed 

in 2.5% (v/v) glutaraldehyde in 0.2 M phosphate buffer, pH 7.2, for two hours 

under vacuum. After rinsing with phosphate buffer for three five-minute periods, 

and further rinsing in double distilled water for five minutes, tissue pieces were 

transferred to a post fixation stain of 1% OsO^ for two hours. They were next 

rinsed in distilled water for three five-minute periods and then dehydrated, 

following an acetone series: 25%, 40%, 50%, 70%, 90% and 95% acetone each 

for 1 0  minutes, followed by two ten-minute periods of 1 0 0 % acetone, and finally 

100% acetone for 30 minutes. Tissue pieces were then infiltrated with Agar 100 

Resin (Agar Scientific Ltd., Stansted, Essex, U.K.), using an acetoneiresin mix of 

1:1 for one hour, then 1:2 overnight. After soaking in 100% resin for one hour 

and then transferring to fresh 1 0 0 % resin, the suspension of tissue pieces was 

poured into moulds and the resin was polymerized at 70°C for 24 hours, under 

vacuum.

Once the resin had polymerized, it was turned out of the moulds. Small
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blocks of resin containing individual pieces of leaf tissue were sawn from the main 

blocks, and stuck fast to plastic stubs with RS Quick-Set Epoxy Resin (RS 

components Ltd., Corby, Northamptonshire, U.K.). The blocks of resin were 

trimmed with a file to expose the leaf tissue. Ultrathin transverse sections of leaf 

tissue were cut using freshly-prepared glass knives in a Reichert-Jung Ultracut 

Microtome (Reichert-Jung, Vienna, Austria).

The ultrathin sections were transferred to 200 mesh copper grids (Agar 

Scientific Ltd., Stansted, Essex, U .K) which had been coated in 0.5% parlodian 

in 2.5% amyl acetate. The sections on the grids were stained with 4% uranyl 

acetate for 1 0  minutes, rinsed thoroughly in double distilled water, and stained 

again in lead citrate for 30 seconds. The grids were thoroughly rinsed and blotted 

dry on Whatman number 1 filter paper. The grids were then mounted in a 

Philips 201 Electron Microscope, and the sections viewed.

2.14 Maize Cell Culture

The purpose was to defect any toxic effects on cell suspensions when grown 

in the presence of extract from infected maize leaf tissue.

The cells were bulked up. They were subcultured weekly under a sterile 

flow-hood, and grown at a constant temperature and light intensity with a supply 

of nutrient medium, which was changed weekly. The nutrient medium used was 

modified Murashige and Skoog medium (4.708 g M & S powder, 1 ml stock t- 

vitamins, 30 g sucrose, 2 mg 2,4-D per htre of solution. Stock vitamins solution 

comprised 1000 mg thiamine-HCl, 100 mg pyroxidine-acid, and 100 mg nicotin- 

acid per 100 ml). Once the cells had been bulked sufficiently, samples were set 

aside to use for the experiment.

Extract was prepared from the leaves of maize plants potted with and 

without preconditioned Striga seed for 7,14, and 21 days. All of the leaves on the 

maize plants were removed and sliced into sections no more than 5 mm in width 

(approx 20 g fresh leaf tissue). The leaf tissue was placed with distilled water into 

a McCartney bottle of volume 25 mis, and was placed in a boiling water bath for
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90 minutes. After this time the leaf tissue was filtered away from the extract with 

Whatman No. 1 filter paper. The water extract was made up to 20 mis with 

distilled water, where necessary, and the solutions were autoclaved.

The experiments were started immediately after subculturing the cells. 

Two mis of the extract from control and infected plants were added to each of 10 

pots of BMS cells, along with 8  mis nutrient medium. Five pots of BMS cells with 

1 0  ml nutrient medium were also monitored, to provide an absolute comparison. 

2  ml of different growth regulating substances and 8  ml nutrient medium were 

added to five pots of BMS cells. The wet mass of the cells in all pots was 

determined at the beginning of the experiment and after one week in the 

complete absence of medium. The increase in mass of the cells was compared.
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CHAPTER THREE: ANALYSIS OF LEAF 

METABOLITES

3.1 Introduction

Plant leaves change from being net importers of carbohydrate to net 

exporters as they develop and mature (Ho et al., 1989). In developing leaves the 

carbohydrate imported is used to provide carbon for amino acids, and hence 

protein synthesis, and for all constituents of dry matter. The imported 

carbohydrate is supplied by more mature and actively synthesising leaves, each of 

which contributes a proportion of the carbon to the growing leaves (Goodwin & 

Mercer, 1982). Within a developing leaf, photosynthate is partitioned between 

material to be exported and material to be retained for further leaf growth, or 

temporary storage. The situation is complicated by the existence of mature tissue 

distant from the meristem, for example at the tip of developing graminaceous 

leaves. Exported photosynthetic assimilate is partitioned between different sink 

tissues, which may be meristematic cells, growing and differentiating cells, or 

storage organs. From the primary products of photosynthesis (triose-phosphates), 

all other substances with a carbon skeleton may potentially be produced: sugars, 

starch, amino acids, lipids, chlorophylls, carotenoids, etc.

Concentrations of metabohtes in a leaf vary continually, not only with the 

stage of development of a leaf, but also with environmental conditions, especially 

hght intensity and temperature. This chapter describes measurements of amounts 

of soluble carbohydrates, starch and amino acids in leaves of maize plants with 

and without infecting Striga. Because infection of maize with Striga affects the 

morphology of the plant, it was particularly difficult to chose samples at the same 

stage of development for analysis.

All samples were taken in the photoperiod at the stage of leaf 

development indicated. Soluble carbohydrates in extracts were measured 

colorimetrically and also by use of a Dionex BioLC HPLC. Starch and of-amino
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nitrogen, as a measure of total amino acids, were analysed colorimetrically; 

individual amino acids in extracts were analysed by a Kontron HPLC.

3.2 Determination of Total Soluble Carbohydrates

Total soluble carbohydrates were determined in whole leaves of 6  control 

and 6  maize plants infected with Striga seeds 7-8 weeks earlier. The maize plants 

had reached the nine-leaf stage. Striga shoots had emerged from the soil for all 

of the infected maize plants. Leaves were numbered as follows: leaf 9 = 

emerging shoot; leaf 8  = youngest emerged leaf wrapped around the shoot; 

leaves 7-5 = three youngest fully expanded leaves. Extracts were made (2.3.1) 

and total soluble carbohydrate contents determined (2.4) in three 50 /xl aliquots 

of each extract. The results for each leaf were pooled between the treatments 

making 18 measurements for each leaf position from control plants and 18 

measurements for each leaf position from infected plants. Means and standard 

error were calculated (Table 3.1). Column 4 of Table 3.1 shows values obtained 

from infected plants expressed as a percentage of the values obtained for control 

plants. The data show that amounts of total soluble carbohydrates in the 

youngest two leaves were significantly higher in plants infected with Striga. The 

amounts of soluble carbohydrate in the older leaves were not significantly 

different at the 5% level.

33 Starch Content of Leaf Residues

After the leaf tissue had been extracted for total soluble carbohydrates, the 

residues were used to estimate starch content of the leaves (2.6). After enzymic 

hydrolysis three 50 /xl aliquots of the supernatant hquid were used to estimate 

starch content from a measurement of soluble carbohydrate (2.4). The results 

were used to calculate the original content of the leaves as mg starch per g fresh
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Leaf number mg glucose equivalents per g f. w. Infected /  

Control X 100
Control Infected

9 4.62 (0.5) 8 . 8 8  (1.3)* 192

8 5.92 (0.2) 8.25 (0.8)* 139

7 8.54 (0.4) 8.38 (0.6) 98

6 10.48 (0.7) 9.47 (0.7) 90

5 11.37 (0.4) 1 0 . 1 2  (0 .6 ) 89

Table 3.1: Absolute amounts of total soluble carbohydrate determined on 5 

leaves each from six control and six infected maize plants. Values shown are the 

means of triplicate samples of extract from each of the six leaves per position per 

treatment. Standard errors are shown in parentheses. Asterisks indicate 

significant differences at p=0.05.

Unpaired t-tests were calculated for the results of total 

soluble carbohydrate in leaves of control and infected maize 

plants, with 6  samples.
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weight leaf tissue. Starch determinations were performed on five leaves of each 

of six control and six infected plants; triplicate samples of each extract were 

analysed. A  mean of 18 values for leaves at each position was obtained and the 

standard error calculated (Table 3.2). The table shows the amounts of starch in 

the leaves from the infected plants expressed as a percentage of the amounts in 

the leaves of control plants. With the exception of leaf 5, leaves of infected plants 

had a significantly lower starch content than leaves of control plants.

3.4 a-Amino Nitrogen Determination

Amounts of a-amino nitrogen were measured (2.7.1) in three 200 fA 

samples of each extract of five leaves of two control and two infected maize 

plants. The numbering of the leaves was as before (3.2). The estimates for each 

leaf position were pooled within the treatments, a mean of the values obtained 

and a standard error were calculated (Table 3.3). Because extracts were used 

from only two control and two infected plants, no attempt was made to establish 

statistical significance to the results. The table shows values for leaves of infected 

plants expressed as a percentage the of the values for control leaves. Leaves 8  

and 5 from infected plants had lower amounts of of-amino nitrogen than in control 

plants.

3.5 HPLC Analysis of Metabolites

3.5.1 HPLC Determination of Amino Acids

Amino acids in extracts of leaves from control and infected maize plants 

(as 3.2) were also separated on a dedicated HPLC (Kontron) (2.7.2). The 

following amino acids were identified by the computer from their retention times: 

aspartic acid (1.9 min), glutamic acid (2.9 min), asparagine (5.2 min), serine (6.1 

min), glutamine (7.0 min), internal standard - homoserine (8.0 min), glycine (8 . 6
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Leaf number mg starch per g f. w. of leaf tissue Infected /  

Control X 100
Control Infected

9 11.92 (0.8) 9.38 (0.6)' 79

8 19.53 (1.1) 13.02 (0.4)* 67

7 18.45 (0.5) 15.25 (0.5)* 83

6 17.45 (0.9) 14.03 (0.9)* 80

5 13.07 (1.2) 15.41 (1.1) • 118

Table 3.2: Absolute amounts of measured starch determined on 5 leaves each 

from six control and six infected maize plants. Values shown are the means of 

triphcate samples from each of the six leaves per number per treatment. 

Standard errors are shown in parentheses. Values marked with an asterisk are 

significantly different from the control, p=0.05.

Unpaired t-tests were calculated for the results from starch 

determinations, with 6  samples for each group of plants.
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Leaf number fig (x-amino nitrogen per g f. w. leaf 

tissue

Infected /  

Control X 100

Control Infected

9 45.54 (1.8) 53.22 (7.1) 117

8 32.03 (3.3) 21.06 ( 1 .8 ) 6 6

7 26.93 (0.8) 30.46 (4.0) 113

6 31.23 (2.7) 31.55 (4.5) 1 0 1

5 40.24 (2.5) 34.55 (0.5) 8 6

Table 3.3; Amounts of of-amino nitrogen measured on 5 leaves each from two 

control and two infected maize plants. Values shown are the means of triplicate 

samples from each of the two leaves per number per treatment. Standard errors 

are shown in parentheses.
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min), threonine (8.9 min), arginine (10.5 min), alanine (11.6 min), tyrosine (13.0 

min), methionine (17.5 min), valine (17.9 min), phenylalanine (18.7 min), 

tsoleucine (20.8 min), leucine (21.5 min) and lysine (25.8 min). These compounds 

were present in each extract analysed. In the integration programme on the 

HPLC computer the internal standard, homoserine, was to be given a value of 1 

(nmol) after each run, and thus calibrate the results. However, the value given 

to the internal standard varied greatly between separation of the samples, and 

results were not satisfactory following manual calculation of the computed results. 

It was not determined, therefore, whether infection with Striga hermonthica alters 

the proportion of amino acids present in leaf tissue.

3.5.2 HPLC analysis of Carbohydrates from Ethanol Extractions

Ethanol extracts (2.3.2) were made from 5 cm^ leaf discs removed not less 

than 4 hours following the start of the photoperiod from the youngest fully 

expanded leaf from three control and three infected maize plants which had been 

grown in the presence of Striga seeds for 6 , 7, 8 , and 9 weeks. Two of the maize 

plants grown with Striga seeds had parasite shoots emerged from the soil from the 

first of the sampling dates. Previous data (3.2) had indicated an increase in the 

total soluble carbohydrates in the youngest leaves of maize infected with Striga. 

The analysis of the partly purified extracts was mainly to determine whether the 

sugars present were the same in leaves of control and infected plants.

The CarboPac column (2.5) separated the extract components into three 

major peaks of glucose, fructose and sucrose, and three minor sugar alcohol peaks 

(Figure 3.1). The sugar alcohol peaks were not identified individually, and were 

not consistently present in all of the extracts from control or infected plants. The 

glucose, fructose and sucrose peaks were present in every extract analysed. The 

areas of the glucose, fructose and sucrose peaks were compared with the areas of 

peaks produced by standard amounts of glucose, fructose and sucrose; 

amounts per extract were calculated. Retention times of the sugars on the 

CarboPac column were consistent and the identification of sugars was clear.

Measurements of the concentration of glucose, fructose and sucrose were 

made in leaf discs removed from the youngest fully expanded leaves on three
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Figure 3.1: Chromatogram showing the separation of sugars in a leaf extract on 

the CarboPac PAl colunrn separated by a Dionex BioLC and connected the 

AG450 Dionex controller. The peak at 3 min and trough at 3.3 min are system 

responses due to sample injection. Immediately after this is a group of three 

small peaks at 3.S-4.3 min, indicating the presence of sugar alcohols. The first 

major peak, at 7.8 minutes, is glucose; the second major peak, at 8 . 6  minutes, is 

fructose; the third major peak, at 12.9 minutes, is sucrose.
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control and three infected maize plants at 6 , 7, 8 , and 9 weeks after planting with 

Striga seeds. The values shown (Table 3.4) are means for the three plants for 

each time. The amounts of the sugars present in the leaf tissue decreased with 

plant age in control plants. The leaf samples had been taken from the youngest 

fully expanded leaf at the time of sampling and were different leaves for each of 

the samphng weeks, for both control and infected leaf samples. Glucose, fructose 

and sucrose concentrations were highest in leaf tissue extracted from control 

plants at week 6 , and lowest in leaf tissue extracted from control plants at week 

9. In leaves from infected maize plants the concentrations of glucose, fructose 

and sucrose fluctuated from week to week, and did not show the same consistent 

trend as concentrations in control leaf tissue. This is possibly due to continual 

change of source/sink relations between host and parasite tissue.

Figure 3.2 shows a three-dimensional representation of the separation of 

soluble carbohydrates in extracts from leaves of control and infected maize plants.

3.6 Discussion: Effects of Striga hermonthica on Leaf Metabolites 

in Maize

The analysis of total soluble carbohydrates by the anthrone method showed 

a significant increase in leaves 9 and 8  of infected plants which had reached the 

nine-leaf stage. The colourimetric method for soluble carbohydrates gives 

different colour intensities for equal amounts of different sugars (Hansen & 

M0 ller, 1981). The measurements were arbitrarily converted to amount of 

carbohydrate on the basis of the colour intensity generated by a  glucose standard. 

It was likely that sucrose was the main soluble carbohydrate present in the maize 

leaf extracts for translocation, and the results of the HPLC separation of soluble 

carbohydrates (3.5.2) agree with this. The colourimetric and HPLC 

determinations of soluble carbohydrate in leaf tissue from control and infected 

plants gave results within the same order of magnitude. Differences in actual 

values are probably due to the age of leaf tissue, plant age (and thus period of 

infection with Striga), and the degree of infection with the parasite. Analysis of
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Compound 6  weeks 7 weeks 8  weeks 9 weeks

Control Control Control Control

glucose 2.36 1.18 0.97 0.54

fructose 1.05 0.38 0.26 0.13

sucrose 29.72 14.92 14.15 8.23

Infected Infected Infected Infected

glucose 0.81 2.26 1.05 0.83

fructose 0.61 1.59 0.89 0.70

sucrose 22.17 36.07 9.53 18.16

Table 3.4: A comparison of the amounts of glucose, fructose and sucrose

determined by Dionex BioLC HPLC in leaf discs removed from three control and 

three infected maize plants 6 , 7, 8  and 9 weeks after planting with Striga seeds. 

Values given are the means determined of extractions from the three plants from 

each treatment (mmols m“̂ ).
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Figure 3,2: Three-dimensional representation of the separation of the soluble 

carbohydrates present in leaf extracts of control and infected plants. Samples 

were extracted 6 , 7, 8 , and 9 weeks after planting the maize seedlings in the 

presence or absence of preconditioned Striga seeds. Traces 1-3 on each graph are 

of extracts made from the youngest fully expanded leaf of 3 control plants; traces 

4-6 are of extracts made from the youngest fully expanded leaf of 3 infected 

plants. The initial peaks (3.25-4.3 min) are sugar alcohols. The 3 major peaks 

at 7.8, 8 . 6  and 12.9 min are glucose, fructose and sucrose, respectively. Amounts 

in each extract can be seen to differ within and between extracts from control and 

infected plants.
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the same leaf tissue showed that there was a significant decrease in starch content 

of leaves 9, 7 and 6 of infected plants. Leaves of infected plants also appeared 

to contain less o'-amino nitrogen in leaves 8 and 5, compared with extracts from 

control leaf tissue. Because the test for o?-amino nitrogen was only done on 

extracts from leaves of two infected and two control plants, statistical significance 

of the results could not be confirmed. However, standard errors obtained for 

leaves 9, 7, and 6 were large, indicating little difference in a-amino nitrogen 

content of the leaves between control and infected plants, and the results for 

leaves 8 and 5 could be taken as indicating a trend in the leaves of control and 

infected plants.

Five leaves on each plant were tested to decide whether the composition 

of all leaves were affected by the presence of Striga, or whether only the youngest 

emerging leaves as strong sinks were most affected by the parasite. No conclusion 

was reached from analysis of leaf metabolites as to whether the presence of Striga 

affects metabolite levels in all or some of the host leaves. None of the leaves 

used in the analyses were senescing.

The significant increase in total soluble carbohydrates, decrease in starch 

and decrease in a-amino nitrogen support the theory of the attached Striga acting 

as an additional sink to the normal sinks in the host plant. The increase in 

soluble carbohydrates might suggest more sugar translocation or degradation. 

Alternatively, the increased soluble carbohydrate may be related to the observed 

decrease in starch. The reduction in starch content could indicate a deficiency in 

carbon availability in host tissue, or that the carbon in the starch is being 

mobilised to satisfy the demands of the additional sink of attached Striga plants. 

The reduction in a-amino nitrogen implies a reduction in the pool of amino acids 

available for the production of enzymes or other proteins in leaf tissue either 

because of decreased synthesis or use. Amino acids are translocated in the 

vascular tissue (xylem and phloem) to sink tissue. Rapid growth of a sink can 

sometimes compete with the leaves for available nitrogen (Salisbury & Ross, 

1985), and can lead to the senescence of the leaf (another symptom of Striga 

infection - reduced lifespan). Water stress can induce the appearance of 

increased soluble carbohydrates and amino acids, and cause starch to decrease 

within a leaf (Hanson & Hitz, 1982; Morgan, 1984).
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Parasitic angiosperms compete with existing host sinks for carbon. Sink 

competition between host and parasite is a major determinant of the performance 

of both partners. Before Striga shoots emerge from the soil, all of its carbon, 

nitrogen, water and other nutritional demands are supplied by the host (Press et 

al., 1987). The Striga shoots must therefore exert considerable sink strength over 

host sink tissue. Studies using mature host and parasite tissue have shown that 

the adult parasite receives up to 35% of its carbon from the host (Press et al., 

1987). Sink strength of the parasite has thus reduced with its maturity, but still 

exerts a large effect on the partitioning of assimilates within the host.

Carbon partitioning is ultimately determined by the competitive ability of 

the various sinks within the plant to attract assimilates. Striga hermonthica is 

successful in removing carbon from maize. Graves et at. (1989, 1990) 

demonstrated that Striga affects partitioning within sorghum and millet. Cechin 

and Press (1993) demonstrated that S. hermonthica affects partitioning between 

shoots and roots in sorghum. High concentrations of potassium ions (Smith & 

Stewart, 1990) and high levels of sugar alcohols in parasite tissue ensure a flux of 

water from host to parasite, and also of nitrogen, because amino acids may be 

translocated in host xylem tissue. As the parasite removes carbon from its host, 

this carbon is no longer available to the host; although many workers have 

reported transfer of substances from host to parasite, none have recorded transfer 

from parasite to host.

Ho (1988) reported that by altering the potential sink strength of an 

individual sink, the priority of assimilate partitioning can be changed. The 

priority between sinks for assimilates is roots > young leaves > influorescence. 

Therefore if assimilate is already being translocated to the roots as a priority, the 

presence of Striga shoots attached to the root will cause an even greater flux of 

assimilates to the roots, at the cost of developing leaf tissue.

As well as the presence of additional sinks, the general effects of Striga 

infection on the host resemble those caused by stress mechanisms. In cases of 

water deficiency, protein production decreases in leaf tissue, and amino acids may 

act as compatible solutes to the stressed organs (cf: increased of-amino nitrogen 

in some leaf extracts of infected plants); starch may be broken down and the 

carbon remobilised to younger tissue, or also the carbohydrates may act as

82



compatible solutes in the stressed organs (cf; increased total soluble carbohydrate 

and reduced starch in leaf extracts from infected maize plants). Under conditions 

of water stress, these small molecules act as osmotic regulators in plant cells until 

conditions are restored to normal, when regular metabohsm will resume (Hanson 

& Hitz, 1982).

In the growing period of the control and infected maize plants it was 

noticed that the infected plants had a reduced water usage, compared with control 

plants. Although the plants were supplied with plenty of water and nutrients for 

growth, not all of the water was taken up by the maize when infected with Striga. 

This could have resulted in waterlogging of the host plant, which would in itself 

inhibit leaf extension, stem extension and internode elongation, and accelerate 

leaf senescence (common symptoms to Striga infection) (Jackson, 1991). An 

increase in ABA concentration in leaf tissue is common to both drought-stressed 

and waterlogged plants, which leads to a reduction in photosynthesis. 

Alternatively, it has been suggested that Striga induces localised water stress on 

the host root system (Press et al., 1987), which leads to an alteration in host 

metabolism. However, analysis of amino acids by HPLC did not reveal an 

increase in any particular amino acid which could be linked with water stress, 

such as proline, and although the parasite will have received all of its water from 

the host plant it cannot be concluded that the alterations in levels of leaf 

metabolites in infected maize plants are due to host water deficits.
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Following the results of Mansfield et al. (1990), 

experiments were devised to determine whether the mode of 

photosynthesis exhibited by maize plants infected with Striga 

hermonthica was altered, compared with uninfected, control 

host plants. These experiments were carried out some time 

after infection with the parasite, when any differences in the 

mode of photosynthesis were thought to have become 

established. Experiments were also devised to determine 

the rates of photosynthesis in control and infected maize 

plants, and to establish a cause for any differences observed. 

Rates of photosynthesis were measured over the course of 

two growing periods in order to ascertain any specific time 

at which the infecting parasite caused the rate of host 

photosynthesis to decrease.



CHAPTER FOUR: PHOTOSYNTHESIS

4.1 Introduction

Maize utilises the Q  mode of photosynthesis. Mansfield et al. (1990) 

found that when maize plants infected with Stnga hermonthica were allowed to 

photosynthesize for two minutes with followed by ^̂ C0 2  for a chase period 

of 58 minutes, there was an increase in the proportion of the label in amino acids, 

compared with non-infected, control maize plants. They hypothesized that 

infection with the Striga caused some alteration in the metabolic pathway of 

photosynthesis used in maize or in the transport of intermediates between the 

mesophyll and bundle sheath cells. Experiments were designed to reinvestigate 

the ^"^C-containing products of photosynthesis from ^^C02 and their turnover 

during a subsequent period of illumination in ambient air. It also seemed 

appropriate to make limited studies of the products of photosynthesis in shoots 

of the parasite and to investigate briefly the transport of the assimilate of

maize leaves exposed to ^^C0 2  in the light to the parasite.

Reductions of host yield have been observed for maize, sugar cane and 

sorghum of up to 1 0 0 % in severely infested areas, yet reductions in host 

photosynthesis have been monitored only in controlled environments for the 

following host-parasite associations: Striga hermonthica and S. asiatica on

sorghum (Press et al., 1987a; Press & Stewart, 1987; Tuohy et al., 1987; Graves 

et al., 1989; Cechin & Press, 1993), S. gesnerioides on cowpea (Graves et al., 

1992), S. hermonthica on millet (Graves et al., 1990), and S. hermonthica on 

maize (Stewart et al., 1991). Reductions in host photosynthesis have been mostly 

recorded at high hght intensity.

Rates of photosynthesis by maize leaves were measured at different stages 

following the infection of the plant with Striga using an infra-red gas analyser at 

a light intensity close to the ambient level. Infection by Striga decreased 

photosynthesis before the parasite appeared above soil level. Measurements of
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key enzymes of photosynthesis were made to seek a cause for the decrease in 

photosynthetic rates.

4.2 Products of Photosynthesis in Maize leaves and the Effect of 

Infection by Striga

In order to investigate further the hypothesis of Mansfield et cd. (1990) 

maize leaf tissue was allowed to photosynthesize in the presence of ^̂ C0 2  for 1 0  

seconds, followed by a "chase" period in atmospheric air, containing ^̂ C0 2 , for 0-5 

minutes, or in ^̂ C0 2  for two miûutes, followed by a chase period in % 0 2  for 58 

minutes (2.3.4.2). Treated leaves were quickly frozen in liquid nitrogen. The 

maize leaf tissue was subsequently extracted (2.3.1), and ahquots of extract 

fractionated by ion-exchange columns (2.3.5). Radiolabelled metaboUtes in the 

extracts and extract fractions were further analysed using thin-layer 

chromatography (2.8). The radioactivity in each metabolite was measured by 

scintillation counter (2.8.3) and the proportion of the total in each was 

calculated. This allowed the pathway of metabolic intermediates to be followed.

Table 4.1 shows the radioactivity in metabolites extracted from control 

maize leaf tissue following various chase periods. These results should be 

compared with Table 4.2, which shows the radioactivity in the metaboUtes 

extracted from infected leaf tissue. These tables show that the distribution of 

among intermediates at the various stages indicates a Q  photosynthetic pathway 

as the major route of carbon uptake. However, there is a difference in the 

labelling pattern of the amino acids in leaves of infected plants over the chase 

period of 0.5 - 5.0 minutes. In particular more was present in glycine and 

serine, suggesting more photorespiratory metabohsm. The difference in the 

labelling pattern of photosynthetic metabolites had disappeared by the end of the 

58 minute chase period. Mansfield et al. (1990) had the appearance of a 

difference in amino acid labelling at the 58 minute chase, and thus concluded 

some alteration in Q  photosynthesis had come about by infection by Striga.

The distribution among fractions of extracts obtained with ion-exchange
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Metabolic intermediate Chase Period (minutes)

0 0.5 0.75 1.0 2.0 5.0 58

RuBP 0.6 1.5 1.6 1.8 1.7

UDPG 0.1 0.5 0.5 0.9 0.3 0.1

G-6-P 2.1 14.0 10.9 13.7 12.5 13

F-6-P 0.6 4.9 2.6 2.0 2.2 1.0

PGA 17.4 39.5 22.8 23.2 17.8 1.1

Phosphoglycollate /  PEP 0.6 1.8 0.6 1.4 0.9 0.3

Aspartate 343 15.2 26.3 12.8 7.2 1.1 0.5

Malate 42.2 15.0 23.2 33.8 17.5 3.3 0.5

Sucrose 1.1 5.6 7.0 6.0 32.3 76.8 86.9

Glucose and Fructose 1.4 1.8 1.7 3.6 9.7 10.2

Serine 0.2 0.9 0.7 0.3

Glycine 0.2 03 0.6 0.7 1.5 13 0.1

Glycerate 0.2 1.0 0.2 0.2 1.4 0.6 0.2

Alanine 0.1 1.5 0.1

Glycollate 0.7 0.2 0.6 0.2

Table 4.1 in photosynthetic intermediates extracted from leaves of control 

maize plants supplied with in the light and then kept for various chase

periods in the light in ambient air with ^̂ C0 2 - Intermediates in whole extracts 

were separated on TLC plates developed in two dimensions and in each 

measured by scintillation spectroscopy (2 .8 ).
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Metabolic intermediate Chase Period (minutes)

0 0.5 0.75 1.0 2.0 5.0 58

RuBP 3.4 3.0 2.1

UDPG 0.9

G-6-P 1.5 16.4 11.5 12.2 13.1 0.4 0.1

F-6-P 0.6 4.4 2.5 4.6 1.4 0.3

PGA 19.9 37.5 22.5 24.2 8.6

Phosphoglycollate /  PEP 1.5 3.2 1.9 3.3 2.1

Aspartate 21.8 9.7 26.9 18.5 5.2 0.3 0.5

Malate 51.5 7.5 17.4 11.8 3.8 0.2 2.3

Sucrose 2.4 7.7 4.0 10.9 41.9 80.2 79.1

Glucose and Fructose 2.5 1.7 4.8 12.1 16.8

Serine 0.1 2.5 1.4 0.4

Glycine 0.2 3.2 2.7 5.4 9.5 4.1 0.4

Glycerate 0.2 3.6 9.9 3.9 5.0 0.5 0.2

Alanine 0.4 0.5 0.4

Glycollate 0.2 0.4 0.3

Table 4.2 in photosynthetic intermediates extracted from leaves of infected 

maize plants supplied with in the light and then kept for various chase

periods in the light in ambient air with ^̂ C0 2 . Intermediates in whole extracts 

were separated on TLC plates developed in two dimensions and in each 

measured by scintillation spectroscopy (2 .8 ).
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columns, sugars, organic acids, amino acids and phosphates, is shown in Figure 

4.1. These results are also consistent with a major route of carbon by the Q  

pathway. The increased radioactivity in amino acids during the chase period in 

leaves of the infected plants is obvious but did not extend to the longest chase 

period. Similar amounts of label was in the sugar fraction, but more of the label 

was in the glucose and fructose intermediate in the infected extracts, compared 

with extract from control leaves.

4.3 Rates of Photosynthesis in Leaves of Control and Infected 

Maize Plants from Assimilation of

Leaves used in the pulse-chase experiments had been allowed to 

photosynthesize in air containing at a concentration of 13 /xmol COj and 

195 fxCi (7.22 x 10̂  Bq) per litre for ten seconds.

From the radioactivity in extracts (2.3.1) and the fresh weight of leaf used, 

a rate of CO2  uptake was determined per g fresh weight leaf tissue.

Twelve control and twelve infected plants were used for the pulse-chase 

experiments. The results suggest faster rates of photosynthesis for leaves of 

control compared with leaves of infected plants. The total amount of in the 

extracts after 1 0  s of photosynthesis in ^̂ C0 2  varied considerably from leaf to leaf 

in these experiments. Mean values for the leaves of control and infected plants 

were 9.73 x 10"̂  (2.4 x 10"̂ ) and 4.03 x 10"̂  (1.3 x 10'^) /nmol g f w"̂  s'  ̂ (+ /-  SE), 

respectively, combining data for the different chase periods. Because of 

difficulties in controlling the exact period of exposure to ^̂ C0 2  in these 

experiments, rates of photosynthesis in leaves of control and infected plants were 

measured using an infra-red gas analyser (IRGA) and a ventilated leaf chamber 

enclosing a known area of leaf, over the course of a growing period.
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Figure 4.1: in sugar ( • ) ,  organic acid (o), amino acid (a ) and phosphate

ester ( a ) fractions of extracts from control and infected maize leaves after 

photosynthesis in air containing ^̂ C0 2  and subsequently in ambient air containing 

Extracts (2.3.1) were fractionated (2.3.5) using ion-exchange columns. The 

results plotted are the means of two determinations for the 0 and 1-58 minute 

chase periods, and one determination for the 0.5 and 0.75 minute chase periods.

89



4.1
Control100

8 0

6 0

55 58

Infected—  100

8 0

6 0

4 0

*
20

5855
C h ase  period (min)



4.4 Measuring Maize Leaf Photosynthesis using an Infra Red Gas 

Analyser (IRGA)

Photosynthetic activity of maize leaves was measured using an IRGA

(2.3.8) on two sets of plants over the growing period following infection with 

Striga hermonthica. On the first set of plants, investigated from 27/2/92 to 

30/3/92, 28-66 days after planting with Striga, photosynthesis was only recorded 

for the youngest fully expanded leaf on each maize plant. With the second set of 

plants, investigated from 23/4/92 to 18/5/92,31-55 days after planting with Striga, 

photosynthesis was recorded for up to four leaves on each plant, always including 

the youngest fully expanded leaf, in order to determine whether the effect on host 

photosynthesis was restricted to the youngest leaf or was a more general effect of 

Striga infection.

Photosynthesis was measured in the morning, not less than 4 hours after 

the start of the photoperiod, and at air temperatures between 32 and 38°C

(2.3.9).

Figure 4.2a shows how photosynthesis for the youngest fully expanded leaf 

of control and infected plants altered with length of time after planting with Striga 

seeds. Each point is the mean rate of photosynthesis recorded for each set of 

plants, that is 6  values of photosynthesis from leaves of control plants and 6  rates 

of photosynthesis from leaves of infected plants. Standard errors are shown. 

Rates of photosynthesis for both sets of plants start at a high value and gradually 

decline. The decline was greatest with the infected set of plants. 56 days after 

planting with Striga, the youngest fully expanded leaf of three of the infected 

plants was no longer photosynthesising. Striga shoots emerged above the soil 

within a few days for all of the infected plants, the first observed at day 40 and 

the last pot to have emerged shoots was at 50 days after planting maize seedlings 

and preconditioned Striga seed together.

Figure 4.2b shows how photosynthesis in the younger leaves of the second 

set of plants altered with length of time after potting with Striga. For all leaves 

on each of the plants the photosynthetic rate followed the same trend. Each 

point on the graph is the mean of the rates of photosynthesis measured for the 

youngest fully expanded leaf of six control and six infected plants, with the
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Figure 4.2: Photosynthesis in the youngest fully expanded leaf of control and 

infected maize plants following planting with Striga seeds over the periods of a) 

27/2/92 - 30/3/92; and b) 23/4/92 - 18/5/92. Each point is the mean of six 

rates of photosynthesis for control (—) and infected (- -) plants. Standard errors 

are shown when larger than the symbols used. The arrows show the time of the 

emergence for the first Striga shoot within the batch of infected plants. All 

infected maize plants had emerged parasites within ten days of the appearance 

of the first shoot.
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standard error for each group. In this set of plants the rate of photosynthesis 

recorded for the infected set of plants starts to decrease more rapidly than the 

control set of plants at 39 days after planting with Striga. Striga emerged on all 

of the infected plants; emergence of the parasites began 57 days after planting 

with the maize seedlings. The decrease in photosynthesis exhibited by the 

infected plants had already begun, however, and Striga emergence seems to have 

had little further effect on the rate of photosynthesis.

With both sets of plants, the rates of photosynthesis obtained were 

statistically different (5% significance, p=0.05) before the Striga had emerged 

from the soil. The rate of photosynthesis for the second set of plants was far 

higher than values recorded for the first set of plants. This can be explained by 

the times of the year during which the plants were growing. The second set of 

plants would have experienced a longer natural photoperiod than the first set of 

plants, and would also be exposed to a far higher quality of light wavelength. The 

experiment on the second set of plants showed that all leaves on a host plant had 

a decrease in photosynthetic capacity when the maize was infected with Striga.

4.5 Determination of Photosynthetic Enzyme Activity

Over the same time periods as leaves from the two sets of maize plants 

were being monitored for photosynthetic activity, 5 cm  ̂ leaf discs were freeze- 

clamped from the youngest fully expanded leaf on aU plants for enzyme extraction 

and analysis. The leaf discs were extracted (2.3.5), and assays performed for four 

photosynthetic enzymes: phosphocwo/ pyruvate carboxylase (PEP carboxylase), 

ribulose- 1,5-bisphosphate carboxylase-oxygenase (RuBisCO), pyruvate, Pi dikinase 

(Pyr, Pi-dk), and NADP-linked malic enzyme (NADP-MB). Enzyme activity was 

determined using a spectrophotometer set at 340 nm and was expressed per unit 

area of leaf. The leaf discs were removed from one side of the leaf blade, 

halfway down its length, where the IRGA measurement had been made. The 

protein and chlorophyll content of the extracts were also determined.
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Figure 4.3 shows how the activity of the four enzymes changed over the 

experimental period for the first set of plants. PEP carboxylase had the highest 

activity of the four enzymes in both infected and control plants. The graph shows 

the mean value of enzyme activity per enzyme for the six leaf discs taken on each 

date of sampling, and the standard error. Where the standard error is less than 

3.5 it is not shown. It can be seen that RuBisCO and Pyr, Pi-dk had the lowest 

activities of all of the enzymes, never rising above 16.7 /xmol m'^ s"̂ . It is clear 

that enzyme activities between the control and infected plants followed the same 

trends and did not differ significantly.

Figure 4.4 shows how enzyme activity changed over the experimental 

period for leaf discs from infected and control plants for the second set of plants. 

The activity of all enzymes was far higher than values obtained for the first set of 

plants. These results are consistent with the faster rates of photosynthesis 

observed and explained by the better growth conditions for the second set of 

plants. At the start of the experiment, PEP carboxylase had a higher activity in 

the infected plants than in the control plants. Values obtained, though, for this 

enzyme for both sets of plants soon came to within 1 SE of the mean activity 

shown. Activities of RuBisCO and Pyr, Pi-dk are very similar in both plant 

groups for the duration of the experiment. Statistically any differences between 

control leaf disc and infected leaf disc are not significant at the 5% level (p=0.05) 

for either of the experimental periods.

4.6 Products of Photosynthesis in Striga

Two emerged Striga plants were allowed to photosynthesize in air 

containing "̂̂ CG2  (2.4.1) for one minute, and one emerged Striga plant was 

allowed to photosynthesize in air containing "̂̂ CG2  for two minutes. No chase 

period was given but the "̂̂ CG2  was evacuated from the vicinity of the parasites 

and the shoots were immediately excised at the stem base before freezing in 

liquid nitrogen. The Striga leaf tissue was removed from the stem, and extracted

(2.3.1). The extracts were analysed by two-dimensional thin-layer chromatography
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Figure 4.3: Activities of four photosynthetic enzymes measured

spectrophotometrically over the growing period 27/2/92 - 30/3/92. Enzymes 

monitored were: phosphoeno/ pyruvate carboxylase (•), ribulose-1,5-bisphosphate 

carboxylase-oxygenase (■), pyruvate, Pi dikinase (o ), and NADP-linked malic 

enzyme ( □ ). Enzyme assays were performed in triplicate for each leaf disc 

extracted, and each point is the mean of the six sets of triplicate measurements 

for each enzyme for each treatment. Standard errors are shown when larger than 

the symbols used. The arrow shows the time of etnergence for the first Striga 

shoot within the batch of infected plants. All infected maize plants had emerged 

parasites within ten days of the appearance of the first shoot.
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Figure 4.4: Activities of four photosynthetic enzymes measured

spectrophotometrically over the growing period 23/4/92 - 18/5/92. Enzymes 

monitored were: phosphoc/to/ pyruvate carboxylase (•), ribulose-l,5-bisphosphate 

carboxylase-oxygenase (■), pyruvate, Pi dikinase (o ), and NADP-Iinked mahc 

enzyme (□).  Enzyme assays were performed in triphcate for each leaf disc 

extracted, and each point is the mean of the six sets of triplicate measurements 

for each enzyme for each treatment. Standard errors are shown when larger than 

the symbols used. The arrow shows the time of the emergence of the first Striga 

shoot within the batch of infected plants. All infected maize plants had emerged 

parasites within ten days of the appearance of the first shoot.
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(2 .8 .1 ) and autoradiograms made to show the separated photosynthetic 

intermediates. Substances in the extract were also fractionated to provide neutral 

(sugars), organic acid, amino acid, and phosphate ester fractions (2.3.5). The 

amount of label in each of these fractions was determined using the 

scintillation counter. The proportion of the label in each of the fractions was 

therefore determined independently from the TLC separation of the crude 

extracts.

Table 4.3 shows the proportion of the label in the four fractions for 

three treatments. The heaviest labelling is in the phosphate ester fraction rather 

than in organic and amino acids. Table 4.4 shows the distribution of the 

radioactive label between photosynthetic intermediates separated by TLC from 

extracts made from the three Striga plants. By comparing the proportion of the 

label in the fractions produced using the Redgwell method (2.3.5) (Table 4.3), and 

the proportion of the label in the fractions calculated from the separation of the 

extracts by TLC (Table 4.4), it can be seen that there is some "spillover" from the 

phosphate esters and into the organic acids and amino acids of the Redgwell 

fractions.

Although this work was not a pulse-chase experiment, it confirms that 

Striga utilises the Q  mode of photosynthesis. All of the photosynthetic 

intermediates are continually being labelled with "̂̂ C for the whole of the one or 

two minutes, but the high proportion of the "̂̂ C in the phosphates, especially 

PGA, the significant amount of '̂̂ C in glycine and serine, and the low "̂̂ C in 

malate and aspartate confirm C3 . The spot on the autoradiograms between the 

sucrose and the amino acids was thought to be mannitol, which is present in high 

levels in Striga leaf tissue (Stewart et al., 1984), and is reported to be produced 

by Striga during photosynthesis (Hodgson, 1973). Further identification of this 

spot was not attempted.

4.7 Transfer of Carbon from Maize to Striga

A maize plant was chosen which had two emerged Striga plants at its base.
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Fraction Time allowed for photosynthesis in

1  min 1  min 2  min

Neutral 1 . 8 4.9 6.7

Organic acid 1 2 . 0 9.8 7.3

Amino acid 8.7 1 2 . 8 18.1

Phosphate esters 77.5 72.5 67.8

Table 4.3: Distribution of the label in four fractions from extracts of Striga 

leaves exposed to ^̂ C0 2  in the light. Each value is the percentage within that

fraction, compared with the total label in the extract.
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Photosynthetic

Intermediate

1  min 1  min 2  min

RuBP 4.6 2 . 1 8.5

G-6 -P 25.3 31.8 1 1 . 0

Hexose-P 13.9 9.3 16.5

F-6 -P 1 0 . 2 1 0 . 8 14.4

PGA 17.8 13.2 6 . 8

PhosphoglycoUate 0.5 0.4 0.7

PEP 3.0 1.9 1 . 2

Aspartate 0.7 0 . 6 0.9

Malate 3.8 4.5 2 . 2

Sucrose 1 . 2 2 . 6 3.4

Mannitol 1.7 1 . 0 2.5

Serine 5.2 8 . 0 18.8

Glycine 6 . 6 7.1 8 . 0

Glycerate 2 . 0 5.0 2.3

Alanine 1.9 0.5 2 . 2

Glycollate 1.9 1.5 0.7

Table 4.4: Distribution (% of total recovered from the TLC plate) of radioactive 

label in photosynthetic intermediates separated from extracts of Striga leaf tissue 

after photosynthesis in for one or two minutes.
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1000 ml air containing (2.3.3) were supplied to the youngest fully-expanded 

leaf over a period of 40 minutes, until radioactivity was no longer detectable in 

the enclosing plastic bag. The first of the parasite shoots was removed by cutting 

it at soil level five hours after the radiolabelled CO2  had been fixed by the host 

plant. The second of the parasite shoots was cut at soil level 24 hours after the 

radiolabelled CO 2  had been fixed by the maize. The parasite shoots were frozen 

in liquid nitrogen before extraction. The Striga plants were sectioned into: top 

(stem and leaves), middle stem, bottom stem, and leaves from the two lower 

pieces of stem. The sections were extracted (2.3.1), and the radioactivity in the 

crude extracts determined in a scintillation counter.

The Striga shoot excised after five hours had a very low amount of 

radioactivity in the sections, with the highest amount in the extract made from the 

top section of the shoot. The Striga shoot excised after 24 hours contained far 

more radioactivity. Most of the at this stage in the bottom stem section and 

least in the top section. The leaves from the lower sections of stem contained 

little

Extract prepared from the top and bottom stem sections were fractionated 

using ion-exchange columns (2.3.5) in order to ascertain which classes of 

compound contained the greatest proportion of the label. For the top section 

of the Striga shoot (stem and leaves), neutral, organic acid and phosphate ester 

fractions 27.6%, 29.5% and 40.7%, respectively, of the total soluble radioactivity. 

Only a small proportion of the total was present in the amino acid fraction 

of the Striga extract (2.2%). For the bottom part of the Striga shoot (stem only), 

the neutral fraction contained most of the label from the maize (55.1%), with 

22.9% in the phosphate esters, 18.7% in the organic acids, and 3.3% in the amino 

acids.

The higher content of in the neutral fraction in the bottom part of the 

Striga shoot is consistent with a sugar being the main form of carbon transported 

in the vascular tissue of the parasite. The comparatively high in phosphate 

esters suggests much metabolism in all parts of the parasite but especially in the 

growing tissue at the top of the shoot. An accurate assessment of the main 

compounds transported to Striga from maize would require knowledge of 

compounds in the haustorium. However, the haustorium in Striga hermonthica is
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very small and difficult to dissect. It is reputed to be a site of great metabolic 

activity (Mallaburn & Stewart, 1987) so the compounds received from the host 

may be changed into other substances upon entry into the parasite and before 

reaching the stem.

4.8 Discussion: Effects of Striga on Photosynthesis in Maize

Pulse-chase labelling of photosynthetic intermediates in maize showed that 

the major pathway of assimilation operating was Q  even after infection by Striga 

hermonthica. After the one and two minute chase periods in the pulse-chase 

experiments on the maize plants, there was more in the amino acid fraction 

in leaves of infected plants, possibly because of the larger pools of amino acids 

present (3.4). It is significant that the amino acids mostly affected were glycine 

and serine, since this indicates some increase in photorespiratory metabolism. An 

increase in photorespiratory metabolism could indicate that the mechanism 

concentrating COg in the bundle sheath cells was operating less effectively, or that 

there is leakage of CO2  from the bundle sheath cells, increasing in the 0 2 :C0 2  

ratio present in the bundle sheath cells. The Q  mechanism of photosynthesis 

concentrates CO 2  in the bundle sheath cells, which reduces the potential amount 

of photorespiration which can take place. This effect was much decreased after 

5 minutes, and had disappeared by 58 minutes. After the two minute chase 

period a greater proportion of the was present in the glucose and fructose in 

extract from leaf tissue of infected plants compared with control plant extract. 

This may also have something to do with the increase in total soluble 

carbohydrates found in young leaf tissue of infected infected plants (3.2). The 

pulse-chase experiments revealed a decrease in the rate of carbon fixation of 

infected maize plants.

The decrease in infected host photosynthesis first shown by the pulse-chase 

experiments was confirmed with IRGA measurements on two sets of plants. The 

reduction in photosynthesis shown by leaves of infected host plants was 

statistically significant (p=0.05) before the parasite shoots emerged from the soil,
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and did not appear to be affected by the number of emerged Striga plants, or by 

the timing of parasite emergence (see Figure 4.2). Whilst conducting the IRGA 

measurements of host photosynthesis it was observed that the leaves from infected 

plants took longer to equihbrate in the leaf chamber than leaves from control 

maize plants. The leaves from infected plants needed to be treated with great 

care when placed in the leaf chamber of the IRGA as they felt weaker than 

comparative leaves from control plants.

Activities of the four photosynthetic enzymes were similar over both 

experimental periods between leaves of control and infected plants. The rates of 

photosynthesis and enzyme activities were found to be higher over the second of 

the two experimental periods. This is thought to be due to the later time of year 

during which the plants were grown, when there was a longer natural photoperiod 

and therefore higher quality light for the plants. The general decline in enzyme 

activities and photosynthetic rates in control plants over the periods in which 

measurements were made (Figures 4.2a, 4.2b, 4.3 and 4.4) may be due to cultural 

conditions. Thus even with the large pots used in the experiment the plants 

probably became restricted in root development. An alternative explanation may 

be a shortage of mineral nutrients. Although nutrient solution was added every 

week to the pots, neither the concentration nor the volume was increased during 

the time of most rapid dry mass gain.

The enzymes studied are regulated by many factors, including light quality 

and availability (PEP carboxylase, RuBisCO, Pyr, Pi-dk), temperature (PEP 

carboxylase, Pyr, Pi-dk), substrate concentration (PEP carboxylase, RuBisCO), 

product concentration (PEP carboxylase, Pyr, Pi-dk, NADP-ME), and cofactor 

concentration (NADP-ME). Intracellular and intercellular metaboUte transport 

is essential, based on the spatial compartmentation of enzymes in maize (Edwards 

& Walker, 1983). The exchange of metabohtes between mesophyll and bundle 

sheath cells and their organelles must therefore remain efficient in order to 

prevent a block in the metabolic pathway (due to inactivation of one or more 

enzymes). Movement of metabohtes between the plant cells is assumed to take 

place via plasmodesmata (Hatch, 1987). Press and Stewart (1987) postulated that 

a decrease in metabolite flux between the mesophyU and bundle sheath cells 

would result in reduced host photosynthesis in maize plants infected with Striga.
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Reduced metabolite flux between mesophyll and bundle sheath cells would 

influence the activity of the four photosynthetic enzymes studied here. Results 

show no significant difference between activities of enzymes from control and 

infected leaf extracts over two growing periods, and it is therefore unlikely that 

metabolite flux between the photosynthetic cell types in maize is causing the 

reduction in host photosynthesis in the Zea mays-Striga hermonthica association.

Carbon was recorded moving from host to parasite. The form in which the 

carbon was transported from host to parasite is not known, but the radioactive 

label appeared in the lower section of Striga stems mostly as sugars, organic acids 

and phosphate esters. It is unlikely that the form in which the carbon was 

received from the host was unaltered in the parasite haustorium. Although only 

a small proportion of the was present in amino acid fraction from Striga stem 

tissue, this may be very important as the way in which the parasite receives 

nitrogen from the host.
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CHAPTER FIVE: MICROSCOPY

5.1 Introduction

The changed appearance of the leaves of maize plants as a consequence 

of infection by Striga, together with observed slow equilibration during 

measurement of photosynthetic rate using the IRGA and suggestions of some 

malfunction of photosynthetic carbon assimilation from experiments with 

suggested the need for study of the effects of Striga infection on leaf anatomy. A 

maize leaf consists of a blade attached to a sheath enclosing the stem. Within the 

leaf blade are many fibres made of sclerenchyma. Internal anatomy reveals two 

layers of cells containing chloroplasts. One layer consists of thick-walled bundle 

sheath cells around the vascular tissue, which in turn are surrounded by a second 

layer consisting of spacially arranged, loosely packed, thin-walled mesophyll cells. 

The bundle sheath cells are tightly packed together, whereas there are many air 

spaces between the mesophyll cells. Larger vascular bundles may be completely 

enclosed in sclerenchyma fibres. Within the vascular bundle there is usually less 

phloem than xylem, and there is generally a lack of secondary growth of the xylem 

and phloem from the vascular cambium (Esau, 1977). The positions of the 

mesophyll and bundle sheath cells are correlated with the Q  mechanism of 

photosynthesis.

5.2 Light Microscopy of Maize Leaf Sections

Leaves were removed from maize plants and kept with their cut bases in 

water to minimize any anatomical disruption associated with loss of turgor. Small 

pieces of leaf tissue were clamped between 2 pieces of carrot root tissue, and thin 

sections of the leaf tissue were cut, free-hand, with a razor blade. The sections
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were mounted in phosphate-buffered saUne (PBS) on glass slides, and viewed 

under a Leitz Dialux 20EB light microscope (2.10).

Sections cut from control leaves appeared to be different from those cut 

from leaves of infected tissue. Under the light microscope it was possible to 

detect the leaf epidermis, dark-coloured bundle sheath cells around the vascular 

tissue, lighter-coloured mesophyll cells between the bundle sheaths, and thick- 

walled structural sclerenchyma tissue. Because the sections were fresh and hand- 

cut, it was not possible to see the sections clearly with magnifications higher than 

x200. It was not possible to see much of the fine detail inside each of the cells, 

except the presence or absence of chloroplasts. However, the position, size and 

orientation of cells within the leaf as a whole were clear. Photographs of the thin 

sections were taken using an Olympus photomicroscope on Kodak Ektachrome 

160T film.

Figure 5.1 shows hand-cut thin sections of control maize leaf tissue. In the 

control leaf thin sections the mesophyll looked pale green, and there was a 

definite bundle sheath structure around the vascular bundle which was dark green. 

Individual cells of the bundle sheath were not easily detected because of the very 

dark colouration within the cells.

Figure 5.2 shows hand-cut thin sections of infected maize leaf tissue. In 

the infected leaf thin sections the mesophyll was pale, as in the control leaf 

sections, but the bundle sheath apparently lacked both colour and structure. It 

no longer appeared to be as integral a structure in the infected leaf sections, 

compared with the control leaf sections. On some occasions the bundle sheath 

cells of infected leaf sections were brown, rather than green (not shown).

It was not thought that these apparent differences were due to accelerated 

senescence within the infected leaf tissue, caused by infection with the parasite. 

Thin sections of senescent tissue, or leaf tissue close to a senescing area in control 

leaves (results not shown here), were examined under the light microscope but 

were not found to be similar in appearance to the leaf sections of infected plants. 

In senescing leaf tissue from control plants, there was a lack of colour in the 

mesophyll (probably due to chlorophyll degradation), fewer distinct chloroplasts, 

and occasionally a brown colouration throughout the mesophyll. The bundle 

sheath of senescing leaf tissue remained deep green in colour and was still a well-
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Figure 5.1: Fresh hand-cut sections of control maize leaf tissue examined under 

the light microscope. In the micrographs the upper and lower leaf epidermis, 

mesophyll, bundle sheath cells and vascular bundle can be seen. The bar 

represents 0.1 mm. In the lower micrograph the chloroplasts can be seen in the 

bundle sheath cells, and along the walls of mesophyll cells. A structural vein is 

seen in the lower micrograph, surrounded by thick-walled sclerenchyma ceUs. In 

the upper micrograph the chloroplasts appear to be focused more within the 

bundle sheath region.
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Figure 5.2: Fresh hand-cut sections of leaf tissue from infected plants examined 

with a light microscope. The bar represents 0.1 mm. In the lower micrograph it 

appears that fewer chloroplasts are focused around the bundle sheath region, and 

there appear generally to be fewer chloroplasts within the whole section. In the 

upper micrograph the chloroplasts appear to be focused more within the 

mesophyll cells than in the bundle sheath region.
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defined structure. In sections from the non-senescing areas of a leaf, the 

mesophyll was pale green, the bundle sheath very dark green, many chloroplasts 

present in both mesophyll and bundle sheath tissue.

53  Immunofluorescent Labelling of RuBisCO in Maize Leaves

The results in section 5.2 show that there was some slight difference 

between the bundle sheath structures of infected and control maize leaves. 

Although no major differences in enzyme activities were recorded in extracts of 

whole leaf tissue, a difference in the distribution of enzymes within the leaf was 

not precluded. When maize seedlings emerge from the soil, the leaves 

photosynthesize using the C3  mechanism. Only after the fifth leaf has emerged, 

when the seedling is two weeks old, does C4  photosynthesis begin (Crespo et al., 

1979). Initially all of the enzymes involved in photosynthesis are expressed in all 

of the cell types in the first leaves; after a couple of weeks the production of 

enzymes is specific to one or other of the photosynthetic cell types of the young 

leaves. Thus with maize, PEP carboxylase is only produced in the mesophyll, and 

RuBisCO is exclusively produced in the bundle sheath. If the bundle sheath is 

not fully developed in leaves of infected maize then the RuBisCO might not be 

exclusively in the bundle sheath cells.

The location of RuBisCO expression in maize leaves was examined with 

the use of immunofluorescent labelling of the enzyme in thin sections, and

subsequent viewing the under a fluorescent microscope.

Leaf tissue was removed from maize plants 9 weeks following planting in 

the presence or absence of Striga seeds. At this stage Striga seedlings would have 

emerged above the soil. Any differences in the expression of RuBisCO should be 

expected by this stage. The leaf sections were first examined under the light 

microscope; the infected leaf sections were similar to those in Figure 5.2. Leaf 

sections were then processed for immunofluorescence (2.11). The sections were 

photographed within a few hours of being mounted, but were kept in the dark 

until needed.
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Control sections for leaf tissue of both control and infected plants were 

incubated with the anti-RuBisCO antibody but without subsequent incubation with 

the FITC-labelled antibody. This was to ensure that autofluorescence due to 

normal tissue constituents could be distinguished from the FITC-labelled 

conjugate attached to the primary antibody and thence to RuBisCO. Figure 5.3 

shows photographs of the autofluorescent control sections from leaves of both 

infected and control plants. In these photographs the cuticle and walls of the 

sclerenchyma cells, the bundle sheath cells and vascular cells show yellow. The 

chloroplasts of the bundle sheath and mesophyll cells are an orange-red colour. 

This is because the fluorescence of chlorophyll excited at 530 nm is orange-red.

Sections of immunofluorescent-labelled leaves of control and infected 

plants are shown in Figures 5.4 and 5.5. The cuticle and sclerenchyma cells show 

up as yellow. The chloroplasts in the mesophyll cells are orange-red, as in the 

autofluorescent control sections. The chloroplasts in the bundle sheath cells are 

yellow due to the FITC-conjugate fluorescing under the wavelength of hght used 

in the fluorescence microscope (530 nm) and showing that RuBisCO is present. 

In most of the bundle sheath cells, the chloroplasts are yellow, in a few cells for 

sections from leaves of both infected and control plants only background 

fluorescence appears. This is thought to be due to the FITC-labelled conjugate 

not permeating all of the cells, and therefore not attaching to all of the RuBisCO 

present in the leaf sections. Sections from both control and infected leaf tissue 

look very similar, with the additional fluorescence of the FITC-labelled conjugate 

present in the bundle sheath cells for both leaf types. This shows that the 

RuBisCO, and presumably other photosynthetic enzymes, have retained their 

exclusive location in the mesophyll or bundle sheath cells when the host is 

infected with Stnga hermonthica. The only sUght difference between sections from 

leaves of control plants and infected plants is in the amount of autofluorescence 

from the walls of the bundle sheath cells. This may again be a reflection of the 

poor development of these cell walls.
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Figure 5.3: Autofluorescent controls of fresh hand-cut sections of leaf tissue (both 

control and infected leaf tissue) which have been incubated with the anti- 

RuBisCO antibody, but not the fluorescent marker. The sections are magnified 

X 200 (ie: 10 mm on the photograph represents an actual distance of 0.05 mm). 

The leaf epidermis and structural tissue (sclerenchyma, thickened xylem cell walls, 

bundle sheath cell walls) fluoresce yellow; chloroplasts in both mesophyll and 

bundle sheath cells fluoresce orange-red.
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Figure 5.4: Immunofluorescent-stained fresh hand-cut sections of control plant 

leaf tissue. The top section is magnified x 100 (ie: 10 mm on the photograph 

represents an actual distance of 0.1 mm). The bottom section is magnified x 200 

(ie: 10 mm on the photograph represents an actual distance of 0.05 mm). The 

leaf epidermis and structural tissue (sclerenchyma, thickened xylem cell walls, 

bundle sheath cell walls) fluoresce yellow; chloroplasts in the mesophyll cells 

fluoresce orange-red; chloroplasts in the bundle sheath cells fluoresce yellow, 

showing the presence of RuBisCO.
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Figure 5.5: Immunofluorescent-stained fresh hand-cut sections of infected maize 

plant leaf tissue. Both sections have been magnified x 100 (ie: 10 mm on the 

photographs represents an actual distance of 0.1 mm). The leaf epidermis and 

structural tissue (sclerenchyma cells, thickened xylem cell walls, bundle sheath cell 

walls) fluoresce yellow; chloroplasts in mesophyll cells fluoresce orange-red; 

chloroplasts in the bundle sheath cells fluoresce yellow, showing the presence of 

RuBisCO.
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5.4 Electron M icroscopy of M aize Leaf T issue

Tissue was removed from the young leaves of maize plants which had 

been planted in the presence or absence of Striga seeds for 11 weeks. It was 

thought that any differences in ultrastructure between leaves of control and 

infected plants would be apparent by that time. No shoots of the parasite had 

emerged from the soil of the infected plants at that time, and the leaf tissue used 

was healthy-looking, with no chlorotic patches or leaf curling. Leaf tissue was 

processed (2.12). Because the leaf tissue had been fixed before sectioning, it was 

possible to get high magnification of the cells and their contents, compared with 

the fresh sections seen in 5.1 and 5.2.

Figure 5.6 shows electron micrographs of vascular tissue surrounded by 

bundle sheath and mesophyll cells from leaf tissue of control and infected plants. 

These sections are typical of those seen under the electron microscope. In the 

centre of the electron micrograph of control tissue are small thick-walled phloem 

elements. Below these are the large lumenous xylem vessels. Thick-walled 

bundle sheath cells surround the vascular tissue; the chloroplasts are packed with 

starch grains and are arranged towards the outside of the bundle sheath cells. 

Outside the bundle sheath cells are mesophyll cells (out of the field of view for 

the control tissue section). In the centre of the electron micrograph of tissue 

from infected plants are thin-walled distorted-looking phloem elements, which do 

not appear to have expanded to their full size, as the corresponding cells in the 

control section have. The xylem vessels are smaller in the infected leaf section, 

and thinner-walled than in the control tissue. The outside walls of the bundle 

sheath cells in the tissue from infected leaves are convoluted in appearance, and 

the walls of the bundle sheath cells are apparently thinner than in the control leaf 

tissue. The bundle sheath cell chloroplasts are packed with starch grains. Beyond 

the bundle sheath cells are mesophyll cells, containing small granal chloroplasts. 

There is httle evidence of sclerenchyma fibres within the vascular bundle, which 

looks distorted in the infected leaf section, compared with control leaf tissue.

Figure 5.7 compares mesophyll tissue in maize leaves between the vascular 

bundles of infected and control plants. The sections from control and infected 

leaf tissue look similar, both with many granal chloroplasts containing
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Figure 5.6: Electron micrographs of ultrathin sections of leaves from control (top 

micrograph) and infected (bottom micrograph) plants. The vascular tissue is 

surrounded by bundle sheath cells and mesophyll cells. X: xylem P; phloem 

BS: bundle sheath cell M: mesophyll cell ch: chloroplast n: nucleus
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Figure 5.7; Electron micrographs comparing mesophyll cells found between the 

vascular bundles from leaf tissue of control (top micrograph) and infected 

(bottom micrograph) plants. M: mesophyll cell w: cell wall ch: chloroplast 

g: thylakoid membranes arranged into grana pg: plastoglobuli
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plastoglobuli, but no obvious starch grains. The walls of the mesophyll cells are 

thinner than the bundle sheath cell walls. At the right hand side of the electron 

micrograph of the infected section are very thick-walled sclerenchyma cells.

Figure 5.8 examines a mesophyll cell chloroplast from a leaf section of a 

control plant and from a leaf section of an infected plant. Stacking of thylakoids 

into grana are common to both chloroplasts. There are many plastoglobuli 

present, but few starch grains. More plastoglobuh are present in the chloroplast 

from the infected plant, compared with the control leaf chloroplast, and the 

interthylakoid lamellae appear to be spaced further apart than those of the 

chloroplast of the control leaf. Differences in the staining of the sections are 

probably due to slightly different staining times, rather than because of any 

differences in stain retention.

Figure 5.9 shows a bundle sheath cell chloroplast from each of a control 

and infected plant. Not all of the chloroplast is in either electron micrograph; 

comparison to Figure 5.8 thus demonstrates that bundle sheath cell chloroplasts 

are larger than mesophyll cell chloroplasts. Both electron micrographs show 

chloroplasts full of starch grains but with few plastoglobuh. The chloroplast of 

control bundle sheath tissue contains a greater number of larger starch grains 

than the chloroplast of the bundle sheath from the infected plant. In both cases 

the pigmented membranes surround the starch grains, and there are clear regions 

around the starch. There appear to be more thylakoids in the chloroplasts of 

infected plants than in the chloroplasts of the control, but this may only be 

because less starch grains are present.

Figure 5.10 shows electron micrographs of the vascular tissue from control 

(5.10 a,c) and infected (5.10 b,d) maize leaf tissue. Figure 5.10 a,b is a closer 

view of Figure 5.6. In the electron micrographs of control leaf tissue the xylem 

vessels are large and have thick walls. The phloem elements appear rounded; 

they are smaller than the xylem vessels, but also have thick walls. In the electron 

micrographs of tissue from the infected plant the vascular tissue firstly appears to 

be smaller than in the control sections. The xylem elements are not completely 

rounded, indicating that they have not expanded fully, and the phloem elements 

appear to be contorted in shape. The outer walls are bent inwards, possibly 

giving a larger surface area over which to load leaf photosynthate. The area
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Figure 5.8: Electron micrographs comparing mesophyll cell chloroplasts from 

leaves of control (top micrograph) and infected (bottom micrograph) plants, 

c: cytoplasm pg: plastoglobuli s: starch granule g: thylakoids arranged into 

grana
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Figure 5.9: Electron micrographs comparing bundle sheath cell chloroplasts from 

leaves of control (top micrograph) and infected (bottom micrograph) maize 

plants. s: starch granule w: cell wall pg: plastoglobuli
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Figure 5.10: Electron micrographs comparing the arrangement of vascular tissue 

within sections of leaves of control (a, c) and infected (b, d) plants. X: xylem 

P: phloem w: cell wall s: starch granule ch: chloroplast

118



M

h

Si

* V





inside the phloem elements appears larger than in the control leaf tissue. The 

walls of the phloem elements are thinner than in the control sections.

From the electron micrographs of leaf tissue from control and infected 

plants the most apparent difference is in the structure and arrangement of the 

cells within the vascular bundle and the thickness of the walls of bundle sheath 

and vascular cells.

5.5 Discussion: Effects of Striga hermonthica on Maize Leaf

Anatomy

The plants used for this part of the study had all been planted in the 

absence or presence of Striga seeds for several weeks. Infection was presumed to 

have taken place shortly after planting with the Striga seeds. One of the first 

symptoms to Striga infection is a reduction in internode elongation and growth 

rate (Press & Stewart, 1987). The leaves of infected plants were smaller than 

leaves of control plants used in this study, although the leaf tissue did appear to 

be healthy. The apparent reduction in leaf area would be associated with a 

decrease in the size and number of cells per unit area of section, as seen under 

both light and electron microscopes. In fresh sections of leaf tissue from intact 

infected plants the bundle sheath cells appeared to be damaged. The mesophyll 

of tissue from infected plants looked similar to that of the controls. The 

differences in the bundle sheath were not thought to be due to accelerated 

senescence of the leaves from infected plants. There were signs of changes in the 

arrangement of chloroplasts within the bundle sheath cells of infected leaf tissue.

Immunofluorescent labelling of RuBisCO in fresh hand-cut sections of 

leaves of control and infected plants showed that in both plant types the enzyme 

was localized in the bundle sheath cells. Thus the observed reduction in 

photosynthesis (4.6) was not associated with a major change in the expression of 

photosynthetic enzymes in host photosynthetic cells.

Examination of ultra-thin sections of fixed and embedded leaf tissue 

showed differences in control and infected plants in the vascular tissue, rather
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than in bundle sheath or mesophyll cells and their contents. The electron 

micrographs of sections of tissue from infected plants were irregular in shape and 

smaller in cross sectional area than in sections from control plants. Cell growth 

depends on the absorption of water by cells. The infected plants did not take up 

the same amount of water as the control plants, when grown under the same 

conditions. The distortion within the vascular bundle may have been due to a 

lack of water within the host plant because of water diverted to the attached 

Striga plants.

Cell walls within the vascular bundle are thick to resist the pressures 

reached in phloem cells and the tensions within xylem cells. When a plant is 

infected with certain pathogenic or parasitic organisms, the xylem is prone to 

embolism so that water conductance is affected. Water conductance is also 

susceptible to disruption by the plugging of pit membranes (Strange, 1993). The 

cell walls of the vascular tissue of infected plants appear to be thinner and weaker 

than those in control vascular tissue so the leaf will not be so well supported 

against mechanical stresses. If the size of the host xylem vessels is reduced, then 

the capacity to transport water and solutes may be reduced (cf: reduced capacity 

of water usage in infected plants). If the surface area of the phloem cell walls is 

increased, this may lead to altered loading of assimilates for transport out of the 

leaf to sink regions within the host, including Striga plants.
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Striga hermonthica is a serious pest in developing 

countries, and thus far it has not been possible to determine 

early in infection whether a host plant has become infected 

or not. Detection of a stress response exhibited by the host 

at an early stage of infection could then be used as a probe 

on a large-scale basis, revealing which plants in a crop were 

infected. Studies onb the expression of leaf proteins and 

certain enzymes involved in general plant stress responses 

were mde to determine whether there was a change in 

expression which could be used as a probe to Striga 

infection. Because Striga has a large effect on host plants, 

especially with respect to overall host morphology, it has 

oftern been speculated that a toxin is being transmitted from 

parasite to host. Studies were made using maize cell 

cultures to determine the presence of a toxin in the leaves 

of infected host plants, which would have come from the 

parasite.



CHAPTER SIX: RESPONSE OF MAIZE LEAF 
COMPONENTS TO STRIGA INFECTION

6.1 Introduction

The research so far had established a decrease in photosynthesis in maize 

leaves as a result of infection of the plant by Striga. Other changes observed upon 

infection seemed insufficient to account for the decrease in photosynthesis. The 

search was therefore extended to obtain a wider picture of leaf function. 

Photosynthesis can be inhibited by sucrose accumulation (Stitt, 1986), so this was 

considered as a possible explanation of decreased photosynthesis in infected 

plants. Also, plants are frequently subject to adverse environmental conditions 

such as drought, heavy metals and infection by pathogenic organisms and have to 

adjust metabolically and structurally to cope with such stress conditions. Gene 

expression is altered by stress stimuli which induce and suppress the production 

of specific proteins which are either structural proteins or enzymes for specific 

metabolic pathways (Ho & Sachs, 1989). Under stress conditions new families of 

proteins are synthesized (Hughes et al., 1989). Some of these proteins may be 

enzymes involved in synthetic pathways for substances that discourage or kill 

invading organisms. Most stress-induced proteins have a role in either helping the 

plant survive the environmental condition, or niiniinising damage from the stress 

agent.

Evidence was sought for some of the common changes in composition of 

leaves that are known to be stress related and may result from infection of maize 

by Striga. Studies were made of the effects of infection by Striga hermonthica on 

two enzymes involved in sucrose metabolism and two enzymes involved in the 

defence system of plants. Also analyses were made to determine whether Striga 

infection alters the production of proteins in the leaves of developing maize 

plants. Tests were also made for any substance in the leaves from infected maize 

plants that could act as a toxin or as a growth regulator in cultures of maize cells.
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6.2 Enzyme Activities

Of the enzymes studied over the period of infection and growth in the 

presence of the parasitic weed Striga hermonthica, two are involved in sucrose 

metabolism, and two are involved in the defence mechanism of plants to external 

stimuli.

The biosynthesis of sucrose in leaves is regulated so that the rate of 

sucrose formation is linked with the availability of photosynthate present in the 

cell cytoplasm. Sucrose phosphate synthase (SPS) (EC 2.4.1.14) catalyses a key 

step in the pathway of sucrose biosynthesis, catalysing the reaction of UDP- 

glucose with fructose-6 -phosphate (F 6 P) to yield sucrose-6 -phosphate. The flux 

of metabolites through the pathway favours the formation of sucrose (Copeland, 

1990). The rate of sucrose synthesis increases at the beginning of the photoperiod 

through the availability of substrate (F 6 P) and glucose-6 -phosphate (G 6 P) which 

strongly activates SPS. As the capacity for sucrose utilisation or export is reached, 

the rate of sucrose synthesis declines, and an increasing amount of photosynthate 

is retained in the chloroplast for conversion to starch (Gerhardt et al., 1987). In 

maize leaves SPS activity changes rapidly with light/dark transitions (Kalt-Torres 

et al., 1987), and there is maximum SPS activity at the highest light intensity 

during the photoperiod. Rates of sucrose formation and assimilate export are 

closely aligned with the rate of carbon fixation and the activation state of SPS 

(Kalt-Torres et al., 1987). Maize leaf elongation is related to diurnal changes in 

the activities of sucrose metabolising enzymes and carbohydrate content in the 

elongating portion of the leaf (Kalt-Torres & Huber, 1987).

The first step in the breakdown of sucrose in plant tissues may be catalysed 

by invertase (EC 3.2.1.26). Plant tissues contain two types of invertase: i) acid 

invertase, which is present in cell vacuoles, the free space outside cells, and may 

be associated with the cell wall; and ii) alkaline invertase, which is located in the 

cytoplasm. The reaction catalysed by invertase is irreversible, and enzyme activity 

is regulated mainly by the availability of the substrate.

Glutathione is found in almost all living cells. It takes part in many 

biochemical reactions, yet also has a protective role in the plant. It acts as an 

anti-oxidant which will remove dangerous peroxides from cell organelles (Foyer
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& Halliwell, 1976), and has a central role in preventing the effects of oxidative 

stress in enzymatic processes. Factors which lead to stressful conditions affect the 

glutathione content and its metabolism in plant cells. One of the consequences 

of exposing plants to stress is an increase in total glutathione and extractable 

glutathione reductase (EC 1.6.4.2) (Smith et al., 1990).

Superoxide dismutases allow the removal of the small concentrations of 

generated during aerobic growth. Superoxide dismutase (SOD; EC 1.15.1.1) 

catalyses the dismutation of to give HjOj and O 2 . The enzyme is ubiquitous 

to all living organisms. The copper/zinc-containing SOD is generally found in the 

cytosol of eukaryotic cells and chloroplasts. Maize contains five isozymes of this 

SOD. Activity of CuZnSODs is associated with the stromal fraction of 

chloroplasts of higher plants. Protection of cells from the damaging effects of the 

oxygen free radical is essential for survival in aerobic conditions. By scavenging 

O 2  , superoxide dismutase is a key component of the free radical detoxification 

process. In higher plants high concentrations of O2  have been associated with the 

inhibition of chloroplast development, damage to membranes of roots and leaves, 

growth abnormalities, and decreased seed viability. Free radicals have also been 

implicated as causative factors in plant development and senescence. SODs 

protect living cells against the toxicity and mutagenicity of oxygen by virtue of 

their ability to scavenge O 2 ".

In order to determine enzyme activities, 5 cm^ leaf tissue was removed 

from the youngest fully-expanded leaf of a set of three control and three infected 

maize plants over the time period of 35-56 days after having been planted in the 

absence or presence of Striga seeds. The leaf tissue was extracted (2.3.6), and 

aliquots of the crude extracts were used to determine activities of invertase, 

sucrose phosphate synthase, glutathione reductase and superoxide dismutase 

(2.9.5, 2.9.6, 2.9.7, and 2.9.8 respectively). Because only three control and three 

infected plants were used for the enzyme determinations, no attempt has been 

made to establish statistical significance.

6.2.1 Invertase activity

Acid and alkaline invertase activities were determined following the 

method described in 2.9.5. Triplicate analyses were performed on each of three
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extracts from control and infected leaf tissue. Acid invertase activities were 

higher than alkaline invertase activities in all leaf extracts. The results were 

pooled together for each of the control and infected leaf values. Acid invertase 

activities were higher than alkaline invertase activities in all extracts, and 

therefore the general invertase activities obtained reflect acid invertase activity. 

Activities of alkaline invertase did not vary between extracts of leaves from 

control and infected maize plants. The mean values and standard errors for 

general invertase activity were determined. Table 6.1 shows the change in general 

invertase activity for control and infected maize plants over the period 35-56 days 

following infection with Striga. On most of the sampling dates, invertase activities 

in crude extracts from control and infected plants were similar. Only on the 

sampling date 39 days following planting with seeds of Striga hermonthica^ were 

invertase activities from infected plant crude extracts greater than invertase 

activities from control plant crude extracts, indicating that more sucrose was being 

metabolized and used in the young leaves from infected plant tissue. Generally 

the conclusion was that invertase activity in leaves is not affected by infection of 

maize plants with Striga.

6.2.2 Sucrose Phosphate Synthase

Sucrose phosphate synthase (SPS) activity was determined as described in 

2.9.6. Triplicate analyses were performed on extracts from three leaf discs each 

from control and infected plants for each sampling date. Mean activities and 

standard errors were determined. Table 6.2 shows SPS activities for control and 

infected maize plants over the period 35-56 days following planting with Striga. 

On sampling dates 39 and 46 days following planting with Striga, there was much 

higher SPS activity in crude extracts made from infected leaf tissue. Over the rest 

of the experimental period SPS activity in leaf extracts of infected plants followed 

the same trend in activity as leaf SPS in control plants, but the activity in leaf 

discs from infected plants was generally lower. SPS activities obtained are 

consistent with those of Kalt-Torres and Huber (1987), who found SPS in maize 

to range from 0.28 to 1.22 /xmol m'^ s"̂  over a 24-hour period.

Reduced SPS activity indicates that a reduced amount of photosynthate is
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Days after planting with 

Striga

Invertase activity (/zmol m"̂  s"̂ )

Control Infected

35 159 (35) 122 (5)

39 167 (25) 246 (40)

42 148 (34) 115 (17)

46 6 6  (46) 76 (40)

49 204 (38) 174 (62)

53 178 (9) 215 (47)

56 211 (33) 188 (30)

Table 6.1: Invertase activity in extracts of maize leaves from control and infected 

plants. Mean values from triplicate samples from extracts from three leaf discs 

of control and infected plants are shown. Standard errors are in parentheses.

125



Days following planting 

with Striga

Sucrose Phosphate Synthase Activity (/-tmol

s ')

Control Infected

35 0.7 (0 .2 ) 0.5 (0.1)

39 0.67 (0.23) 0.83 (0.47)

42 0.57 (0.2) 0.62 (0 .1 )

46 0.97 (0.03) 0.90 (0.13)

49 0.63 (0.04) 0.52 (0.02)

53 1.51 (0.55) 1.05 (0.11)

56 0.80 (0.36) 0.58 (0.15)

Table 6.2: Sucrose Phosphate Synthase activity in extracts of maize leaves from 

control and infected plants. Mean activities of SPS from three independent 

measurements on three extracts per plant type are shown. Standard errors are 

in parentheses.
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being channelled into sucrose biosynthesis. With a reduced rate of photosynthesis 

(seen generally 5-6 weeks following infection with Striga, section 4.6) then reduced 

photosynthate will be available in the cells for use in normal metabolic processes, 

and consequently less will be available for sucrose production (Kalt-Torres et aL,

1987).

6.2.3 Glutathione reductase

Glutathione reductase activity was determined as described in 2.9.7. 

Triphcate analyses were performed on extracts from three leaf discs each from 

leaves of control and infected plants. Mean activities and standard errors were 

determined. Table 6.3 shows the change in glutathione reductase activity for 

control and infected maize plants over the period 35-56 days following planting 

with Striga seeds. Glutathione reductase activity in extracts from leaves of control 

plants remained quite constant over the whole sampUng period. Glutathione 

reductase activity in extracts of leaves from infected plants varied greatly between 

sampling dates. For all of the sampling dates glutathione reductase activity was 

greater in extracts from infected plants than in extracts from control plants. The 

increase in glutathione reductase activity in extracts of infected plants indicates 

a response to a stress condition within the infected plants.

6.2.4 Superoxide dismutase

SOD activity was determined as described in 2.9.8. Triplicate analyses 

were performed on extracts from discs each from leaves of control and infected 

plants. Mean activities and standard errors were determined. Table 6.4 shows 

SOD activity for control and infected maize plants over the period 35-56 days 

following planting with Striga. The results were erratic between the sampling 

dates for both control and infected plants. On sampling the date 53 days 

following planting with Striga, there was no SOD activity recorded in the control 

leaf disc crude extracts. For sampling dates 53 and 56 days following planting 

with Striga there was no activity recorded in the leaf discs from infected plants. 

SOD activities for both control and infected plants generally decreased over the
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Days following planting 

with Striga

Glutathione reductase activity (pmol m'^ s'*)

Control Infected

35 4.03 (0.13) 7.83 (0.93)

39 2.70 (0.20) 6.87 (0.20)

42 2.60 (0.97) 2.77 (1.57)

46 3.17 (0.40) 4.47 (0.67)

49 2.57 (0.60) 6.63 (3.37)

53 3.10 (0.10) 5.20 (0.80)

56 3.07 (0.40) 5.83 (0.87)

Table 6.3: Glutathione reductase activity in extracts of maize leaves from control 

and infected plants. Each value is the mean glutathione reductase activity from 

three independent measurements on extracts of three leaf discs from control and 

infected maize plants. Standard errors are in parentheses.
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Days following planting 

with Striga

Units of SOD activity (mg protein)"^

Control Infected

35 253 283

39 2 2 13

42 324 391

46 131 23

49 16 25

53 0 0

56 1 2 0

Table 6.4: Changes in levels of SOD activity in control and infected maize plants 

35-56 days following planting with Striga seeds. Each value is the mean SOD 

activity in extracts from three each of leaf discs from control and infected plants.
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experimental period, as does also photosynthesis (Figures 4.2 a, b). Infection with 

Striga hermonthica did not, therefore, cause changes in SOD activity and possibly 

not oxygen radicals present.

63  Analysis of Leaf Proteins

The difference in photosynthesis between control and infected maize plants 

was generally seen about 5-6 weeks following planting the maize seedlings with 

Striga seeds (4.6). The difference in photosynthesis was not due to altered 

activities of at least four enzymes involved in the photosynthetic metabolic 

pathway (4.7). The aim of this set of analyses was to determine whether infection 

of maize by Striga influences the expression of host leaf proteins in the weeks 

preceding reduced host photosynthesis. The question also raised was whether any 

pathenogenesis-related proteins would be produced in the leaves as a result of 

infection of the plant Striga. Plant leaves were numbered for this set of analyses 

from the bottom of the plant, ie: oldest leaf= leaf 1. Proteins of leaves 1-4 were 

extracted from whole leaves minus the midrib. For younger leaves and larger 

leaves about 15 cm^ from the tip was extracted (2.3.6). Plants studied had been 

planted in the absence or presence of Striga seeds for 7,14 and 21 days. For each 

extract, soluble proteins were separated by electrophoresis on three occasions. 

On one occasion plants were analysed which had been planted with Striga seeds 

for 28 days. Extracts were made following the modified method of Ashton et al. 

(1990) (2.3.6), using 1000 /xl buffer. Total protein content of the extracts was 

determined (2.3.7). Individual peptides were separated using denaturing (SDS) 

and non-denaturing gradient 4-20% acrylamide gels (2.12.2 and 2.12.3). Equal 

amounts of total protein were loaded into each gel track. Following 

electrophoresis both SDS and native gels were stained with Coomassie Blue 

(2.12.4). For one set of plants, proteins were separated by electrophoresis under 

non-denaturing conditions on two gels for two of the sampling dates. After 

electrophoresis one gel was stained with Coomassie Blue, and one was stained for 

the presence of peroxidases, following the method of Vance et al. (1976) (2.12.5).
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All of the gels were scanned in an LKB Ultrascan XL Enhanced Laser 

Densitometer (2.12.6), to aid identification of any quantitative differences in the 

amounts of individual proteins between leaves from control and infected maize 

plants.

Figure 6.1 a-d shows representative SDS gradient 4-20% polyacrylamide 

gels of the proteins in extracts made from leaves of maize plants grown in the 

presence or absence of Striga seeds for 7, 14, 21 and 28 days. The tracks 

containing extract of leaves from infected plants stained to a similar extent as 

equivalent gel tracks containing extracts of leaves from control plants, and there 

were no differences in the number of proteins present.

Figure 6.2 a-d shows typical separations of leaf extracts by electrophoresis 

on 4-20% gradient non-denaturing polyacrylamide gels of the proteins in extracts 

made from leaves of maize plants grown in the presence or absence of Striga 

seeds for 7, 14, 21 and 28 days. The proteins from infected and control leaves 

stained equally. No difference in the number of proteins present could be 

determined with the naked eye.

Figure 6.3 a and b shows the separation of proteins on 4-20% non

denaturing gels. These proteins were from extracts of leaves of maize which had 

been planted with or without Striga seeds for 14 and 21 days respectively. After 

electrophoresis proteins with peroxidase activity were stained. The peroxidase 

stained areas were characterised by dumb-bell shapes on the tracks, corresponding 

to a protein of high molecular weight. For both control and infected leaf samples 

most peroxidase activity was detected in leaves 1  and 2 , and the stain decreased 

for protein from the younger leaves. There was very little peroxidase detectable 

in the extracts of leaf 6  in Figure 6.3 a, and leaf 9 in Figure 6.3 b. The stain due 

to peroxidase activity was more intense for the protein from leaves of control than 

infected plants. Peroxidases are preferentially expressed in the older leaves, and 

used as a method of adult plant resistance to pathogenic activity of organisms.

Scanning the gels with the densitometer was difficult because following 

staining the gels took on a trapezium shape, the longest side at the bottom (2 0 % 

acrylamide) and the shortest side at the top (4% acrylamide). Scanning revealed 

no major difference in the amounts of proteins between comparable leaf extracts 

from control or infected plants 7-28 day period. The conclusion was that infection
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Figure 6.1 Soluble proteins separated on gradient SDS 4-20% polyacrylamide gels 

by electrophoresis and stained with Coomassie Blue. Proteins were from leaves 

of maize that had been planted with or without Striga seeds for (a) 7 days, (b) 14 

days, (c) 2 1  days, and (d) 28 days.
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Figure 6 . 2  Soluble leaf proteins from leaves of maize plants that had been 

planted with or without Striga seeds for (a) 7 days, (b) 14 days, (c) 21 days, and 

(d) 28 days and were separated on gradient non-denaturing 4-20% polyacrylamide 

gels, and stained with Coomassie Blue.
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Figure 6.3 Soluble proteins from leaves of maize plants that had been planted 

in the absence or presence of Striga seeds for (a) 14 days, and (b) 21 days 

separated on non-denaturing 4-20% polyacrylamide gels and stained for 

peroxidase activity, according to the method of Vance et al. (1976) (2.12.4).
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of maize with Striga did not influence the expression of host leaf proteins. The 

difference in photosynthesis seen in section 4.6 was therefore not thought to be 

due to a difference in soluble proteins present in the leaves of control and 

infected maize plants.

6.4 Maize Cell Cultures

While leaf proteins were being analysed by gel electrophoresis (6.3) 

parallel samples of leaf tissue were also removed from maize that had been 

planted with or without Striga seeds for 7, 14 and 21 days, and extracted with hot 

water (2.14). Samples (2 ml) of these aqueous extracts were added to known wet 

weights of subcultured BMS cells together with and 8  ml nutrient medium. The 

cells were incubated under sterile conditions for 7 days. The wet weight of cells 

was determined, and the percentage increase in cell mass was calculated. In the 

preparation of the water-soluble extract all of the leaves from a host plant were 

used. Ten pots of BMS cells were used for each water-soluble extract, and five 

where just nutrient medium had been added, to act as absolute controls. The 

procedure was repeated three times each aqueous extract. On the final repetition 

of the trials, five pots of BMS cells were also used to study the effect of 8  ml 

nutrient medium plus 2 ml each of 10"̂  M GA3 , lO"̂  M lAA and 10"̂  M kinetin, 

all plant growth regulators. The results were pooled to give a single percentage 

increase in cell mass with each extract applied, and standard errors were 

determined.

Table 6.5 shows how the aqueous extracts of maize leaves from plants 

grown in the presence or absence of Striga hermonthica for 7, 14 and 21 days, and 

the presence of growth regulators affected the cell mass increase of BMS cells. 

Some of the differences in the percentage increase in cell mass after a week were 

statistically significant (p = 0.05). Aqueous extract prepared from leaves of maize 

planted without Striga for 7 days significantly increased the cell mass compared 

with medium alone or extract of leaves of infected plants or the addition of GA3.
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Age of maize 

plants from which 

extract was 

produced (days)

Percentage increase in wet cell mass

Control

extract

Infected

extract

Growth

regulator

Nutrient

medium

only

7 82.91 (4.3)''^ 74.13 (3.7) 70.26

(14.8)*

77.21 (6.0)

14 105.22

(6.4)"'^

97.04

(7.6)"'"

1 0 1 . 1

(14.6)*’’’’"

71.54 (8.1)

2 1 81.91 (5.0)'" 99.11

(5.0)'''

94.97

(3.6)"''

65.67 (2.9)

Table 6.5: The percentage increase in wet cell mass during 7 days when treated 

with aqueous extract obtained from maize leaves when the host has been grown 

in the presence or absence of Striga for 7, 14 and 21 days. All of the host leaves 

were used in the preparation of the water-soluble extract. Values shown are the 

mean increase in mass of BMS cells in 30 pots incubated with 8  ml nutrient 

medium and 2 ml extract, BMS cells in five pots incubated with 8  ml nutrient 

medium and 2 ml 10"̂  M growth regulator : ^=GAg, ’’=IAA, kinetin, BMS cells 

in 15 pots incubated with 10 ml nutrient medium only, . Standard errors are 

given in parentheses. Asterisks indicate significance at p=0.05: significant

increase compared with extract from leaves of infected plants plus nutrient 

medium, growth regulator and nutrient medium, and nutrient medium only;  ̂= 

significant increase compared with nutrient medium only; significant increase 

compared with nutrient medium only and extract from leaves of control plants 

plus nutrient medium.
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Aqueous extract from leaves of maize planted with Striga for 21 days stimulated 

growth of BMS cells more than extract of leaves from plants grown for 2 1  days 

without Striga which stimulated growth of BMS cells significantly above cells 

grown in medium alone. Extract from leaves of plants grown with Striga for 14 

days significantly increased in cell mass compared with the mass in pots with 

medium alone, but not so much as with extract from leaves of control maize 

plants. Therefore stimulation of wet mass growth of cultured cells by extract of 

control plants was greatest for 14 day-old plants but also occurred for plants of 

7 and 21 days. Stimulation of increase in cell mass with extract of leaves of 

infected maize plants was not observed with 7 day-old plants, but was for 14 day- 

old plants and was greatest with 21 day-old host plants. This indicates a delay in 

the production of some substance in infected plant leaves which has growth- 

enhancing characteristics and which was constantly present in extract from control 

leaves on all sampling dates.

6.5 Discussion: Responses of Maize Leaf Components to Host

Infection by Striga hermonthica

Extracts of leaves from control and infected plants had a similar trends in 

activity for invertase and SOD. The result with SPS showed that generally the 

enzyme was less active in extracts of leaves from infected plants. Glutathione 

reductase was found to be more active in extracts of leaves of infected plants.

Invertase activity indicates the rate at which sucrose is being metabolised 

within and between the cells. Only on one sampling date did infected leaf 

extracts show greater invertase activity than control leaf extracts. This implies 

that on that particular occasion with the particular leaf samples the rate of 

sucrose metabolism was higher in the leaves from infected plants.

SPS activity was not consistently different between leaves of infected 

compared with control plants. The same trend in activity was shown with both 

sets of leaf extract and activity generally increased as the plants grew older. 

Possibly the results were complicated by the growth stage of leaf tissue comprising
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the sample discs. On two occasions, 39 and 46 days following planting with Striga, 

SPS activity in leaf extracts of infected plants was higher than in leaf extracts of 

control plants. An increase in SPS activity indicates an increase in the rate of 

sucrose production within the leaf cells. SPS activity in maize is regulated by light 

and by the presence of the products of photosynthesis (Kalt-Torres et al., 1987). 

An increase in SPS activity of infected leaf tissue suggests a possible increase in 

the concentration of enzyme substrate (F 6 P) or enzyme activator (G 6 P), which 

would occur through an increase in the rate of leaf photosynthesis. The increase 

in SPS activity in infected leaf tissue was not sustained further in the experimental 

period, and thereafter a lower SPS activity was seen in infected leaf extracts.

Glutathione reductase activity was consistently higher in infected leaf tissue 

than in control leaf tissue. The increase in glutathione activity indicated that the 

leaves from maize plants infected with Striga hermonthica were responding to a 

stressful condition in their environment. Glutathione reductase activity increases 

under conditions of pathogen infection (Wingate et al., 1988; Dudler et al., 1991), 

herbicide application (Smith et al., 1990), heavy metal stress (Steffens et al., 1990), 

air pollution and drought (Smith et al., 1990). Under conditions of water stress 

glutathione reductase activity increases in leaves of field-grown winter wheat, 

cotton and barley (Gamble & Burke, 1984; Burke et al., 1985; Smirnoff & 

Colombe, 1988), although the activity of enzymes not involved in the chloroplast 

hydrogen peroxide scavenging system, such as PEP carboxylase and malate 

dehydrogenase, are not affected by drought (Smirnoff & Colombe, 1988). 

Infection of maize by Striga hermonthica has been shown to induce a degree of 

water stress in the host (Tuohy et al., 1987; Press et al., 1987b). The increase in 

glutathione reductase activity seen in Table 6.3 could be a response to water- 

stress within infected maize plants.

SOD activity followed similar trends in extracts from leaves of control and 

infected maize plants. On sampling date 46 days following planting maize 

seedlings with Striga seeds, SOD activity in the control leaf extracts was greater 

than that recorded in infected leaf extracts. Thereafter SOD activity in both 

control and infected leaf e^xtracts was detectable at a very low rate, or not at all. 

Low levels of SOD activity indicate a lack of oxidative stress within the maize 

leaves. If there was some oxidative stress in the leaf, caused by high light
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intensity, for example, there would be increased SOD activity in the leaf extract. 

On sampling date 42 days following planting with Striga both sets of extract 

showed high rates of SOD activity. On the following sampling date SOD activity 

in control extracts had remained moderately high, but the activity of SOD in 

infected extracts was much reduced. The cause of high SOD activity in the 

control extracts was no longer present in the infected leaf extracts. The 

regulation of SOD genes is very sensitive to environmental stress: high light, 

chilling, waterlogging, etc. Under conditions of water-stress superoxide formation 

is thought to be minimal, and the environmental condition to have only shght 

effects on SOD activity (Bowler et a/., 1992).

Leaves used in the determination of enzyme activities were always the 

youngest fully expanded leaf from the three control and three infected plants. At 

the start of the experimental period two of the infected maize plants had Striga 

shoots emerged from the soil. As the experimental period proceeded, the plants 

began to show typical symptoms to Striga infection: short internodes, creation of 

witches’ brooms, folded and weak emerging leaves. The experiment was not 

continued beyond 56 days following planting with Striga because the infected 

plants were close to death, and meaningful results were unlikely to be obtained.

Analysis of leaf proteins by gel electrophoresis did not reveal any clear 

differences in the number of soluble proteins present between leaves of control 

and infected maize plants. Staining the proteins from leaves of control and 

infected maize plants separated with SDS gels revealed comparative amounts of 

soluble protein in the samples; Coomassie Brilliant Blue detects 0.2-0.5 /xg 

protein in a sharp band, and staining is quantitative for 15-20 /xg for some 

proteins (Hames, 1990). The peroxidase-stained native gels showed that 

peroxidases were preferentially expressed in older leaf tissue. Although direct 

infection of many plants with pathogenic organisms will induce the expression of 

additional peroxidases in leaf tissue (Hammerschmidt et al., 1982; Kerby & 

Somerville, 1989), infection of maize with Striga hermonthica had no effect on the 

expression or timing of expression of the major host leaf proteins.

The effects of aqueous leaf extracts on maize cell suspensions revealed the 

possible delay of production of a growth-enhancing substance in infected maize 

plant, which appeared to be constantly present in extract made from leaves of
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control maize plants. Medium composition is a determining factor for cell growth 

(Gamborg et al., 1976). The cells of most plant species can be grown on 

completely defined media, such as the Murashige-Skoog (MS) medium 

(Murashige & Skoog, 1962). Maize cell lines require additional carbon (sucrose), 

vitamins (thiamine, nicotinic acid and pyridoxine) and an auxin growth regulator 

(2,4-D), which induces proliferation of the cells. Although application of growth 

regulators such as lAA to cell suspensions of dicotyledonous plants will induce the 

formation of callus tissue, 2,4-D is applied to cereal lines in order to maintain the 

cell suspension, as other growth regulators have little effect (Lazzeri & Lorz,

1988). The apphcation of additional growth regulators to the cell suspensions 

may have had a synergistic effect with the 2,4-D already present, and hence 

produce such alterations in growth seen in Table 6 .6 . No evidence was obtained 

that leaves from maize plants infected with Striga might contain a toxin.
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CHAPTER SEVEN: DISCUSSION

7.1 Photosynthesis

Some 6-7 weeks following infection with Striga, leaves of maize plants 

infected with Striga hermonthica showed a slower rate of photosynthesis at 400 

fxmol s'  ̂photosynthetic photon flux density than leaves of non-infected control 

plants. Most previous measurements of photosynthesis by leaves of host plants 

parasitised by Striga have used saturating levels of light (Press & Stewart, 1987; 

Graves et a i, 1989; Graves et al., 1990; Graves et al., 1992; Cechin & Press 

1993). Press and Stewart (1987) observed reduced photosynthesis in leaves of 

Sorghum bicolor infected with Striga hermonthica at saturating photosynthetic 

photon flux density. Graves et al. (1989) found a decreased rate of photosynthesis 

at 2000 fxmol m'^ s"̂  in sorghum plants infected with Striga hermonthica before the 

parasite had emerged from the ground. Graves et al. (1990) observed a reduction 

in the leaves of millet infected with Striga at a photosynthetic photon flux density 

of 2000 //mol m"̂  s"̂ . Graves et al. (1992) found reduced rates of photosynthesis 

at 1500 //mol m"̂  s"̂  in leaves of cowpea plants infected with Striga gesnerioides. 

Cechin and Press (1993) observed decreased photosynthesis at saturating light 

(1500-1800 //mol m'^ s"̂ ) in sorghum plants infected with Striga hermonthica', the 

effect was less as fertilization with nitrogen was increased. Differences in rates 

of photosynthesis recorded here were at low light intensities (400 //mol m"̂  s'  ̂

photosynthetic photon flux density); at higher photosynthetic photon flux densities 

the effects are likely to be magnified. The decreases reported here in maize were 

first observed before emergence of the parasite. The decreased effect of Striga 

on rates of photosynthesis brought about by increased nitrogen supply (Cechin & 

Press, 1993) could be through the increased availability of nitrogen for synthesis 

of the photosynthetic apparatus, and especially PEP carboxylase. Levels of PEP 

carboxylase are dependent on the amounts of nitrogen received by the plant, and
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changes in the amount of PEP carboxylase should be reflected in changes in 

activity (Sugiharto et al., 1990), and be correlated with rates of photosynthesis in 

C4  plants (Usada, 1984; Usada et al., 1984). In the present study the lower 

photosynthetic rates of leaves of infected plants compared with leaves of control 

plants were not associated with decreased activities of PEP carboxylase. There 

were, however, decreased activities of PEP carboxylase with time in leaves of both 

control and infected plants associated with a decrease in photosynthetic rate.

With the cultural conditions used the rate of photosynthesis of leaves of 

non-infected control maize plants rose initially in the young plants but began to 

decrease about 40 days after planting the maize seedlings in pots of soil, though 

not as quickly as leaves of infected plants. A similar trend in photosynthesis is 

seen in control sorghum (Graves et al, 1989), millet (Graves et al., 1990) and 

cowpea plants (Graves et al., 1992). Measurements of the activity of PEP 

carboxylase, RuBisCO, Pyruvate, Pi-dikinase, and NADP-malic enzyme revealed 

no significant difference in enzyme activities between the leaves of control and 

infected plants, but activities of all four enzymes decreased with time as the plants 

aged. The amount of nitrogen supplied to the plants here is similar to the high- 

nitrogen regimes reported by Cechin & Press (1993). However nitrogen uptake 

by the maize plants as they grew older was probably inadequate to produce 

healthy plants. Even with the large pots the plants became pot-bound in the later 

stages.

Mansfield et al. (1990) found that following a 2 minute pulse and a 58 

minute chase the proportion of in malate was increased by 250% in infected 

plants, and the proportion of in alanine was decreased by 67% in infected 

plants. From these results they concluded that impaired photosynthesis in maize 

plants infected with Striga may have resulted from a reduced rate of malate 

decarboxylation or a lowered rate of pyruvate export from the bundle sheath cell 

chloroplasts. In repeating these experiments it was found that there was an 

increase in the proportion of in glycine and serine in extracts from leaves of 

infected maize plants during shorter chase times, but no alteration in malate or 

alanine labelling. The increase in found in glycine and serine implies that 

there is an increase in the amount of photorespiratory metabolism occurring in
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the bundle sheath cells in the leaves of infected maize plants. Photorespiration 

comes about by the oxygenation of RuBP by RuBisCO, producing 

phosphoglycollate, glycine and serine, cycling back to the production of 3-PGA 

and COj. It is an energy-expensive process because of the release of CO 2  and 

NH3, and the energy required to retrieve the nitrogen from the NH3 and to 

recycle carbon from glycoUate to intermediates of the Calvin cycle (Keys, 1986). 

The carbon flux to glycine and serine depends on the ratio of RuBP oxygenase 

to RuBP carboxylase reactions, and hence on the OjiCOj concentration ratio 

within the bundle sheath cells. The ratio of photorespiration to photosynthesis 

decreases with an increase in the concentration of CO2 . C4  plants concentrate 

CO2  in the bundle sheath cells and thus favour the RuBP carboxylase reactions. 

This increases the maximum photosynthetic rate obtainable by the plant and 

photosynthetic efficiency in limiting light (Edwards & Walker, 1983). In order for 

there to be an increase in photorespiration and a decrease in photosynthesis in 

the leaves of maize plants infected with Striga hermonthica, there must be a 

decrease in the efficiency of the C0 2 -concentrating mechanism in the maize 

leaves, due to a decrease in metabolic flux between the mesophyll and bundle 

sheath cells, for example, or the bundle sheath ceUs must be more permeable to 

leakage of CO 2  than in leaves of control plants. Furbank & Hatch (1987) found 

that CO 2  makes up a large proportion of the pool of inorganic carbon present in 

the bundle sheath cells of several C4  species. Generally the plasmalemma and 

cell walls are considered to be permeable to gases such as CO2  and O 2  but in C4  

plants the bundle sheath cell walls need to be impermeable to CO2  in order to 

maintain the high C0 2 : 0 2  ratio (Hatch, 1987). The middle lamella of bundle 

sheath cells in maize contains suberin (Hattersley & Browning, 1981), which is 

thought to make the walls relatively impermeable to CO2  diffusion out of the cells 

(Hatch & Osmond, 1976). We do not beheve there to be a large decrease in 

metabolic flux between the photosynthetic cells, because the activities of the 

photosynthetic enzymes studied are not altered significantly by infection with 

Striga hermonthica and because the initial incorporation of into C4  acids in the 

pulse-chase experiments is high. We believe an increase in photorespiration and 

therefore decrease in photosynthesis to be a symptom of increased leakiness of
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bundle sheath cells walls to CO2  in maize plants infected by the parasite.

7.2 Maize Leaf Anatomy

Examination of fresh thin sections of leaf tissue from infected and control 

plants under the hght microscope gave the impression of differences in anatomical 

structure between the plant types. There appeared to be a disruption around the 

bundle sheath cells in infected plant tissue. The differences between fresh leaf 

sections from control and infected plants was not due to accelerated senescence 

in the leaves of infected plants, and leaf tissue used for the fresh sections 

appeared to be healthy from both control and infected maize plants.

Immunofluorescent labelhng of RuBisCO in fresh leaf sections from 

control and infected plants showed that the enzyme was only expressed in the 

bundle sheath cells. An incidental observation was that the thick walls of the 

vascular tissue, bundle sheath cells and sclerenchyma cells fluoresced naturally in 

the wavelength of light used (530nm). In leaf sections from infected plants the 

walls of the bundle sheath cells did not fluoresce as strongly as in control plants, 

nor did the bundle sheath cell walls in infected plants appear to be as thick as in 

control plants. It was not possible to determine whether the walls of the vascular 

tissue were thinner in leaf sections from infected plants because the sections were 

hand-cut, and clarity at high magnifications was easily lost.

Electron microscopy of leaf sections from control and infected maize plants 

showed that the cells in leaf tissue from infected plants had very irregular 

outlines. Also, the walls of the vascular tissue appeared to be thiimer in infected 

plants. The irregular outhne was possibly a consequence of the leaf tissue not 

having fully expanded, due to low turgor, but it could have been a consequence 

of a weaker wall structure collapsing during fixation and sectioning. If, however, 

the cells in vivo do have a larger surface area, the rate of assimilate loading and 

down-loading from the vascular tissue might be faster. The overall impression 

from examination of leaf sections under the electron microscope was that the
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walls of the bundle sheath cells were thinner in infected plants than in control 

plants, consistent with the immunofluorescent staining of fresh sections, and the 

irregular outline of cells in cross sections in leaf tissue of infected plants had 

altered the appearance, and possibly adversely affected the function, of the 

vascular tissue.

Evidence from examination of leaf anatomy and ultrastructure supported 

the idea of thin bundle sheath cell walls which could be more permeable to CO2  

diffusion out of the cells, altering the C0 2 : 0 2  ratio, and thereby increasing the 

rate of photorespiration and decreasing the rate of photosynthesis taking place. 

The presence of suberin in the bundle sheath cell walls was not examined in leaf 

sections. However, lipid materials autofluoresce yellow under blue or ultraviolet 

light (Dealtry,1992), which could explain the strong fluorescence of the bundle 

sheath cell walls, epidermis and cuticle, especially with reference to the presence 

of suberin (made up of long chain fatty acids) in the bundle sheath cell walls.

Extracts of leaves from infected plants stimulated the production of maize 

cells in culture. lAA also stimulated growth of these cells and is known to 

facilitate extension of cell walls. Possibly a high level of indole acetic acid in 

leaves of infected tissue increase the elasticity of the cell walls, but the necessary 

turgor pressure is not adequate for expansion and the biosynthetic mechanisms 

to produce cell was material are impaired.

7.3 Growth, Maintenance and Condition of Infected Maize Plants

Plants were grown as described in 2.2. When maize seedhngs were planted 

into large pots of soil m th  preconditioned Striga seeds, it was assumed that 

infection with the parasite would take place within a few days. Only when Striga 

shoots had emerged from the soil was infection certain to have taken place. The 

time-span before the maize plants became infected with Striga, and the number 

of Striga seeds which successfully infected the host plants was not known. Even 

following emergence of Striga shoots from the soil the number of attached
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parasites was not known; the competition between the Striga plants for nutrition 

from the host enabled only some of the parasites to emerge from the soil. The 

plants were consistently grown in the manner described in 2 . 2  because it was a 

system which was known to work and 95% of the maize seedlings planted with 

Striga seeds had successful attachment and parasite emergence. In all experiments 

reported here 100% of the plants grown in the presence of seed of Striga 

hermonthica became infected.

Using leaves from infected maize plants for determination of rates of 

photosynthesis with the IRGA was difficult. The leaves from the infected plants 

were often rather narrower and took longer to equihbrate in the leaf chamber of 

the IRGA at the low light intensities at which leaf photosynthesis was measured 

than the leaves from control plants. It often took up to 10 minutes for leaves 

from infected plants to achieve steady state photosynthesis when placed in the 

IRGA leaf chamber. The different light quality from the quartz halogen lamp on 

the IRGA may have been the cause. However, the time to reach steady state was 

too short to involve phosphorylation of PEP carboxylase (20-30 minutes in the 

light), and therefore allow the enzyme to be less sensitive to malate inhibition. 

The leaves of infected plants became structurally weaker as the period of 

infection proceeded, so that it became difficult not to damage the leaf when it 

was being arranged in the IRGA leaf chamber. This structural weakness of the 

leaves from infected plants is consistent with the observations of leaf anatomy and 

ultrastructure, where the thin bundle sheath cell walls and vascular cell walls 

would result in weaker leaves.

Leaf tissue used for measuring enzyme activities and rates of 

photosynthesis was always taken from the youngest fully expanded leaf of the 

maize plants which was iio longer wrapped around the maize stem. Because this 

leaf was fully expanded it was assumed to be photosynthetically most active and 

mainly an exporter of carbon, especially away from the base. The younger leaf 

tissue at the base may still have been a sink for assimilates and older tissue at the 

tip may have begun to senesce. Similar leaf tissue was used for all experiments 

where leaf discs were used, and for the microscopy work.

The condition of the plants altered with infection by Striga hermonthica,
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and leaf colour change was a constant feature of infected plants. One of the first 

observed symptoms to infection was a shortening of the leaf internodes, followed 

by the appearance of dark patches on the older leaves. This alteration in leaf 

colour became evident in younger leaves, which would then become chlorotic, and 

finally roll up such that the lower leaf surface was exposed. Figure 7.1a shows an 

infected maize plant and emerged Striga shoots 10 weeks following planting the 

maize seedling in the presence of preconditioned Striga seeds. It is clear that 

internode expansion has ceased, and the emerging leaves are folded. The young 

leaves are senescing. The older leaves show chlorotic streaking along the leaf 

blade, and are too weak to support themselves. Figure 7.1b shows a higher 

magnification of the older leaves of the infected maize plant seen in Figure 7.1a, 

and it is easier to see the general dark colour of the leaves with the chlorotic 

streaks.

Figure 7.2 shows a general view of plants growing in the glasshouse. Maize 

planted in the presence or absence of Striga are arranged alternately on the 

bench. The infected plants are reduced in size, compared with control plants, 

even when no parasite shoots have emerged from the soil. The leaves of the 

infected plants are generally very dark, and some show the characteristic chlorosis 

we have observed throughout the period of study.

Figures 7.3a and b show the leaves of control and infected maize plants, 

respectively. The older leaves of the control plant (7.3a) show red colouration 

caused by accumulation of anthocyanins within the leaves. This was an unusual 

occurrence; the leaves of the control plants were generally mid-green, with red 

midrib and leaf edges. The leaves of the infected plant (7.3b) are dark green and 

have chlorotic streaks down the laminas. The young leaves are emerging rolled. 

Also, the internodes are short, if present at all, giving the appearance of a 

witches’ broom. These symptoms were observed with each set of plants grown 

over the period of study.

Determination of chlorophyll throughout the period of infection with Striga 

showed that even when photosynthesis in the host had decreased after a long 

period of infection (Figure 4.2 a,b), leaf chlorophyll content was relatively high. 

The chlorophyll content was not closely related to photosynthetic rate. This is
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Figure 7.1 A view of a maize plant infected with Figure 7.1a

shows the whole infected plant, with short internodes, young leaves that are rolled 

and senescing, and chlorosis on the older leaves. Figure 7.1b is a close-up of the 

chlorosis on the older leaves.
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Figure 7.2: A general view of plants growing in the glasshouse. Maize seedlings 

planted in the presence or absence of Striga seeds are arranged alternately on the 

bench. Control plants are labelled in white, infected plants are labelled in yellow.
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Figure 7.3: The leaves of a) control and b) infected maize plants. The older 

leaves of the control plant appear dark red down one side of the lamina, this is 

thought to be due to accumulation of anthocyanins in the leaf, but was not often 

seen in the control plants.
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consistent with the views of Usada et al. (1984) that leaf chlorophyll content is not 

significantly correlated with the rate of leaf photosynthesis.

7.4 Other Effects of Striga Infection on Maize

Leaves of maize plants infected with Striga hermonthica changed in 

appearance before the parasitic plant had emerged from the soil (Figure 7.2). At 

this stage the amount of biomass associated with the parasite is small: the 

haustorium is small, the root system is very small, and the shoot below the soil is 

insubstantial. It seems unlikely that effects on the host plant are due simply to 

competition from the parasite for mineral nutrients and carbon. Although only 

speculation, it had been suggested that the infecting Striga plant was having some 

toxic effect on its host (Musselman, 1980; Graves et al., 1989; Stewart et al., 

1991). Extracts of leaves from infected plants made in hot water showed no toxic 

effects on cultured maize cells, but rather stimulated their growth. Thus the 

effects on the host are not due to a water soluble, heat stable toxin.

Some significant differences between leaves of infected and control plants 

were seen in the carbohydrate and amino acid contents, and may relate to the 

water status of the host, but leaf to leaf variation made interpretation difficult. 

Surprisingly, no major differences were detected in the range of soluble proteins 

separated by electrophoresis on polyacrylamide gels. The only enzyme activity 

that changed as a result of infection was glutathione reductase.
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7.5 Conclusions and Future Work

I conclude that adverse effects of Striga infection on photosynthesis in 

maize are the consequences of deterioration, or failure in the proper development 

of maize cell walls rather than specific effects on components of the metabolic 

pathways. The cause of the structural deterioration has not been identified, but 

it may be a consequence of effects on growth hormone control.

More studies of growth hormone changes are needed to extend the work 

of Drennan and El Hiweris (1979). The shortening of intemodes of infected 

maize plants suggest a shortage of gibberelHc acid. This is consistent with the 

work of Drennan and El Hiweris (1979) on levels of growth regulating substances 

in shoots of sorghum plants infected with Striga, who found reduced gibberellins 

and cytokinins in infected plants. They also found increased levels of ABA in 

infected sorghum plants, which is associated with stress conditions such as 

drought. Because of the condition of the leaves of infected plants some weeks 

following infection, it has been suspected throughout the study that host leaves 

are suffering from water stress. Levels of soluble carbohydrate and starch in the 

host leaves confirm this, but increased work on the type and content of growth 

regulating substances in the host plant would help attain a picture of the stresses 

imposed on the hosts by Striga infection. Glutathione reductase activity increases 

under conditions of water stress in some species (Burke et al., 1985), and the 

cause of the apparent increase in maize infected with Striga could be determined. 

Chlorophyll formation is sensitive to conditions of water stress (Virgin, 1965), and 

the initial leaf chlorosis observed in infected maize plants may be connected with 

water deficits, because although the plants were regularly supplied with water in 

this study, infected plants had a reduced water usage, compared with control 

plants.

The composition of the cell walls of leaves of infected plants would be 

worth investigating, especially the suberin and polysaccharide components. 

Related to such studies would be comparison of the inorganic carbon pool in 

leaves of control and infected plants, following the method of Furbank and Hatch

(1987). It would also be worth studying the content of the apoplast in the leaves
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to assess the extent of leakage of salts and substances of low molecular weight.

It would also be worthwhile measuring enzymes involved in the 

photorespiratory pathway in maize plants, and actual photorespiration in the host 

by comparing CO2  compensation points between control and infected plants. The 

evidence presented in this thesis supports the hypothesis of increased 

photorespiration in infected maize plants, but more evidence for the presence of 

increased photorespiration would help to make the picture clearer.
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