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'The time has come,' the Walrus said,
'To talk of many things:
Of shoes - and ships - and sealing-wax Of cabbages - and kings And why the sea is boiling hot And whether pigs have wings.'
Lewis Carroll: Through the Looking Glass.

The Walrus might have saved his breath by telling the
oysters that the time had now come to discuss a number of
topics of empirical observation and certain problems
arising out of them.
Peter Medawar: "The Limits of Science"; OUP, 1987.
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Abstract

The parasitic angiosperms are a diverse group of plants that
obtain a proportion of the resources needed for growth,
development and reproduction by parasitising other flowering
plants. This is achieved by a haustorium, a structure thought to
be derived from the root system which penetrates host tissues to
form a structural conduit for the withdrawal of nutrients from
the host xylem and phloem.
The abstraction of resources can reduce the yield of the host,
and one genera of parasitic angiosperms, Striga, can cause
coniderable economic damage by parasitising crops such as
sorghum, millet and cowpea. The most important member of this
genus is Striaa hermonthica. which predominates in Africa and
Asia, and can completely eliminate crop yield in subsistence
agriculture.
The literature on parasitic flowering plants is reviewed with
particular emphasis on the role of the haustorium in Striaa
nutrition and host resistance. The development of the haustorium
and the establishment of a nutritional flux from the host are
identified
as
areas
of
particular
uncertainty
in
the
understanding of the parasitic habit.
A range of anatomical and anatomically-related techniques are
applied to the problem. The early development and structure of
the haustorium in relation to host resistance is investigated
using light microscope histology and transmission electron
microscopy. The flow of host-derived solutes through the
haustorium is assessed using vital dyes and fluorescent tracers,
and the physiological anatomy and ionic distribution of the
haustorium is analysed by enzyme cytochemistry and scanning
electron microscopy.
These studies show that early in the development of the parasite,
the hyaline tissue within the haustorium takes up, processes and
stores metabolites entering the parasite by sequestering the
input within cells that display a high metabolic activity.
Metabolites are then passed on to the parasitic shoot. This
activity is sensitive to alterations in the nutrient status of
the host and changes as the parasite develops.
The results are discussed in the context of a model of haustorial
function in S. hermonthica. It is proposed that the haustorium
acts not just as a conduit for host resources, but also as a
symplast bridge between the internal environments of the two
species. In this respect, the haustorium appears to regulate the
input to the parasite and possible to modify certain nutrients.
The concept of the haustorium as a sink organ is introduced and
developed in the light of the impact of the parasitism on host
resource allocation and crop yield.
10

Section one:

1 :1

Introduction

Parasitic flowering plants

The parasitic habit

Striaa hermonthica (Del.) Benth. (Scrophulariaceae) is one of
over 3000 species of flowering plants that obtain nutrients
for development, growth and reproduction by parasitising other
plants.

The association depends upon the development of a

structural link between the two plants and the establishment
of a flux of host nutrients to the parasite. This link is
provided by the haustorium,

a structure derived

from the

parasite root system, which attaches to and penetrates the
host. Several parasitic species, particularly within the genus
Striaa. can parasitise economically important crops, inducing
considerable

damage

and

eventually

reducing

crop

yield

(DOGGETT 1965, 1982 and 1984).

Plant parasitism is thought to have evolved independently
several times (KUIJT 1969 and 1977; ATSATT 1973 and 1987) and
is almost exclusively confined to the angiosperms with only
one known gymnosperm example (Podocarpus ustus, DE LAUBENFELS
1959) ; the main families of parasitic angiosperms are listed
in Table 1. The trait has been observed in a wide range of
habitats

such

as

the

arctic

Pedicularis

dasvantha. the

temperate mistletoe Viscum album, the tropical

witchweeds

fStriaa spp.) and the desert Cvstanche tubulosa.
11

Table 1

The taxonomy of parasitic flowering plants

Common name:

Family:

Mistletoes

Viscaceae
Loranthaceae

Sandlewoods

Santaleceae
Olacaceae
Myzodendraceae

Broomrapes

Orobanchaceae

Figworts
Witchweeds

Scrophulariaceae

Corpse lilies

Rafflesiaceae

n/a

Hydnoraceae

n/a

Balanophoraceae

Dodder

Convolvulaceae

Cassytha

Lauraceae

n/a

Lennoaceae

n/a

Krameriaceae

There is also a large variety in structural form and host
specificity.

The parasite can grow vegetatively within the

host tissues and only become visible when

flowering,

for

example in Rafflesia. There are parasitic representatives of
small herbaceous species

(Thesium humile)

as well as large

trees such as the sandlewood (Santalum album). In terms of
host specificity,

the broomrape Conopholis americana grows

only on the oak Ouercus borealis, whereas Olax phvllanthii can
parasitise

a range

of

hosts

as

well

as

other

parasitic

angiosperms.

The haustorium is common to all parasitic flowering plants and
12

is considered to be central to the evolution of the parasitic
habit (KUIJT 1977; TSIVION 1978). It is a multicellular and
vascular structure that locates the host and subsequently
establishes and maintains the structural continuity between
the parasite and the host by attaching to and physically
penetrating host tissues (MUSSELMAN and DICKISON 1975). The
term is derived from the latin haustus (to draw or to drink),
a term shared by the fungal structure performing a similar
function.

The

importance

of

the

haustorium

is

reflected

in

the

functional classification of parasitic flowering plants as
either root or shoot parasites according to this point of
attachment to the host. They are also classified in terms of
the degree of reliance upon the supply of nutrients from the
host. The obligate, heterotrophic holoparasites such as the
broomrapes and dodders (Orobanche and Cuscuta spp.) have no
autotrophic ability and are totally dependent on the host. The
hemiparasites, which can be facultative (Castilleia spp.) or
obligate (Viscum spp.) or a mixture of the two (Striqa spp.)
possess

a

degree

of

photosynthetic

competence

and

are

traditionally considered to rely on the host only for water
and

minerals

(RAVEN

1983).

This

distinction

between

the

holoparasites and the hemiparasites is becoming increasingly
unclear, however, and is discussed in more detail in sections
1:4 and 1:5.

13

Historical literature

There are numerous references to parasitic flowering plants in
the historical literature. Many of these, however, refer to
the reputation of these plants as religious symbols and cannot
be considered in a research context. This aspect of the trait
has been extensively reviewed by FRAZER (1922) .

The earliest known scientific reference to a parasitic plant
is that of the Greek scientist Theophrastus (see KUIJT 1969) ,
who described a dodder-like plant, although the description of
the species can be interpreted as referring either to Cuscuta
(Convolvulaceae)

or Cassvtha

(Laureaceae). Theophrastus was

also aware of two members of the mistletoe group, Viscum and
Loranthus. However, the first clear description of a parasitic
flowering plant was by Dioscorides, who accurately describes
the dodder, Cuscuta epithvmum.

Later reports followed from the recognition that several welldocumented plants were anatomically distinct from their hosts.
MICHELI
spp.

(1729) for example, correctly classified Cvnomorium

(Balanophoraceae)

as

root

parasites

and

not,

as

previously thought, a fungus. However, the majority of reports
introducing flowering plant parasites were written during the
first half of the nineteenth century. For example, Rafflesia
arnoldii was described by BROWN (1822) as growing on cissus
vines in south east Asia and MITTEN (1847) showed that Thesium
linophvllum. initially thought to be non-parasitic,

was in
14

fact a parasite of tree roots.

With some notable exceptions

(BENSON 1910;

STEPHENS

1912;

SAUNDERS 1933; ANDREWS 1945; UTTAMAN 1950), there were few
serious studies on the parasitic angiosperms for almost a
century. In 1956, contemporary research on these plants was
initiated

when

Striaa

asiatica

seeds

were

accidentally

introduced to maize crops in the western United States in seed
imported from Africa

(GARRIS and WELLS 1956;

EPLEE 1981).

Because of the threat to the US grain harvest, an intensive
research and eradication programme was initiated in an attempt
to control the parasite, with the result that the biology of
Striaa and related species is particularly well understood.
The control of these parasites is discussed in section 1:2
below.

Striaa

The genus

(Striaa Loureiro;

Scrophulariaceae)

consists

of

about 30 species, most of which are obligate hemiparasites of
the roots of their host (KUIJT 1977; MUSSELMAN 1980, MUSSELMAN
and AYENSU 1984; MUSSELMAN 1987).
tropical

in

distribution,

It is tropical and sub

usually

occurring

between

the

latitudes 30°N and 30°S, and most Striaa species are found
growing where
(DOGGETT

rainfall

1984) .

The

and

soil

nutrient

distribution

and

status
changes

are

low

in

the

distribution of these species and their hosts is periodically
reviewed

under

the

auspices

of

the

Food

and

Agriculture
15

Organisation of the United Nations (FAO 1989; 1991).

Eight Striaa species parasitise agricultural hosts to such an
extent that they are considered to be of economic importance;
these are listed in Table 2. Of these, S . hermonthica and S.
asiatica (L.) Kuntz. are the most important. They predominate
in the north and central regions of Africa and western Asia
and parasitise the roots of a wide range of graminaceous
crops. S. aesnerioides is also a major economic parasite and
covers

a

similar

geographical

range

but

parasitises

dicotyledonous hosts such as tobacco, sweet potato and cowpea.
In recent years, S. asoera. a parasite previously thought to
have a limited range, has been reported to be spreading across
northern and central Africa (FAO 1991).

1:2

Striaa control

The Striaa research and eradication programme which was begun
in the United States following the accidental introduction of
S. asiatica (GARRIS and WELLS 1956; EPLEE 1981) continues to
the present day at an estimated annual cost of $1 billion.
Although there are some indications of the recovery of the
American crop (EPLEE 1992) , the parasite is still thought to
be inflicting damage at an estimated economic cost in yield
reductions of $30 billion (DOGGETT 1982; SAND 1987; FAO 1991).
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Table 2

Economically important Striaa species

Stricra soecies:

Main hosts:

Location:

S. hermonthica

Maize, wheat,

NW and central

sorghum and

Africa, Ethiopia

millet.

and Sudan

Oats, millet,

USA, India,

maize and sugar

Arabian

cane.

peninsular, Asia

S. asiatica

and N. Africa.
S. aesnerioides

S. asDera

Cowpea, potato and

USA, Africa and

tobacco

India.

Maize. Diaitari

N and central

exilis (fundi).

Africa.

millet and
sorghum.
S. euohrasioides

Millet, rice,

Africa, India and

sorghum and sugar

Asia.

cane.
S. densiflora

Sorghum, millet

India.

and sugar cane.
S. forbesii

Maize.

Ethiopia.

S. latericea

Sugar cane.

Ethiopia.

17

The

main

control

strategies

being used

in an attempt

to

eradicate Striaa are either directed against the parasite
directly or involve the manipulation of the host.

Parasite control strategies

Strategies directed against the parasite usually involve the
application of herbicides, and have been used widely against
Striaa

infestations

in the United States

(EPLEE 1981

and

1992) . Chemical control has been directed at the dormant seed
reserve within the soil by means of chemicals such as ethylene
which

induce suicidal germination of the parasite

in the

absence of the host (EGLEY and DALE 1970) . Herbicides have
also been used against the emerged parasite (EPLEE and NORRIS
1987) , and these include the dinitroanilines, diphenyl ethers
and glyphosates, as well as the systemic herbicides such as
Paraquat and Gramoxone. However, because of the high cost of
chemicals and their application, this strategy has been mainly
confined to the USA (SAND 1987).

Less costly strategies are being evaluated, including the use
of anti-transpirant sprays which operate by blocking the high
transpiration

rates used by the parasite to draw nutrients

from the host (see section 1:4; SHAH et al 1987; PRESS et al
1987b,

1988

and

1989).

Also,

Striaa

infestations

can

be

controlled and sorghum yields increased by the application of
nitrate fertilizers (MATHUR and MATHUR 1967; BEBAWI 1987), a
control

strategy

that

is thought to depend

upon the

low
18

inorganic nitrate assimilatory capacity of the parasite (see
section 1:4).

Physical removal of Striaa shoots after emergence and before
flowering also has a marked beneficial effect on the host, and
although the technique is highly labour intensive,

it can

increase yields by between 20% and 70% (DOGGETT 1965) . There
have

also

been

attempts

to

control

infestations

with

biological control agents such as insects such as Smicronvx.
a gall-forming weevil

and Sphaerotheca, a powdery mildew

(GREATHEAD 1984).

Host manipulation strategies

In addition to being labour intensive and expensive,
emergent control

is usually attempted once the

post

Striaa

is

established and marked deleterious effects on the host are
already beginning to develop (DRENNEN and EL HIWERIS 1979;
GRAVES et al 1989). An alternative Striaa control strategy
concentrates upon manipulating the host, either genetically in
the case of resistance breeding, or by changing agricultural
techniques to minimise contact with the Striaa seed reserve.

In the former approach, some success has been achieved by the
use of trap-cropping. Non-susceptible crops such as cotton,
pigeon-pea

and

sunflower

produce

Striaa

germination

stimulants. These have similar effects to ethylene application
in stimulating suicidal germination of the Striaa seed (BEBAWI
19

1987)

although

many

years

may

be

needed

before

a

heavy

infestation is cleared. Conventional crop rotation, if carried
out

properly,

inadequate

can

also

reduce

fallowing will

Striaa

reduce

soil

infestation,
nutrient

since

status

to

levels where the parasite thrives. Other forms of agricultural
management can also play a part. For example,

in Zimbabwe,

infestation of some areas was drastically reduced when cattle
grazing on infected areas were penned away from non-infested
soils (RAO 1984).

Genetic manipulation of the host is another major research
area. Resistance breeding programmes for the common Striaa
hosts were started in South Africa in 1920 (SAUNDERS 193 3).
Several programmes are now in progress, predominantly at the
International

Crop

Research

Institute

for

the

Semi-Arid

Tropics (ICRISAT) stations in India, Burkina Faso, the Sudan
and Ethiopia. One major success has been the introduction of
the S. asiatica resistant (SAR) lines (RAO 1984) which appear
to be less efficient at stimulating the germination of Striaa
seeds.

Inheritance

studies

have

traced

low

stimulant

production to a single recessive gene or gene complex (ICRISAT
1978) .

Attempts to develop resistance to S. hermonthica have been
less successful, probably because the species is an obligate
outbreeder. This is thought to be the reason for the existence
of numerous host specific varieties of this parasite (WILSONJONES 1955). However, the ICRISAT programme has investigated
20

host mechanical resistance of the 'IS' sorghum cultivars to
infestation

(RAMAIAH

1984;

MAITI

et

al

1984).

Several

cultivars are purported to show increased lignification and
cell

wall

thought

thickening

to

resist

upon

haustorial

attack

by

challenge.

restricting

the

This

is

physical

penetration of the host tissues by the haustorium (see section
1:3 and 1:5).

The most recent studies have concentrated upon the observed
field resistance of the extant land-race cultivars (RAMAIAH
1987) . Varieties such as N-13 and Framida have demonstrated
considerable

yield

increases

when

compared

to

similarly

infected susceptible and resistant lines with advantages such
as

increased

tolerance

to

water

deficit

and

other

environmental stresses.

1:3

Parasite germination. development and growth

Germination

At the end of the growing season, each S. hermonthica plant
produces around 40 000 small seeds (c. 0.3mm x 1.0mm) (ANDREWS
1945; DOGGETT 1984, WORSHAM 1987). The seeds must remain in
dry conditions for some months after shedding before maximum
seed

germination

potential

is

achieved

(SAUNDERS

1933;

VALLANCE 1950). After this time, a period of pre-conditioning
21

or after-ripening in moist, warm conditions is needed before
germination

can be

initiated

(WILLIAMS

1961;

HSAIO et al

1979). Under field conditions, these requirements prevent the
seed from germinating until a host is likely to be present,
usually after the rains at the start of the next growing
season. If germination does not occur, Striaa seeds have been
known to remain dormant for over 20 years (WORSHAM 1987) . This
can result in large seed reserves accumulating in the soil
which can present considerable problems for Striaa eradication
programmes.

In contrast to most plants,
parasitic

angiosperms,

and in common with many other

Striaa

and

other

parasitic

Scrophulariaceae rely completely upon host-derived stimuli to
control host selection and attachment and the early stages of
parasitic development. After pre-conditioning, the seeds will
only germinate in response to stimulants present in the root
exudate of the host (KUIJT 1969; WORSHAM et al 1964; WORSHAM
1987; WORSHAM and EGLEY 1990). This is thought to provide
spatial information on the location of the host root (LYNN and
CHANG 1990).

The

first

active

Striaa

stimulant

to

be

identified

and

characterised was extracted from the root exudate of a non
host plant, cotton (COOK et al 1966 and 1972; BROOKS et al
1985), and was found to be labile and active only at very low
concentrations (<1015 Mol m*3) . The activity of this molecule
and subsequent analogues appears to depend upon two four22

carbon lactone rings joined by an ester linkage (ZWANNENBURG
et al 1986). The ability of non-hosts to stimulate Striaa seed
germination has been exploited as a control strategy.

The

first

host

derived

stimulants

for

Striaa

to

be

characterised was found to be a different group of molecules
with different active sites; hydrophobic hydroquinones (CHANG
et al

1986).

They are exuded along the entire

length of

sorghum roots in culture (FATE et al 1990), whilst in Zea mays
exudation primarily occurs in the region of the root tip, an
inter-species

difference

which

may

function

in

host

recognition. Detailed studies suggest that the geographical
and chemotaxic information carried by the stimulants may be
provided by the activity of the stimulant which decreases as
the molecule oxidises. This results in an activity zone around
the host root as the chemical diffuses away from the host
(LYNN and CHANG 1990).

The activity of a third type of stimulant is thought to result
from another distinct structural moiety; a dipeptide linked to
a xanthine ring

(VISSER et al 1987) . This is produced by

cowpea roots, a host that is parasitised by Striaa as well as
the closely-related Alectra spp (VISSER et al 1984) .

In addition to these three chemical groups, a range of other
chemicals have been shown to act as in vitro stimulants of
seed germination. These include ethylene, kinetin, abscisic
acid, scopoletin, sodium hypochlorite and methionine (WORSHAM
23

and EGLEY 1990).
molecules,

However,

despite this range of stimulant

there is little evidence regarding the precise

physiological mode of action of these chemicals within the
Striaa seed, mainly because they are chemically unstable and
operate at low concentrations. However, the general consensus
supports a common mode of action within the parasite seed,
probably

involving endogenous ethylene

(ZWANNENBURG et al

1986; LOGAN and STEWART 1991).

Haustorial development

Following germination and extension of the developing radicle
away from the seed coat, a second chemical signal is required
to induce the formation of the haustorium and the subsequent
penetration of the host root tissue (RIOPEL and BAIRD 1987).
This stimulant must be received soon after germination since
the Striaa seed has very limited resources for independent
growth; the radicle can only extend for about 1.0 cm outside
the seed coat (OKONKWO 1987).

Haustorial initiators were located on the surface of the host
root and recognised as phenylpropanoids, a group of chemicals
related to the phytoalexins, and given the name xenognosins
(BELL

1981;

LYNN

et

al

1981;

LYNN

and

CHANG

1990).

Investigation of synthetic analogues showed that for Aaalinis
purpurea. the activity of these stimulants depended upon the
activity

of

a m-methoxyphenol

moiety

(CHANG

et

al

1986;

STEFFENS et al 1986). S. asiatica haustoria develop only in
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the presence of a quinone, 2,6-dimethoxy-p-benzoquinone, which
also

carries this moiety,

but unlike the xenognosins,

is

soluble and present in the host root exudate (CHANG and LYNN
1986).

It

seems that the parasite

secretes

extracellular

laccases which release this chemical from specific xenognosins
present in the host root (CHANG 1986) , a process that could
introduce an additional level of host specificity.

Once the haustorium has been initiated, it attaches firmly to
the host

root with

the epidermal

polysaccharide adhesive

papillae

coated with

a

(BAIRD and RIOPEL 1983; 1985). The

haustorium then gains access to the nutrients contained within
the host xylem and phloem by developing an intrusive endophyte
which penetrates the host tissues and in many cases, invades
the stele.

The haustorium develops a vascular

core which

transfers the host derived nutrient back to the parasite
shoot. This sequence of events is considered in more detail in
section 1:5.

Should a suitable haustorial stimulant not be encountered, S .
hermonthica as an obligate parasite, is unable to penetrate
the host and fails to develop further. Facultative parasitic
genera such as Castilleia (HECKARD 1962) and Euphrasia (YEO
1961) continue full development in the absence of the host.

Parasite development and growth

Once the haustorium has gained access to the host vasculature
25

and

diversion

of

nutrients

and

water

hascommenced,

the

parasitic shoot begins to develop (ROGERS and NELSON 1962;
OKONKWO 1966a; OKONKWO and NWOKE 1978). Facultative parasites
exhibit increased growth rates if established on a host (NWOKE
and

OKONKWO

1974).

Initial

development

of

Striaa

is

accompanied by the generation of further, secondary haustorial
attachments

on

the

host.

These

are

considered

to

be

functionally identical to the primary haustorium and serve to
increase nutrient flux to the shoot as the parasite develops
(RIOPEL and BAIRD 1987) . Up to 12 Striaa plants have been
recorded as growing on the host at this stage. However, only
3 to

5 plants

reach maturity,

each possessing up

to

50

secondary haustoria (KUIJT 1969; DOGGETT 1984; RAMAIAH 1987).

The

seedling

grows

under

the

surface

of

the soil

for

approximately 4 to 6 weeks, during which time it is totally
dependant

upon

the

haustorial

system

and

the host

for

nutrients (GRAVES et al 1989). Once the seedling emerges from
the soil surface it begins to supplement this heterotrophic
input by commencing photosynthesis, although albino mutants of
Striaa can complete growth and development without developing
a photosynthetic capacity (SMITH et al 1969).

Some 4 to 6 weeks after emergence the parasite produces pink
or white

flowers typical of the Scrophulariaceae

(RAMAIAH

1984; MUSSELMAN 1987). The appearance of the parasite in the
field at this stage is remarkably like related, non-parasitic
members

of

the

Scrophulariaceae

such

as

the

snapdragon,
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Antirrhinum

maius.

Reproduction

in

S.

asiatica

and

S.

aesnerioides is autogamous, whereas S. hermonthica tends to
display outbreeding, although this is not universal to all
varieties of this species (FAO 1991). Seed set occurs some 10
to 16 weeks after attachment to the host.

Physiology of infected hosts

The

growth

and

development

of

the

parasite

is

usually

accompanied by the deleterious effect on the host which is
reflected in reductions in crop yield.

Striga is known to

alter the growth hormone balance of sorghum (DRENNEN and EL
HIWERIS

1979) , resulting

in

growth

relatively light infection loads
This

has

led

to

speculation

reductions

even

with

(PRESS and STEWART 1987).

that

the

parasite

may

be

introducing substances toxic to the host. For example, some
studies have demonstrated that reductions in photosynthetic
capacity

in

sorghum

and millet

infected

with

Striaa

account for a large proportion of the reductions
growth

(GRAVES et al

1989 and 1990).

effects upon host photosynthesis

in host

Similar deleterious

can be

toxins produced by fungal infections

can

inflicted by the

(BUCHANAN et al 1981;

KLOTZ 1988)

There is also evidence that reductions in host yield can also
be induced by competition with the parasite for minerals and
photoassimilate.

Field

studies

show

that

S.

hermonthica

benefits at the expense of the host after nitrogen fertilizer
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application to poor soils
growth

declines

directly

(AGABAWI and YOUNIS 1965).
in response

to the

Host

carbohydrate

demand of the dwarf mistletoe Arceuthobium. Olax ohvllanthi
and Striaa aesnerioides (HULL and LEONARD 1964 a and b; PATE
et al 1990b; GRAVES et al 1992). Similarly, tobacco infected
by

Orobanche,

a

parasite

that

accumulates

potassium,

demonstrates the symptoms of acute potassium deficiency as the
infection progresses (ERNST 1986).

1:4

Parasitic nutrition

Processes

The mechanisms involved in nutrient acquisition have been most
closely studied in the xylem hemiparasites, so called because
the endophytic system of these species penetrate the host
xylem vessels and establish direct tracheary confluence. Once
this is achieved, the transfer of nutrients is thought to be
driven by a hydrostatic gradient across the host-parasite
interface

(STEWART and PRESS 1990)

and appears to proceed

solely in the direction of the parasite (ROGERS and NELSON
1962; OKONKWO 1966b; VISSER and DORR 1987).

The parasite achieves this gradient by maintaining a lower
water potential than the host, usually with exceptionally high
transpiration rates, which can exceed those of the host by an
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order of magnitude. This process is particularly evident in
Striaa (SHAH et al 1987; STEWART 1987; PRESS et al 1987b and
1988), where stomatal control appears to be uncoupled from the
water status of both the host and the parasite

(SMITH and

STEWART 1990). The parasite will continue transpiring after
the host has begun to wilt and the relative water content of
the parasite

leaf falls to 70%

(PRESS et al

1987b) . The

reliance upon transpiration is so marked that blocking Striaa
stomata

with

anti-transpirant

sprays

induces

heat

stress

symptoms in the parasite and has been exploited successfully
as a field control measure (section 1:2; PRESS et al 1989).

The accumulation of osmotically active solutes is also thought
to assist in maintaining a low water potential. For example,
high concentrations of osmotically active carbohydrates occur
in

many

parasites

with

Orobanche.

Lathrea

and

Striaa

accumulating mannitol (NOUR et al 1984; PRESS et al 1986) and
several mistletoe species accumulating glucose and fructose
(POPP 1987).

High

transpiration

concentrations

of

rates

are

inorganic

often
ions,

accompanied
such

as

by

high

potassium

in

mistletoes (LAMONT 1983; POPP 1987; PATE et al 1990b), where
concentrations can be as high as 900 mMol, compared to between
100 and 200 mMol in host tissues (LEIGH and WYN-JONES 1989).
Similar ionic differentials have been demonstrated

in the

Striaa shoot (TUOHY 1987; PRESS 1989), and it thought that the
parasite may be selectively accumulating ions to facilitate
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nutrient fluxes. This particular view has been disputed on the
grounds that the accumulation of ions may be due to reduced
host

concentrations

rather

that

elevated

levels

in

the

parasite, or that the ion may be restricted from leaving the
parasite due to a lack of mobility in the parasitic tissues
(GLATZEL 1983; STEWART and PRESS 1990).

Nutrient

transfer

in

species

without

a

direct

vascular

connection is less well understood. These plants are usually
holoparasitic (for example Cuscuta spp. and Orobanche spp.),
and have reduced transpiration rates relative to the xylem
hemiparasites,

with

anatomical

studies

showing

that

the

endophyte is closely associated with the host phloem (section
1:5) . The transfer of nutrients is thought to involve enhanced
unloading
endophyte.

of

the
This

phloem
process

in the
is

region

of

coupled

the

with

parasitic
the

high

concentrations of inorganic ions and other osmotically active
solutes seen in xylem hemiparasites drawing photoassimilate
into the parasite (WOLSWINKEL 1978; RAVEN 1983; WOLSWINKEL et
al 1984).

Nitrogen supply

It has been postulated that the use of high transpiration
rates

in the

xylem

parasites

constitutes

a

strategy

for

maximising nitrogen supply (SCHULZ et al 1984). Appreciable
concentrations of organic and inorganic nitrogen would be
available in hosts such as sorghum with root assimilation of
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nitrate, and transfer of amino acids from host to the parasite
has been demonstrated for a range of both hemiparasitic and
holoparasitic species including the mistletoes

(PATE et al

1991b), Orobanche (ABER et al 1983) and Striaa (McNALLY et al
1983) .

These observations have been complimented by studies of the
nitrate assimilatory capacity of the parasite which show a
preference

for

a supply

of reduced

nitrogen

rather

than

nitrate or ammonium (STEWART and PRESS 1990). In Striaa for
example, leaf nitrogen content is similar to that of the host
even though nitrate reductase activity is low (McNALLY and
STEWART

1987),

suggesting that

organic nitrogen

is being

utilised to make up the difference between the low nitrite
assimilatory

capacity

of

the

parasite

and

the

observed

nitrogen content of the leaves.

This conclusion is supported by observations that show that if
the host is maintained on inorganic nitrogen, Striaa growth is
enhanced when reduced nitrogen is added to the medium (OKONKWO
1987). Indeed, the low nitrate assimilatory capacity of the
parasite means that excess nitrate applied to the host is
harmful to the parasite, a phenomenon that has been exploited
as a control strategy by the application of high nitrate
fertilizers to Striaa infestations (section 1:2; MATHUR and
MATHUR 1967; BEBAWI 1987).

31

Carbon supply

Several

studies

have

showed

that

although

the

hemiparasites exhibit a degree of autotrophy,

obligate

there was a

transfer of radioactively labelled (14C) metabolites from the
host to parasites such as the mistletoes
1964 a and b) and S. hermonthica

(HULL and LEONARD

(ROGERS and NELSON 1962;

OKONKWO 1966b). Later studies showed that these parasites have
both low photosynthetic rates (DE LA HARPE et al 1981; SHAH et
al 1987; PRESS et al 1988) and low photosynthetic activity in
terms

of

reduced

bisphosphate

chlorophyll

concentrations

carboxylase-oxygenase

activity

and

ribulose

(PRESS

et

al

1986). These results again suggested carbon transfer from the
host in that the observed parasitic carbon assimilation was
not sufficient to account for parasitic growth,

especially

given that in many cases, assimilation is more than offset by
respiratory loss of carbon (PRESS et al 1987b).

Studies exploiting the natural differences in discrimination
that plants with C3 and C4 metabolism make between 13C and 12C
carbon isotopes were used to quantify this carbon transfer.
Between 28% and 87% of the carbon acquired by the C3 S .
hermonthica from the C4 host sorghum over the lifetime of the
association is derived from the host, with relatively greater
proportions accumulating in the leaves and the haustorial
system (PRESS et al 1987a; GRAVES et al 1990). This work has
since been supported by studies developing a carbon balance
model

for the association based on the relative rates of
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respiration,

photosynthesis

and

growth

of

the

host

and

parasite (GRAVES et al 1989 and 1990).

The host xylem stream is usually assumed to be the source of
this carbon flux. It has been calculated that given the high
transpiration rates observed in the xylem hemiparasites, hosts
that have root nitrate assimilation

(such as sorghum)

can

supply approximately 20% of parasitic carbon requirements as
organic

nitrogen

compounds

(assuming

3

carbon

atoms

transferred for each nitrogen: RAVEN 1983), a figure in good
agreement with the carbon isotope and carbon balance studies
described above. This has led to the proposition that high
transpiration rates of these parasites may be a strategy for
maximising carbon gain and limiting nitrogen demand (STEWART
and PRESS 1990). This would be particularly applicable to
parasites with a reduced photosynthetic capacity, since the
photosynthetic system accounts for a large proportion of plant
nitrogen.

However, the fact that non-chlorophyllous, albino mutants of
some hemiparasitic species, Striaa included, can survive on
the host to maturity has suggested that a carbon source other
than from the host xylem would be needed (SMITH et al 1969).
This discrepancy is amplified by the observation that not all
hemiparasites possess xylem continuity (PATE et al 1990a), and
that several hemiparasitic members of the Scrophulariaceae
(Odontites, Pedicularis. Euphrasia and Rhinanthus) resemble
the holoparasitic phloem feeders in possessing endophyte cells
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in association with the host phloem (WOLSWINKEL 1986) . This
debate is discussed further in section 1:5 below.

1:5

The haustorium

Haustorial structure

The structure of a range of hemiparasitic haustoria has been
reviewed in considerable detail (BENSON 1910; KUIJT 1969 and
1977;

KUIJT

and

although there

TOTH

1976;

FINERAN

1985

and

are considerable differences

1987),

in the

and
gross

morphology of the haustorium across the parasitic angiosperms,
the traditional consensus is that the majority of haustoria
possesses three common structural attributes which reflect the
role

of

this

structure

in

penetrating

host

tissues

and

diverting nutrients and water. These structural features are
shown in generic form in Figure 1 and can be summarised as
follows.

1.

The endophyte, infection peg or sucker that consists of
invasive cells which penetrate the host and ramify within
its tissues, both anchoring the parasite to the host and
gaining access to host nutrients.

2.

A well developed vascular system connecting the endophyte
with the parasitic shoot and passing through the body of
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the haustorium.

3.

In many cases, this vascular input is associated with
cellular regions,
Scrophulariaceae,

such as the hyaline tissue

of the

that are thought to be involved in

nutrient uptake.

The haustorium is thought to have evolved directly by root
modification

(KUIJT

1969;

1977),

although

there

is

some

evidence for an origin as a unique structure or from microbial
symbiosis in a manner similar to that exhibited by the root
nodules in the Leguminoseae/Rhizobium association (ATSATT 1983
and 1987).

In ontogeny, however, haustoria can be primary,

being a direct outgrowth of an apical meristem of the radicle
(Balanophoraceae and Rafflesiaceae) , secondary (Convolvulaceae
and

Orobanchaceae)

or

a

combination

of

the

two

(Scrophulariaceae, Orobancaceae and Santalales; KUIJT 1969).

The haustorium could be considered at its most basic in the
Rafflesiaceae,

where the endophyte

is little more than a

reticular mass of absorptive filaments permeating the host
tissue, and constituting the entire vegetative body of the
parasite (KUIJT et al 1985).

Figure 1

Schematic

diagram

showing

the

common

structural

features of the haustorium

Key: HR
E
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=
=
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=
=
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host root
endophyte
haustorial cortex
hyaline tissue
haustorial vasculature
parasite shoot
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In contrast, the haustoria of the mistletoes (Santalaceae) are
large

(< 3mm)

and amongst the most structurally complex,

making them particularly amenable to study (KUIJT 1969 and
1977;

MUSSELMAN

and

DICKISON

1975;

MUSSELMAN

1980).

At

maturity, they are generally globose with an extensive wedgeshaped endophytic sucker and a profuse vascular system. They
also contain a complex and anatomically specialised gland
region, which is thought to assist in host penetration, and
often appear to incorporate host tissue into the body of the
haustorium, a feature that is also present in Balanochora.
Alectra and Striaa aesnerioides haustoria (VISSER et al 1984;
SMITH and STEWART 1987).

The mature haustorial structure of the Scrophulariaceae tends
to

be

highly

individual
'types'

variable

species

having

both

(KUIJT

been

across

the

genus

1977),

with

several

identified.

The

'Striaa

considered to be the least complex,

and

within

haustorial
type'

is

and has been studied

extensively in S. asiatica (see below: VISSER and DORR 1S87).

Haustorial structure in holoparasitic species confirms the
general consensus that nutrient acquisition in these parasites
primarily involves the abstraction of host resources from the
host phloem rather than the host xylem. The haustorium of the
Orobanchaceae is generally peg-shaped with a poorly developed
xylem system and numerous small invasive strands of phloem
that abut directly onto host sieve tubes

(DORR and KCLLMAN

1976). The situation is similar in Cuscuta, another obligate
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holoparasite, which develops an endophyte which appears as a
network of fine strands resembling hyphae,

some

of which

envelope the host sieve tubes (KUIJT 1977; DORR 1987). These
cells

possess

an

ultrastructure

similar

to

conventional

transfer cells, and in some cases, can develop anatomically
functional plasmodesmata with host parenchyma (DORR 1967, 1968
and 1987; WOLSWINKEL 1986).

Haustorial development

Unlike

the

majority of

parasitic genera,

the

structural

development of the Striaa haustorium has received considerable
attention
1975),

(MUSSELMAN and

although

DICKISON 1975; OKONKWO and NWOKE

the literature

contains

only

one

report

specifically addressing S. hermonthica (STEPHENS 1912). After
the initiation of the haustorium and attachment to the host
root (section 1:3), cells in contact with the host root and
within the body of the haustorium differentiate rapidly into
the

endophyte

epidermis

and

(MUSSELMAN

1973)

cortex

physical

by

which penetrates
elongation

the

in

a

host
plane

perpendicular to the root surface. There is some evidence that
hydrolytic enzymes are being utilised by the parasite to
assist

penetration

both

at

this

and

subsequent

stages

(STEPHENS 1912; UTTAMAN 1950; OKONKWO and NWOKE 1978; ROGERS
and NELSON 1962; BA 1983a).

There is also some evidence that host cultivars thought to be
mechanically resistant to the parasite (such as the ICRISAT
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'IS'

varieties;

section

1:2)

respond

to

this

enzymatic

challenge by thickening cortical cell walls and the endodermis
(MAITI et al 1984). In susceptible cultivars, however, the
endophyte eventually penetrates the endodermis and begins to
develop within the host stele.

In S. asiatica. cells within the endophyte differentiate into
spirally thickened tracheids which make

contact with

and

penetrate the host vessels by a combination of enzymatic
action and penetration through pores (VISSER and DORR 1987).
Once inside, they widen and form a 'side pipe' to the host
vessel. In the haustorial body, the tracheids extend away from
the endophyte and into the body of the haustorium, developing
into

a distinctly

axial haustorial

vascular

strand which

terminates in a convoluted knot of tracheids of an unknown
function (the xylem disc), but which marks the beginning of
the parasitic shoot. The hyaline tissue develops around the
axial vasculature, and is considered in detail below.

Haustorial function

It

is thought

that the role

of

the haustorium

in xylem

hemiparasites such as Striga is to mediate the attachment to
the host, to establish of xylem continuity and to act as a
passive conduit for the nutrient flux from the host (MUSSELMAN
and DICKISON 1975; GLATZEL 1983; RAVEN 1983). However, the
nutritional studies discussed in section 1:5 have cast doubt
upon this assertion mainly because not all hemiparasites do
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not possess xylem continuity.

In

many

hemiparasitic

associations

there

are

marked

differences in nutrient balance between the two plants (GOVIER
et al 1967 and 1968; McNALLY et al 1983; RICHTER and POPP
1987; STEWART and PRESS 1990). For example, the major carbon
transport compounds in the xylem sap of S. hermonthica are
mannitol and shikimic acid, whereas the host xylem mainly
carries

fructose,

nitrogen

is

malic and citric acid.

carried

as

citrulline

in

Similarly,
the

xylem

parasite

and

asparagine in the host. Similarly, the amino acid content of
mistletoe xylem fluid differs from the host in that some amino
acid appear to be prevented from entering the parasite (PATE
et al 1991b).

It has been proposed that these nutritional differences result
from symplastic intervention at the level of the haustorium
(STEWART

and

PRESS

1990),

which

would

be

interface between the host and the parasite.

acting

as

an

Certainly,

in

many species, the haustorial hyaline tissue is in contact with
the haustorial vasculature

(STEPHENS 1912; VISSER and DORR

1987; KUO et al 1989; PATE et al 1990a) and has been shown to
contain

parenchyma

cells

with

an

ultrastructure

and

histochemistry indicative of a high metabolically activity (BA
and KHALEM 1979; VISSER and DORR 1987) . In S. asiatica and the
closely-related
region

Alectra

orobanchoides. the

sequesters proteinaceous metabolites

hyaline

tissue

(VISSER et al

1984) , and the transfer and partitioning of host derived
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nutrient in mistletoes is also thought to involve symplastic
intervention (GOLDSTEIN et al 1989; PATE et al 1991a).

Anatomical studies have attempted to locate this symplastic
intervention anatomically in the form of a phloem connection.
Differentiated sieve tube elements have been identified in the
haustoria of a range of both holoparasites and hemiparasites.
These species include

Castilleia sulfurea (KUIJT and DOBBINS

1971), Orobanche ramosa (DORR and KOLLMAN 1975), Viscum album
(SALLE 1976), Alectra vogelii (DORR et al 1979), Cuscuta spp.
(SABINE et al

1980),

and Striaa gesnerioides

(BA 1983b).

However, despite similar studies, phloem has not been found in
S. hermonthica haustoria,

and TUOHY

(1987)

suggested that

Striaa may be intercepting phloem-derived metabolites en route
from the host stele to the host cortex (MINCHIN et al 1984;
WARMBRODT 1985 a and b).

Alternative explanations have concentrated upon the presence
in some haustoria of unusual xylem vessels which possess lumen
inclusions,

leading

to

the

supposition

that

they

were

performing a dual function as surrogate xylem and phloem. They
were

accordingly

tracheary elements

termed

phlaeotracheids

or

graniferous

(BENSON 1910; KUIJT 1977; FINERAN et al

1978) . FINERAN (1985), however, argues that these structures
are dead at maturity and therefore incapable of acting as
phloem.

The relationship between haustorial

structure

and

function remains unclear.

41

1:6

Aims and objectives

The aim of this thesis is to develop an understanding of the
transfer

of

nutritional

parasite

by

examining

resources
early

from

haustorial

the

host

function

to
in

the
S.

hermonthica using a range of anatomical techniques.

Objectives

1.

To use light and electron microscopy to understand the
morphology and ultrastructure of haustorial development
and function, especially in relation to nutrient transfer
from the host to the parasite.

2.

To use vital tracers to understand the dynamics

and

mechanisms of solute flow within the haustorium.

3.

To use histochemical and other techniques to evaluate the
physiological anatomy of the haustorium.
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Section two:

2 :1

Materials and methods

Preparation of plant material

Standard techniques

Seeds of Striaa asiatica (L.) Kuntz. and Striaa hermonthica
(Del.) Benth., parasitising Sorghum bicolor (L.) Moench., were
obtained from Abu Naama (the Sudan), and the International
Crop Research Institute for the Semi-Arid Tropics (ICRISAT),
Patancheru

(India)

respectively.

Cultivars of sorghum were

obtained from the Natural Resources Institute, Chatham, UK and
ICRISAT.

The

cultivars

chosen

were

CSH-1,

a

land-race

susceptible variety, IS 4202, an ICRISAT variety reported to
possess mechanical resistance and N-13, a land-race resistant
variety also thought to be mechanically resistant (MAITI et al
1984) .

Sorghum seeds of all cultivars were surface sterilised for 20
minutes, with periodic agitation,
(BDH,

UK)

surfactant.

containing

0.01%

in 1% sodium hypochlorite

"Tween”

(Sigma,

UK)

as

a

It was found to be particularly important for

subsequent viability that the seeds were thoroughly rinsed
after

sterilisation

and,

accordingly,

sterile

muslim

was

attached to the top of the container which was placed under
running distilled water for 10 minutes.

Although complete

asepsis was not possible, considerable care was taken to avoid
contamination.
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The seeds were then drained and transferred to 15cm plastic
petri-dishes lined with glass-fibre filter paper

(Whatman,

UK), moistened with sterile distilled water, at a density of
about 30 seeds per dish. The seeds were then germinated in the
dark at 37°C for 24 hours.

After

dead

or contaminated

seeds

had

been

discarded

the

seedlings were transferred to hydroponic culture. The basic
apparatus for this stage is shown in Figure 2a and consisted
of a 500ml poly-propylene beaker (painted black externally to
avoid algal contamination) into the lip of which a perforated
plastic petri dish lid was fitted.

The germinated sorghum

seeds were placed in 1.5ml 'Eppendorf' tubes (Fisons, UK) from
which the closed end had been cut away. This assembly was
inserted into the perforations in the petri dish. The beaker
was then filled with 10% Long Ashton Medium (see Appendix 1)
to just below the level of the petri dish and topped up to
this level daily. Sorghum plants were grown for 14 days and
the

nutrient

seedlings

solution

were

grown

was
in

changed

every

glasshouse

four

days.

conditions

The
under

supplemented natural light with a 16 hour day length and
artificial heating maintaining day and night temperatures at
an average of 30° and 24°C respectively. Pots which developed
fungal contamination were discarded.

Seeds

of

S.

asiatica

and

S.

hermonthica

were

surface

sterilised for 5 minutes. The seeds were rinsed by repeated
(at least five-fold) re-suspension in sterile distilled water
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for 5 minutes followed by Buchner filtration. They were then
preconditioned

on glass-fibre

filter paper moistened with

sterile distilled water for 14 days at 37°C in the dark, at an
approximate density of approximately lOmg of seed per dish,
spread as evenly as possible. The plates were inspected daily
and additional water added as required.

To allow individual Striaa infections to be observed during
development,

host plants were raised using the

"poly-bag”

technique (PARKER and DIXON 1983; Figure 2b). Host seedlings
were grown as above for 14 days before being placed at the top
of a rectangle

(10 x 20 cm.)

of glass-fibre filter paper

overlying a similar sized plastic mesh, to aid aeration. The
root system was carefully arranged to cover the filter paper
evenly.

The pre-conditioned Striaa seeds were removed from the glass
fibre filter paper with running distilled water to form a
suspension. This was applied directly onto and around the host
root system with a plastic pipette at an approximate density
of 150 seeds per host plant. The 'poly-bag' assembly was then
wrapped in polythene film and suspended with dowel rods in a
container blackened with plastic sheet and containing 10% Long
Ashton Medium (see Appendix 1) so that only the bottom inch of
the filter paper was immersed. The top of the container was
sealed

against

light

penetration

with

silver

foil.

The

nutrient solution was topped up daily and changed weekly. The
Striaa was allowed to grow for between 2 hours and 21 days.
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Figure 2

Preparation
culture

of

plant

apparatus

and

material:

hydroponic

Striaa

cultivation

assembly

Figure 2a: The sorghum hydroponic culture assembly
consists of a blackened 500ml plastic container. The
sorghum seeds are grown in 1.5ml vials which have been
cut to allow root growth and are suspended in the culture
medium by drilled holes in a plastic petri dish.
Figure 2b: The Striqa seed is grown on sorghum plants
which have been placed on a rectangle (10 x 20 cm.) of
glass-fibre filter paper overlying a similar sized
plastic mesh. The assembly is wrapped in plastic film and
suspended in culture medium.
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Host stress experiments

Sorghum cv. CSH-1 was inoculated with seeds of S. hermonthica
as described above and allowed to germinate and grow for 12
days and nights. The entire culture assembly was then placed
an a growing chamber with identical environmental conditions,
but with no illumination. The Striaa was allowed to grow for
a further 2 days and nights before harvesting. This period of
light starvation has been shown to arrest phloem export from
the leaves of maize (ESCHRICH and BURCHARDT 1982).

2 :2

Vital dye uptake studies

Specimen preparation and dve uptake

14 days after inoculation, sorghum cv. CSH-1 roots bearing a
S.

hermonthica

haustorium

were

gently

isolated

from

the

surrounding host root system. The isolated host root was cut
2cm distal to the infection site (ie. away from the host) with
a sharp razor blade. To avoid the introduction of air, the cut
end of the root was placed rapidly into a solution of the dye
in a 0.5ml 'Eppendorf' tube. To allow photomicroscopy,

the

Striaa and the host root were arranged over a hole cut into
the

filter paper

and the

'poly-bag'

mesh.

As

the

uptake

process proceeded, the host foliage was illuminated with a
heat lamp and the root system was moistened periodically to
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maintain

the

transpirational

flow

through

the

host.

An

identical technique was applied to an uninfected host root
system. The technique was repeated with 4 separate 'poly bag'
assemblies
influencing

for

each

dye

attachments

(to

not

avoid

being

unnecessary

analysed)

and

trauma
with

2

uninfected roots.

The uptake of the dye was followed with a photomicroscope
equipped

with

a

1.5

x

magnification

objective

lens

and

epifluorescence optics, together with a calibrated eyepiece
graticule. Immediately after the uptake process had begun the
entire

'poly-bag'

assembly was quickly transferred to the

microscope stage together with the lamp illuminating the host
foliage. The uptake process was then observed through the gap
cut

in

the

filter

paper

and

the

flow

rate

of

the

dye

calculated using the eyepiece graticule. Photomicrographs were
taken with Kodak 'Ektachrome' 160 ASA Tungsten transparency
film. The lamp illuminating the host foliage was turned off
during photomicroscopy.

The symplastic fluorescent dyes used were disodium fluorescein
(uranin) and fluorescein diacetate. Fluorescein diacetate is
a non-fluorescent dye that is converted into fluorescein by
the action of cellular esterases. The apoplastic dye used was
Calcofluor White MR2. All fluorescent dyes were used as a
0.01% aqueous solution (STADELMAN and KINZEL 1972; MOON et al
1986).
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The non-fluorescent dyes used were neutral red, crystal violet
and

Evan's

blue

(molecular weights

respectively; GURR 1960).

of

280,

319

and

792

All visibledyes were used as 0.05%

aqueous solutions, a concentration that has been shown to be
non-toxic to most plant

and animal systems tested

(McLEOD

1962; O'BRIAN and McCULLY 1981). All solutions were filtered
through a 0.22/tm 'Millipore' filter assembly (Agar Aids, UK)
immediately prior to use.

To assess the effect of a metabolic block upon dye uptake, the
host root was placed in a lOmM aqueous solution of potassium
cyanide for 1 minute prior to the application of the dye as
describes above. This technique was replicated three times for
each dye.

Frozen section preparation

The anatomical localisation of the dyes within the haustorium
was observed using light microscope cryo-histochemistry. Once
the

uptake

of

the

dye

had

reached

the

stage

requiring

investigation, the Striaa and a 1cm section of the host root
was quickly excised and placed in a drop of
cryostat mounting medium

(Agar Aids,

UK)

'Tissue-Tek'

on the end of a

plastic spatula. To avoid cracking the mounting medium, the
specimen was then frozen in iso-pentane (BDH, UK) which had
been cooled in a plastic beaker to approximately -90°C in
liquid nitrogen (this temperature is reached when the isopentane thickens and begins to solidify in patches on the side
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of the beaker).

The block of frozen medium containing the specimen was removed
from the spatula with a razor blade kept at room temperature
and then mounted with fresh 'Tissue-Tek' onto a cryostat chuck
cooled to -20°C in the chamber of a 'Bright' cryostat. The
specimen was orientated so as to present the specimen to the
cryostat knife such that the resulting sections would be
saggital to the haustorium.

The chuck was replaced in the cryostat chamber and left for 30
minutes to equilibrate at -20°C and for the mountant to set
before sectioning. Frozen 10/im sections were cut manually with
the cryostat using a 'Bright' disposable blade holder and 2.5"
disposable cryostat blades set at a 12° forward angle of attack
in

relation

to

the

vertical.

The

blade

was

cleaned

at

intervals with upward sweeps of a stiff camel-hair brush. The
position

of

the

knife

in

relation

to

the

specimen

was

approximated by eye until tissue became visible on the block
face. Unstained sections were taken and checked every 50/xm
until the center of the haustorium was approached, judged by
the appearance of the haustorial axial vasculature in the test
sections.

From

this

point,

every

section

possible

was

collected for 250/un. The sections were removed directly from
the

knife

edge

with

microscope

slides

kept

at

room

temperature. To improve section adhesion, the slides had been
acid washed and coated by dipping in a 0.05% gelatin solution
(BDH, UK) and air dried. The sections were mounted in 'Tissue50

Tek'

(which serves both as a mountant and a medium that

restricts the lateral movement of the dye), observed with a
Leitz photomicroscope and photographed with Kodak 'Ektachrome'
160 ASA tungsten transparency film.

To investigate the behaviour of dyes applied externally to the
Striga/sorghum infection, the apoplastic dye Calcofluor was
used as an aqueous solution at a concentration of 0.01%.
Striaa

infections were removed from the host root system

together with approximately 2cm of host root. The cut ends of
the root were sealed by dipping in molten dental wax (Agar
Aids, UK) . The specimens were immersed in a 0.05% aqueous
solution of the dye which had been filtered through 0.22/xm
'Millipore' filters. The specimens remained in the dye for 10
minutes during which time a pressure of 1.3 atmospheres was
maintained by keeping the vials in a pressurised desiccator.
The specimens were thoroughly rinsed by three 3 minute changes
of distilled water, embedded and cryo-sectioned as described
above.

2:3

Light microscope cytochemistry

General methodology

Most

water

soluble

histochemical

stains

exhibit

poor

penetration when applied to the high resolution semi-thin
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(0.5jtm) sections obtained using conventional TEM embedding
techniques (O'BRIAN and McCULLY 1981). This is partly due to
the total dehydration of the tissue required for many electron
microscopy techniques produces a hydrophobic section which
resists the penetration of most water soluble light microscope
stains. To offset this problem a water soluble embedding agent
was

employed.

LR White

(London Resin Company,

UK)

allows

infiltration and embedding to be carried out directly from the
70% dehydration stage in tissue processing.

Specimens of sorghum cv. CSH-1 bearing haustoria of either S .
hermonthica or S. asiatica haustoria between 0 and 14 days and
at 21 days after inoculation were processed according to the
schedule set out in Appendix 2. Semi-thin sections were cut at
a uniform 0.5/xm using a Reichart OM U2 ultramicrotome and with
glass knives cleaved at 45° and mounted in the holder at 6°.
The sections were picked up with fine forceps and transferred
to a drop of distilled water on a microscope slide. The water
was evaporated on a hotplate set to 70°C and a drop of the
stain was applied and left until the surface of the stain
began to steam.

The sections were then rinsed

in running

distilled water, air dried, and mounted under coverslips in
DPX

(Gurr,

UK) . The

specificity

of

the

stains

used

are

described below and the protocols for their preparation are
set out in Appendix 3.

Toluidine

blue

is

a

general

purpose

and

partially

specific stain delineating cellulose as blue, lignin as
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green and polysaccharides as pink.

Safranin/imido black is a double stain
safranin stains cellulose,

in which the

whilst the imido black is

specific for protein.

Stained sections were viewed using a Leitz photomicroscope,
and photographed with Kodak

'Ektachrome' 160 ASA tungsten

transparency film.

Host root architecture analysis

In

addition

to

the

study

of

haustorial

development

and

structure, a comparative analysis of the root architecture of
the three sorghum cultivars was carried out to identifying any
structural differences within the root that may contribute to
differences in their apparent susceptibility to Striga attack.

Seedlings of 14 day old uninfected sorghum plants of the
cultivars CSH-1, N-13 and IS 4202 were removed from hydroponic
culture together with their root systems. Six plants of each
cultivar were used for the analysis. The root system of each
plant was placed in a 15 cm petri dish containing distilled
water

and

covering

a piece

visualising the roots.

of black

Approximately

paper

to

assist

10 secondary

in

seminal

roots were detached from the root system and sorted with a
dissection microscope for approximate equivalence in diameter.
On average, about 30 roots were chosen from each cultivar in
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this way.

To obtain root tissue of equivalent developmental age, a 0.5cm
section of each root beginning exactly 2cm behind the root tip
was excised and placed in distilled water. Once all of the
chosen

roots

resulting

had

segments

been

treated

were

in

processed

a

similar

for

manner,

light

the

microscopy,

sectioned and stained as described in section 2:3:1 above and
in Appendix 2.

Several parameters were measured directly using a conventional
bright field microscope fitted with a suitably calibrated
eyepiece graticule. The parameters measured were total root
diameter, cortex width (measured from the endodermis to the
epidermis), endodermal

thickness,

stele

average number of mature xylem vessels.
sections

obtained from each cultivar,

diameter

and

the

From the 30 root

six were

chosen

at

random for analysis. Each parameter was measured three times
in different planes across the section, whenever possible, and
the average taken.

2:4

Light microscope enzyme histochemistry

Specimen preparation and sectioning

The frozen sections required for the enzyme histochemistry
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were obtained according to the procedures detailed above in
Section 2:2, with the following exceptions.

1)

Specimens of two developmental ages of S. hermonthica
parasitising sorghum cultivar CSH-1 were used: 14 days
and

21

days

after

inoculation.

Six

haustoria

were

analysed from each developmental stage for each analysis,

2)

The specimens were first gently fixed for 15 minutes with
gentle

vacuum

infiltration

in

3%

paraformaldehyde

fixative (see Appendix 6). The specimens were rinsed in
distilled water for 5 minutes before being frozen,

3)

The slides bearing the sections were immediately placed
in a plastic chamber containing moistened tissues to
maintain humidity and prevent drying of the sections,

4)

Alternate slides from the series for each haustorium were
used for the control stains. The sections were stained by
being covered in the appropriate reaction mixture for 30
minutes in all cases without agitation, in the dark at
37°C and in a sealed plastic chamber containing damp
tissue to act as a humidifier. Care was taken to ensure
that the reaction mixture did not flow over the edge of
the slide by placing them on plastic caps smaller than
the width of the slide and

5)

The stained sections were either viewed mounted in the
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reaction mixture or gently rinsed with warm distilled
water, air dried and mounted in Farrant's medium (Gurr,
UK) depending upon the enzyme under investigation. It is
important to photograph the sections on the same day that
they were prepared since several of the stains fade with
time or are liable to migrate across the section.

General histochemical methodology and controls

The detailed staining schedule for each enzyme investigated is
set out in Appendix 5.

With the exception of succinate dehydrogenase,

all enzymes

studied require the presence of the electron donor NAD(P) to
accept protons from the substrate. The subsequent cytochemical
visualisation of the site of enzyme activity then depends on
the

subsequent

re-oxidation

of

the

NAD(P)H+

+

H+

by

a

tetrazolium salt, commonly nitroblue tetrazolium (NBT), which
is then deposited as the insoluble and coloured formazan.
Consequently, excess of substrate, NAD(P), NBT and other co
factors are supplied to the section as a solution in 22%
aqueous polyvinyl alcohol, which is used to restrict lateral
movement of the reaction product as well as the enzyme under
investigation.

Rigorous controls are required to assess endogenous substrate
contributing to the result or that the results are affected by
enzyme systems closely linked to that under investigation. It
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is usually sufficient that controls are usually carried out
omitting either the substrate or NAD(P), but some systems
require a control which also includes a metabolic inhibitor
specific

to

the

reaction.

The

controls

applied

to

each

analysis are detailed in Appendix 5.

Formazan deposit present in the test but not the control
sections was taken to indicate the site of enzyme activity.
The isocitrate dehydrogenase staining regime was applied to
the sorghum root tip to give a comparison against which of the
staining intensity of the Striga specimens could be compared.

Glvcolvtic and associated enzymes

The enzymes that were assayed are discussed overleaf.

The

glycolytic pathway is discussed in more detail in section 3,
and is summarised in Figure 3 on page 126.

Glvceraldehvde-3-phosphate

dehydrogenase

(G3PDH;

EC

1:2:1:13)

This enzyme catalyses the conversion of glyceraldehyde-3phosphate to 1,3-diphosphoglycerate. Inorganic phosphate
is an absolute requirement, as is EDTA.

Glucose-6-phosphate dehydrogenase (G6PDH; EC 1:1:1:49)

This enzyme catalyses the NADP mediated conversion of
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glucose-6-phosphate to gluconolactone-6-phosphate, and is
a

major

switch

enzyme

channelling

glucose

into

the

oxidative pentose phosphate pathway (OPPP).

Hexokinase (EC 2:7:1:1)

Hexokinase converts glucose to glucose-6-phosphate and
acts as the initiating step in glycolysis.

The assay

described in Appendix 5 is based on an indirect linked
assay,

applying

the

standard

azo dye

method

to

the

reaction product, glucose-6-phosphate, by the addition of
exogenous G-6-P dehydrogenase to the reaction mixture.
Although G-6-P exerts end-product inhibition upon the
enzyme,

excess G-6-PDH will remove the product before

this can occur. Negative controls are needed since G-6-P
can be produced from endogenous glucose-l-phosphate by
the action of phosphoglucomutase. Alternative controls
can include inhibitors such as potassium cyanide.

Phosphoglucose isomerase (PGI; EC 5:3:1:9)

This

enzyme,

also

known

as

phosphohexoisomerase,

catalyses the interconversion of fructose-6-phosphate and
glucose-6-phosphate,

and controls the amount of G-6-P

entering glycolysis. The reaction is reversible. Controls
must preclude hexokinase contributing to the result using
endogenous glucose and fructose.
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6-phosphofructokinase (PFK: EC 2:7:1:11)

This enzyme, along with pyruvate kinase, is thought to
regulate

glycolysis

and

the

processing

of

hexose

phosphate carbon skeletons in plants other than those
engaged in large-scale sucrose or starch synthesis. PFK
catalyses

the

conversion

fructose-l-6-bisphosphate
analytical

technique

reaction

mixture

of

fructose-6-phosphate

utilising ATP

relies
of

on

the

and

NAD.

presence

in

to
The
the

glyceraldehyde-3-phosphate

dehydrogenase (G-3PDH).

The tricarboxylic acid cycle enzymes

The enzymes that were assayed are discussed below. The pathway
is discussed in more detail in section 3.

Isocitrate dehydrogenase (IDH; EC 1:1:1:42)

This enzyme exists in two forms;

one mitochondrially

bound and utilizing NAD, one cytosolic, soluble and NADP
dependent.

Both

forms

catalyse

the

conversion

of

isocitrate to a-ketoglutarate and C02.

Malate dehydrogenase (MDH; EC 1:1:1:37)

This

enzyme

utilizes

NAD

and

catalyses

the

inter

conversion of malate and oxaloacetate.
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Succinate dehydrogenase (SDH; EC 1:3:99:1)

This is an enzyme of the TCA cycle, and is tightly bound
to the inner mitochondrial membrane. SDH utilizes FAD as
the electron acceptor, which is bound to the enzyme,
rendering it unnecessary to add this co-factor to the
incubation medium. Tetrazolium compounds do not accept
electrons directly from the FADH2 complex, so menadione
or co-enzyme Q must be added.

Malic enzvme (ME; EC 1:1:1:39)

Malic enzyme catalyses the inter-conversion of pyruvate
and malate,

and is associated with the gluconeogenic

pathway.

2:5 Transmission electron microscopy

Unless

otherwise

indicated,

the

orientational

plane

of

specimen sections discussed in relation to this section are
made saggital to the haustoria, and transverse to the host
root.

Fixation and specimen preservation

Transmission electron microscopy is especially difficult with
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plant

tissue

given

the

barriers

to

reactant

penetration

represented by cell walls and secondary thickening. Normally,
this can be overcome by adapting or prolonging many of the
fixation

and

infiltration

phases

of

electron

microscopy.

However,

these problems are considerably amplified

in the

Striga/sorghum association with the size of the specimens that
need to be processed. At the 14 day developmental stage, for
example,

the

association

is

1mm

to

2mm

in

diameter.

Preliminary trials with one plant tissue fixation based on
glutaraldehyde alone gave good results on occasion, but the 14
day old specimens suffered from poor fixation preservation in
the centre of the specimen.

It was decided,

therefore,

to

carry out a full trial of several fixation protocols which are
considered to improve fixative penetration and preservation.
These protocols (detailed in Appendix 6) are outlined below;
tissue was fixed for 2 hours at room temperature in all cases.

1.

Glutaraldehyde/paraformaldehyde fixative: this fixative
was designed to overcome the penetrative shortcomings of
both glutaraldehyde and paraformaldehyde and is widely
used with animal tissue as a perfusive agent.

2.

Glutaraldehyde/paraformaldehyde

fixative

with

vacuum

infiltration: the use of vacuum infiltration may assist
penetration of the aldehydes into the large specimens
used.

3.

Paraformaldehyde: more

often

associated

with

immuno61

cytochemical techniques due to a lower tendency to cross
link proteins, paraformaldehyde is considered to be a
better penetrative fixative than glutaraldehyde, but a
poorer preservative agent.

4.

Glutaraldehyde

with

vacuum

infiltration

followed

bv

osmium tetroxide; glutaraldehyde is considered to be a
good compromise between penetration,

preservation and

osmolarity. Post-fixation with osmium is known to offset
many of the shortfall of using glutaraldehyde alone, and
the use of vacuum infiltration may assist penetration
into the large specimens used. The tissue was post-fixed
for two hours at room temperature.

5.

Acrolein; is a highly toxic fixative but is known to be
the best commonly used penetrative fixative. It does have
a tendency, however, to destroy cellular organelles such
as microtubules.

6.

Acrolein with glutaraldehyde; is thought to combine the
advantages of both constituents in a similar manner to
the glutaraldehyde/paraformaldehyde fixative.

Protocol 4 (detailed in Appendix 8) proved to be the most
consistently efficient in preserving the morphological and
ultrastructural integrity of the central regions of specimens
as old as 14 days after inoculation. Protocol 1 and 2 were
good

in

terms

of

tissue

preservation

(with

no

apparent
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difference between them), but resin infiltration was very
unpredictable. Protocol 6 also preserved the tissue well, but
resulted

in very

brittle

embedded

tissue

which was

very

difficult to section. Protocols 3 and 5 did not succeed in
preserving the tissue adequately.

Whilst the trial showed that vacuum infiltration assisted
fixation markedly, it was not possible, however, to adequately
preserve entire specimens older than 14-16 days old with any
of the successful protocols; it is likely that this was not
altogether due to fixative problems, but rather difficulties
with

resin

infiltration.

Consequently,

analysis

of

whole

haustorium was not possible.

Tissue processing methodology

To avoid the introduction of air bubbles into the host root
vasculature, 14 day old specimens were quickly excised with a
short

length

of

host

root

and

transferred

to

phosphate

buffered glutaraldehyde (Appendix 6) and fixed for 2 hours at
room temperature with vacuum infiltration.

After

fixation,

tissue

was

rinsed

in

phosphate

buffer

(Appendix 4) and distilled water and post-fixed in a fume
cupboard

in osmium tetroxide solution for

2 hours.

After

further rinsing in distilled water, specimens were dehydrated
in graduated ethanol,

infiltrated with propylene oxide and

embedded in "Epon" (Epikote 812, Emscope, UK; Appendix 7).
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Semi-thin (0.5 /lun) and ultra-thin (60nm) sections were cut
using a Reichart OM U2 ultramicrotome and with glass knives
cleaved as squares and split at 45° and mounted in the holder
at 6°. The sections were floated onto distilled water. The
semi-thin

sections

were

stained

with

toluidine

blue

as

described in Appendix 3 and section 2:3 above.

Ultra-thin

sections

grids

were

picked

up

onto

contrasted with lead citrate

appropriate

EM

and

(Appendix 3) by floating the

grids section side down on droplets of stain on dental wax
sheets

(Agar Aids, UK) contained within glass petri dishes

together with a few granules of potassium hydroxide to absorb
C02. The grids were rinsed by repeated dips into distilled
water, dried, and floated on drops of 1% uranyl acetate in 50%
ethanol (Appendix 3), rinsed in the same solvent and dried.
Sections were viewed using a JEOL 200CX electron microscope
and photographed with Ilford X-ray sensitive film.

The choice of electron microscope support grid depended upon
the tissue within the specimen that was being investigated.
For most purposes, 300 mesh thin-bar grids (Gilder Grids, UK)
were ideal. However, fragile regions of the haustorium such as
the endophyte needed the support of carbon coated 200 mesh
grids or, on occasion, formvar coated slot grids.
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2:6

Scanning electron microscopy

Structural and ionic analyses

Tissue was processed for SEM using an EMScope SP2000 cryoprocessor. This apparatus consists of an integrated vacuum and
coating unit allowing for the cryo-preservation, cleaving and
coating of specimens held in a specially adapted SEM specimen
holder and transfer device.

14 day old Striaa specimens with a short section of host root
attached were orientated in the specimen holder and fixed in
position with Tissue-Tek (Agar Aids, UK) . The assembly was
attached to the transfer device and frozen by plunging into
nitrogen slush under a vacuum of 10*6 torr.

Specimens were

cleaved in the chamber with a cooled copper knife so that the
haustorium cleaved through the center of the hyaline tissue.
The cleaved surface was then etched by sublimation for 5
minutes at -80°C in the evaporation chamber and then given a
thin coat of carbon at -157°C to reduce charging once inside
the SEM and exposed to electron irradiation. The assembly was
transferred

to

a

cold-stage

adapted

JEOL

35CF

scanning

electron microscope with an Electron Dispersal Analysis by Xrays (EDAX) facility.

The X-rays were collected by performing a full-screen raster
scan at a magnification of 2000, which equates to a spot size
of 60 x 40 /xm at an illumination energy of lOkV. This scan
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size is indicated on Plate XlVb.

Smaller spot sizes were

attempted to bring the resolution up to the cellular level,
but these attempts resulted in a far smaller signal to noise
ratio. As far as possible, scans were carried out on areas of
the specimen that had received minimal electron bombardment
for photographic purposes.

Ionic analysis was carried out by EDAX and LINK hardware, and
analysed with LINK AN10000 software. Analyses were carried out
as comparative scans across the haustorium as opposed

to

absolute measurements in relation to standards. Care was taken
to ensure that specimens analysed were orientated at the same
geometry

in

relation

to

the

electron

source

and

X-ray

detector.

The total number of haustoria examined with this technique was
12. Only three of these cleaved in the plane shown in Plate
XlVb. However, it was usually possible to identify the region
of the haustorium exposed in less advantageous specimens,
although analyses were only carried out if the tissue could be
unequivocally

identified.

Conventional photomicroscopy was

also carried out of frozen hydrated specimens.
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Results and interpretation

Section three:

3:1

Vital dve tracer studies

3:1:1

Introduction

The flow of transported substances in plants had been studied
with vital dyes for a number of years before the advent of
radioactive metabolite analogues (SPANSWICK 1976). The first
documented use of visible dyes as tracers is reported to be by
an anonymous author tracing water movement in lilies with
printing

inks

(in PFEFFER

1886).

Subsequent

reports

have

subsequently applied the technique to investigate a range of
botanical phenomena. For example TALBOYS (1955) used visible
dyes to examine the occludance of vessels in hop plants by
Verticillium. and STRUGGER (1939) used dyes to trace movement
within the apoplast.

The majority of transport-related studies, however, have used
radioactive tracers. This technique has advantages over dye
tracers

especially

in

following

the

spatial

aspects

of

specific biochemical reactions especially in association with
microscopical studies. However, dye tracers have been used
with increasing frequency in recent years for the detailed
study of solute flow through the plant apoplast and symplast
(STADELMAN and KINZEL 1972), especially applied to the loading
and unloading of photoassimilate (MADORE and LUCAS 1989) and
the transport of minerals through the root (MOON et a_l 1986) .
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Visible tracers have also been employed for the study of
several host/parasite associations (RAVEN 1983). However, the
majority

of

studies

on

the

parasitic

angiosperms

have

ultimately relied upon radiotracers (ROGERS and NELSON 1962;
OKONKWO 1966b; TUOHY 1987), and there is only one report of
the

use

of

non-radioactive

dyes

with

parasitic

systems

(Cuscuta; McLEOD 1962) and no record in relation to Strioa.

3:1:2

Observations

The visible dyes

The transport of the low molecular weight dyes through the
host

root,

the

haustorium

and

parasitic

shoot

was

characterised by a series of well-defined stages. Although the
type of behaviour for each replicate of crystal violet and
neutral red was the same, there were wide fluctuations in the
timing

of

the

dye's

behaviour

within

each

replicate.

Consequently the results for each dye has been pooled and are
presented in Table 3.

The uptake behaviour of the low molecular weight dyes are
shown in Plate I and can be classified into 4 distinct stages:

1.

Transport to infection site in the host root.

2.

Transfer into the hyaline tissue cells.

3.

Retention within hyaline tissue.

4.

Movement into parasitic shoot.
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Table 3

Behaviour characteristics of various combinations of

dye tracer in the S. hermonthica haustorium

The figures are expressed as the appropriate unit (± standard
deviation: n = 4* or 6+) .

Dve rate:

Haustorial

Haustorial

Dve rate:

Dye uptake

host root

soread

delav

shoot

protocol:

(mm/s)+

(min)*

(min)*

(mm/s) *

LMW dves

3.4 (0.6)

1.7 (0.7)

3.0 (0.8)

0.9 (0.3)

LMW + KCN

3.7 (0.3)

n/o

n/o

3.8 (0.7)

Fluorescein

3.7 (0.9)

2.0 (0.5)

3.3 (0.5)

1.2 (0.4)

Fl-diacetate

n/o

n/o

n/c

0.7 (0.4)

HMW dves

3.9 (0.7)

n/o

n/o

3.5 (0.8)

HMW + KCN

3.2 (0.8)

n/o

n/o

2.8 (0.4)

Calcofluor

3.0 (1.0)

n/o

n/o

3.3 (0.9)

Key:
n/o = not observed
n/c = not calculated
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Plate is

Vital dve uptake (1)

This Plate follows the flow of the low molecular weight dyes
through the host root in a haustorium 14 days after
inoculation.
Kev: R = host root, H = haustorium, PS = parasitic shoot

la:
A haustorium photographed shortly after the visible dye
crystal violet was introduced to the cut end of the host root
(outside the frame to the right). The dye front (double arrow)
has passed the site of infection and the dye can be seen
accumulating within the body of the haustorium.
Ib:
This micrograph is of a different haustorium and is
taken at a slightly later stage to the specimen shown in Plate
la. It shows that the crystal violet is seen to be occupying
the central region of the haustorium.
Ic:
This micrograph shows a frozen section of a haustorium
similar to that shown in Plate Ib. The dye is distributed
within the hyaline tissue (HT; see Plates Va and Vb) . The
frozen section has been taken sagittal to the haustorium and
transverse to the host root, although this is not shown.
Id:
A subsequent micrograph of the same specimen shown in
Plate Ib shows that the dye remains confined to the hyaline
tissue (arrow). This retentive stage lasts for approximately
three minutes.
Ie:
A micrograph taken some minutes later shows the dye
being transported slowly within the parasitic shoot (arrow).
If:
This micrograph shows the visible dye neutral red
entering the parasitic shoot (arrow) after an identical
sequence of events displayed by crystal violet.
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PLATE I

Bar = 1 m m

These dyes travelled along the host root at an average speed
of

3.4 mm/s,

which

is within

the usual

range

for

xylem

transport (HUMPHREYS 1988). The dyes entered the haustoria as
soon as the dye front reached the infection site (Plate la).
Once

within

the

haustorium,

the

laterally within the haustorium,

dye

was

seen

to

spread

eventually to occupy the

central region (Plate Ib) . During this time, the dye front
continued past the infection site along the host root.

Frozen sections of the haustorium taken at this stage show
that the dye was confined to the hyaline tissue cells and did
not spread to the haustorial cortex (Plate Ic; c.f. Plate Va
and Vb) . The dyes remained within the haustoria for several
minutes. Plate Id shows the same haustorium at the end of this
period; no further lateral movement of stain has occurred. The
dye then flowed into the parasitic shoot (Plate Ie and If) ,
travelling at a considerably slower rate than observed within
the host root.

The high molecular weight dye Evan's blue travelled along the
host root at a velocity that was not significantly different
to the low molecular weight dyes (p = 0.05). Once again, the
dye entered the haustorium as soon as the dye front reached
the site of infection,

but then moved rapidly through the

haustorium into the parasitic shoot (Plate Ila) without the
lateral movement and delay of the the low molecular weight
dyes. The transport rate in the parasite was not significantly
different to that seen in the host root (p = 0.05).
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Plate II:

Vital dve uptake (2)

This Plate follows the flow of a high molecular weight visible
dye and the symplastic and apoplastic fluorescent tracers
within a haustorium 14 days after inoculation.
Kev: (Plates Ila to lie) R = host root, H = haustorium, PS =
parasitic shoot.

Ila:
This micrograph shows the uptake characteristics of
high molecular weight dye Evan's blue after approximately
same interval shown in Plate la. The dye is not taken into
hyaline tissue but moves rapidly through the haustorium
into the parasitic shoot (arrow).

the
the
the
and

lib:
The symplastic tracer fluorescein fills the central
region of the haustorium (arrow) in a similar manner to the
low molecular weight dyes shown in Plate Id.
lie:
The symplastic fluorescent tracer fluorescein diacetate
is invisible within the haustorium until approximately 5
minutes have passed. This micrograph shows the dye then
appearing in the region of the hyaline tissue, having been
made visible by the hyaline tissue cells, and being
transported into the parasitic shoot (arrows). The time
elapsed before this stage commences is similar to that seen
for the low molecular weight visible dyes.
lid:
Calcofluor applied externally to the host/parasite
ssociation is unable to penetrate the host parasite interface
rrow), although the staining on the surface of the parasite
d. s indicate that a hypodermis may be present in the
haistorial epidermis (R = host root; P = parasite).
lie:
The apoplastic tracer Calcofluor behaves in a similar
manner to the high molecular weight dye Evan's blue. This
micrograph shows a sagittal frozen section of such a specimen,
taken with conventional dark field optics, and showing the
parasitic axial vasculature (V) and the host root (HR).
Ilf:
Fluorescent image of the section shown in IXe. The dye
is confined to the parasitic axial vasculature (V) and the
host root (HR) . HT = hyaline tissue. The flow of the dye is
indicated by the arrow.
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P L A T E II
Bar =

He

1 m m (a to c)
100/xm (d to e)

The low molecular weight dyes behaved in an identical manner
to the high molecular weight dye if potassium cyanide had been
introduced to the system prior to the uptake of the dye.

The Fluorecsent Dves

The symplastic tracer disodium fluorescein behaved in the same
way

as

the

low molecular

weight

visible

dyes,

with

the

fluorescein entering and being retained within the hyaline
tissue

of

the

parasitic shoot
visible

as

haustorium

before

moving

slowly

into

the

(Plate lib). Fluorescein diacetate was not

it

passed

along

the

host

shoot

although

fluorescence appeared within the hyaline tissue region of the
haustorium after a delay approximating to that exhibited by
the fluorescein and the visible dyes. The fluorescent product
then passed into the parasitic shoot (Plate lie).

The fluorescent tracer Calcofluor repeated the behaviour of
the

high

molecular

weight

dyes

by

passing

through

the

haustorial system and into the parasite shoot without delay or
lateral movement.

Frozen sections of the haustorium under

conventional and epifluorescent optics (Plates lie and Ilf)
show that this dye is confined to the host and haustorial
vasculature and does not spread to the hyaline tissue region.

Calcofluor

applied externally to the

sealed host/parasite

system does not penetrate the host root, the parasite or the
interface between the two (Plate lid) and only travels into
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the haustorial epidermis a short distance, a staining pattern

indicative of the presence of a hypodermis.

3:1:3

Interpretations

Main findings

*

The haustorium is removing solutes from the host xylem
stream and transferring them to the hyaline tissue.

*

The selection of solutes appears to be influenced by
plasmodesmata exclusion limits.

*

Diverted solutes are retained within the hyaline tissue
before being passed on to the parasite shoot.

*

This

process

is

curtailed

by

the

application

of

a

respiratory inhibitor and is therefore likely to be an
active process.

*

There is evidence to suggest that the solutes are passed
from the hyaline tissue directly into the shoot phloem.

Apoplastic pathways in roots have been extensively studied
using calcofluor (PETERSON et al 1981; PETERSON et al 1982;
PETERSON and PERUMALLA 1984; MOON et al 1986),

and it is
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assumed that the transport of this tracer through the host
root and the haustorium is confined to the xylem apoplast and
reflects

the

flow

of water

through

the

system.

The

low

molecular weight dyes and the symplastic tracers are removed
from this flow and transferred to the hyaline tissue symplast.
This

process

is

stopped

if

the

system

is

exposed

to

a

respiratory inhibitor, suggesting that the uptake process is
active.

It is reasonable to assume that the visible low molecular
weight dyes and the two fluorescent tracers used are behaving
as metabolite analogues in the hyaline tissue symplast since
the

flourescein

diacetate

is

cleaved

into

the

visible

fluorescein and the visible dyes clearly enter the hyaline
tissue cells.
dyes

Furthermore,

it appears that the fluorescent

are passed between the hyaline tissue cells through

plasmodesmata, since these dyes have been used extensively to
study this process in other systems (McLEOD 1962; OVERALL et
al 1982; OVERALL and GUNNING 1982; TUCKER 1982; GOODWIN 1983;
MOON et al 1986; TERRY and ROBARDS 1987). This would also be
true for the low molecular weight dyes, since they are known
to be below the plasmodesmatal molecular weight

limit of

approximately 500-700 daltons (ROBARDS and LUCAS 1990). This
process would account for the observed spread of the dyes
within the hyaline tissue as they are passed from cell to
cell, and the action of cyanide upon the behaviour of these
dyes, since solute uptake across the symplast plasmalemma and
plasmodesmatal

transport are both active processes

(DRAKE
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1978; BAKER and HALL 1989). The exclusion from the hyaline
tissue of the high molecular weight Evan's blue dye can be
explained

by

the

plasmodesmata

inability

with

a

of this

molecular

dye

weight

to

in

pass

excess

through
of

the

plasmodesmatal limit.

The movement of these tracers into the parasitic shoot occurs
only after a delay of several minutes. This delay may be due
to the retention of the tracers in the hyaline tissue symplast
for metabolism, or it may reflect the time taken for the dyes
to reach the exit point of the hyaline tissue.
possible

that

concentrations

the

tracers

in the cells

may

accumulate

and deactivate

It is also
to

toxic

a containment

process. Assuming that this is not the case, the subsequent
slow movement of the dyes in the parasitic shoot suggests that
that the dyes are being unloaded from the hyaline tissue into
the shoot phloem, since the rate of dye transport in the host
shoot

approaches

the

range

seen

in

phloem

translocation

(HUMPHREYS 1988).

3:2

3:2:1

Haustorial development and structure

Introduction

The only fully comprehensive survey of haustorial morphology
in the parasitic angiosperms was carried out by KUIJT (1969)
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as part of an influential review of the subject. Several more
recent reports and reviews have covered individual genera
(MUSSELMAN and DICKISON
1977).

However,

1975;

although

KUIJT and TOTH

there

has

been

1976;

KUIJT

some

light

microscopical work carried out on S. asiatica (VISSER and DORR
1987), there is only one report on haustorial development and
structure in S. hermonthica (STEPHENS 1912).

Ultrastructural

studies of the parasitic angiosperms have

concentrated upon the haustorium and associated structures.
The haustoria

of the Santalaceae,

Loranthacea,

Viscaceae,

Scrophulariaceae, Rafflesiaceae and Orobanchaceae have been
studied in considerable detail (KUIJT 1977; KUIJT et al 1978;
KUIJT et al 1985; KUIJT and TOTH 1976; OLSON and KUIJT 1985).
S.

asiatica.

Scrophulariaceae,

together
have

with

been

other

members

investigated by

of

DORR and

the
co

workers at Kiel University (VISSER et al 1984, Alectra spp.;
DORR and KOLLMAN 1976, Orobanche spp.; see especially VISSER
and DORR 1987, S. asiatica) . S. qesnerioides has also been
investigated (BA 1977), but there are no detailed reports of
the ultrastructure of S. hermonthica haustoria.

3:2:2

Observations

Haustorial development

Plates III and IV are taken from specimens of S . hermonthica
haustoria growing on sorghum. Plate Ilia shows a whole mount
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of a haustoria which has made contact with a secondary lateral
of root of sorghum cv. IS 4202; it is possible that this has
initiated haustorial development prior to contact with the
parent root but the sections that contained this region were
lost.

This

preparation

is

presented

because

the

typical

papillate structure of the haustorium is more clearly visible.
The haustorium is assuming the globose shape typical of the
attached Strioa haustoria. Numerous papillae extend towards
the root, with several in contact, although these are outside
the focal plane of the image.

Plate Illb is a 1/im plastic section of this specimen taken
perpendicular to the plane shown in Plate Ilia, and sagitally
through

the

developing

haustorium.

It

shows

that

the

haustorial papillae are unicellular and highly vacuolated, in
common, at this stage, with the majority of the haustorial
cortex cells. There is no visible histological reaction in the
host root either at this stage in parasitic development or
just after contact has been established

(3-4 hours

after

inoculation; cv. N-13; Plate IIIc). This was true of all host
cultivars studied at this stage.

Plate H i d

(cv.

IS 4202) , taken a few hours

later,

shows

cellular disruption of the host root epidermis and cortex,
with the cavity so created containing a unidentified material.
It was not clear if this phenomenon is indicative of enzyme
action or of host reaction to the parasitic challenge, and was
observed infrequently and was not confined to a particular
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host cultivar. The parasite has not yet begun to penetrate the
host tissue.
Some 12 hours after innoculation (cv. N-13; Plate Ille) the
parasite

haustorial

peripheral

cells

have

become

highly

cytoplasmic and elongated, and are beginning to invade the
host root cortex; once again, there is no discernible reaction
from the host. The presence of the endophyte within the host
results in the compression of the surrounding cortex cells;
the haustorial and endophytic cells maintain close contact
with the host cell walls throughout the penetrative process.
The fact that the early stages of cortex penetration was seen
in a small minority of the specimens studied from this stage
in the life cycle supports previous reports

(MUSSELMAN and

DICKISON 1975) in suggesting that the penetration of the host
epidermis and cortex is rapid, occurring in approximately one
hour.

A later stage in the penetration of the root cortex is shown
in Plate Illf (cv. IS 4202). The advancing haustorial cells
approach the host endodermis, which occasionally showed signs
of disruption, although there is no evidence of the floccular
material

seen

in Plate Hid.

Approximately

8 hours

after

innoculation, the invading endophyte cells make contact with
the host endodermis
penetrate the
IVb) .

Some

differentiate

(cv.

endodermis

of

these

into

N-13;

Plate

IVa), elongate,

intercellularly

cells

spirally

loose

(cv.

their

thickened

N-13;

cytoplasm

endophyte

and

Plate
and

vessels

resulting in both endophytic vessels and cytoplasmic cells.
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Plate III:

Development of S. hermonthica (1)

The Plate shows the early stages in the penetration of the
host root cortex. The remaining stages of the penetration of
the host are shown in Plate IV.
(Estimated time after the inoculation of the host with the
parasite seed is given in hours. All sections are lfim thick
and stained with toluidine blue, unless stated otherwise.)

Ilia
(3 hrs): Resin embedded whole mount of the tip of a
germinated Striaa radicle that is developing into the
characteristic globose and papillate shape of the haustoria
(H) which has made contact with a host root lateral (arrow).
Numerous haustorial papillae, which are thought to assist in
the adhesion of the haustorium to the host, are extended
towards the root (HR).
Illb
(3 hrs) : 1/xm plastic section taken from the specimen
shown in Ilia. The haustorial papillae (HP) extend towards the
host root (HR), which shows no indications of an anatomical
change which may have been initiated by the proximity of the
parasite.
IIIc
(6 hrs) : This specimen, which has been stained with
safranin and imido black, shows that the haustorium (H) has
made contact with the host root (HR) , again with no
discernable host reaction. An unidentified floccular material
(arrow) is present at the host parasite interface.
Hid
(8 hrs): In a small minority of specimens, contact of
the haustorium (H) and host root (HR) at the stage seen in
Plate IIIc above, resulted in cellular disruption of the host
cortex (arrow). A darkly staining material lies within the
space caused by this disruption.
Ille
(12 hrs): Cells within the haustorium (H) become
cytoplasmic and penetrate the host cortex, forming the
infection peg (P) . There is evidence that the pressure exerted
by the infection peg as it advances distorts cortex cells
(arrows). This cellular distortion is present in most
specimens.
Illf
(18 hrs): A small minority of specimens examined at
this stage display evidence that the haustorium (H) may be
associated with cell wall damage (arrows), although this is
normally observed away from the infection peg in Plate Ille.
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P L A T E III
Bar =

IIIc

1mm

Hid

r*

Ille

I llf

Plate IV:

Development of S. hermonthica (2)

This Plate shows the later stages of the penetration of the
parasite into the host.
(Estimated time after the inoculation of the host with the
parasite seed is given in hours. All sections are 1/m thick
and stained with toluidine blue, unless stated otherwise.)

IVa
(16 hrs): This micrograph shows the infection peg (P)
advancing towards the host endodermis (E) . The cellular
disruption seen on the right of the image is the result of a
host lateral root (L) emerging outside the field of this
section, although the infection peg continues to compress host
cells as the penetration progresses.
IVb
(24 hrs) : This safranin and imido black stained section
shows that the infection peg (P) has penetrated the host
endodermis (E) intercellularly. One cell has differentiated
into a vessel element abutting a host xylem vessel (single
arrow) whilst the other remains cytoplasmic (double arrow).
The hyaline tissue is beginning to form distal to the
infection site (HT).
IVc
(60 hrs) : The host endodermis
(arrow)
has been
completely breached, and the infection peg, now more properly
called an endophyte (EN), begins to ramify within the host
stele. Once again, there is no evidence of host damage other
than mechanical disruption.
IVd:
(60 hrs): Occasionally, at this stage the haustorial
tissue is seen to be in the process of penetrating host xylem
vessels (HX),producing a tylose-like
structure (T) . The
staining technique differentiates the parasitic tissue
(purple) and the host (green).
IVe
(7 days): As the endophyte develops, sections taken
longitudinally
with respect tothe hostroot (HR) showthat
the endophyte
is considerablyextended in this plane.
The
development of the hyaline tissue (HT) is continuing. Cells
can be seen developing into vessels (V) and invading the host
stele (arrow),
although there remains two populations of
endophytic cells; cytoplasmic (C) and vessels (V).
IVf
(17 days) :
The haustorium (H) eventually dominates
the host root stele (S) at the original infection site,
although the endophyte never completely encircles the root.
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P LATE IV
Bar = 100/xm

IVe

IV f

The endophytic vessels begin to extend basipetally and axially
into the developing haustorial body. Once the endodermis has
been penetrated, cells surrounding this vasculature and within
the body of the haustorium begin to differentiate
population of densely cytoplasmic cells.

into a

These cells will

eventually form the haustorial hyaline tissue (Plate IVb; cf.
Plate Va).

Some 60 hours after initial contact, the parasite consolidates
the attachment by invading the central host xylem elements
(cv. CSH-1; Plate IVc) and the ramification of the endophyte
along and within the stele. Both the endophytic vessels and
the

endophyte

vessels.

Close

structures
derived

cytoplasmic
study

which

at

by their

cells
this

are

seen

stage

staining

to

occupy

reveals

pattern

from parasitic tissue protruding

host

tylose-like

appear

to

into host

be

xylem

vessels (cv. IS 4202; Plate IVd).

Plate IVe (cv. CSH-1) shows a section of a specimen several
days

older

than

that

shown

in

Plate

IVb

and

sectioned

longitudinally with respect to the host root. It is clear that
the endophyte is much longer in this plane than it is broad;
this

profile

is

maintained

throughout

the

life

of

the

haustorium (see Plate XIV c and d) . Both endophytic cell types
can be seen clearly in this section arranged in a palisade
like row along the length of the host root. This Plate also
shows the open vascular connections that are made between the
endophytic vessel cells and the host xylem. Once this open
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vascular connection is established (at approximately 10 days,
the haustorium is considered to be fully functional; MUSSELMAN
and DICKISON 1975). The complexity of the endophyte meant that
it was not possible to detect a structural link between the
endophyte and the host sieve tubes.

Subsequent stages in the invasion of the host involve the
increase in cell number of the endophyte and haustorium, which
progressively

pushes

the

host

cortex

aside

and

advances

through the host stele; the architecture of the endophyte
remains constant in other respects. After some 17 days the
host root stele is dominated by the endophyte
Plate

IVf),

although

the

haustorial

tissue

(cv. CSH-1;
never

fully

encircles the host root.

Sorahum root architecture

Table

4

shows

a

comparison

of

the

dimensions

of

five

parameters in the root of three sorghum cultivars. With the
exception of the endodermal thickness, which was consistent
between the three cultivars, N-13 was significantly different
to the other varieties for all parameters measured. The roots
of this cultivar were larger with a greater root size to stele
diameter ratio, resulting in the measured difference between
the epidermis and stele (cortex width) being greater. There
were also fewer mature xylem vessels within the stele of N-13.
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Table 4

Comparison of root architecture of sorghum cultivars

(all distances given in /zm ± standard deviation; n
= 6 for each cultivar)

N-13

IS 4202

CSH-1

Root diameter:

804 ± 126

872 ± 101

Cortex width:

270 ±

90

255 ±

58

21 ±

7

20 ±

6

18 ±

9

Stele diameter:

349 ±

58

371 ± 114

202 ±

48

Xylem elements:

2.9 ± 0.4

3.4 ± 0.2

1.7 ± 0.2

Parameter/Cultivar

Endodermis width:

1107 ± 187
412 ± 106

Haustorial morphology

Plate Va shows a 14 day old haustorium of S. asiatica followed
by an explanatory schematic (Plate Vb; cf. Figure 1, page 36) .
This Plate shows the distribution of the haustorial hyaline
tissue which occupies the centre of the structure. The limits
of the hyaline tissue correspond to the limits of distribution
of the low molecular weight and symplastic tracers taken into
the haustorium,

shown in Plate Ic. The axial vasculature,

consisting of some 6-10 vessels, terminates distally at the
xylem disc, which is a convoluted knot of vessels which marks
the beginning of the parasite shoot.
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Plate V:

Morphology of the mature haustorium

This Plate demonstrates the complex cellular architecture of
the mature, 14 day haustorium of S . asiatica and
S.
hermonthica.
(Estimated time after the inoculation of the host with the
parasite seed is given in hours. All sections are l/xm thick
and stained with toluidine blue, unless stated otherwise.)

Va:
The haustorium of S. asiatica at 14 days, cut
sagitally, demonstrates a clearly delineated series of cell
populations.
These are identified in Plate Vb. The host root
and the parasite endophyte is to the bottom left. The
haustorial vasculature extends axially through the structure,
reaching the xylem disc at the rear of the haustorium before
entering the parasite shoot. Within the body of the
haustorium, the hyaline tissue forms a torus of cells around
the vasculature, with the type I cells lying centrally and the
type II cells distally.
Vb:
A diagrammatic representation of Va. HC = host cortex;
X = host xylem; E = endophyte; HPI = host/parasite interface;
T = parasitic vascular tract; S/C = hyaline tissue storage
cell (type II) ; IP = parasite intertrachaedial parenchyma
(type I) ; PC = parasite cortex. The arrows indicate the
position of the parasite shoot.
Vc:
A high power image of the hyaline tissue of a 14 day
old specimen
of S. hermonthica takenin the region indicated
by the box
in Plate Va. This micrograph shows the
morphological similarities between the cell populations of
these two species (T2 = type II cell; C = haustorial cortex) .
Vd:
This micrograph shows the same region of a 21 day old
S . hermonthica specimen and demonstrates the increase in the
size of the cell vacuoles commonly seen in specimens of this
age. This cell is different in morphology to the type I and II
cells of the younger haustoria, and is accordingly termed a
type III cell (T2 = type II cell; C = haustorial cortex).
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PL A T E V

Within the hyaline tissue,

it is possible to identify two

populations of cells. Mingling with and surrounding the axial
vasculature in the form of a column are relatively pale cells,
which tend to be elongated in a plane perpendicular to the
host. These cells, termed type I cells or intertracheidial
parenchyma (TUOHY 1987), merge proximally with the endophyte
and distally, at the rear of the haustorium, with the xylem
disc. Surrounding the type I cells in the shape of a torus is
a population of more darkly staining and larger cells called
type II cells. These appear to increase in size and degree of
vacuolarisation peripherally.

The vacuoles

of these cells

containing a red/pink substance, a staining reaction that has
been associated with the presence of polysaccharides (O'BRIAN
and McCULLY 1981).

Surrounding the type II cells is a layer of cortex some 2-4
cells thick,

with an epidermis extending

seedling to the region of the

endophyte.

from the
The

Striga

cortex

and

epidermis cells are seen to be in close apposition to the host
cortex and epidermis which have been pushed aside by the
parasite (cf. Plates Ille and IVa). The endophyte is clearly
visible within the host stele, although it is not possible to
comment in detail on the structure of this region at this
level of magnification. There was no evidence of phloem in the
body of the haustorium.

Plate Vc is a light micrograph of the hyaline tissue of the S .
hermonthica haustorium at 14 days in a region equivalent to
91

the highlighted area on Plate Va. Two cell populations are
also

present,

positions,

and

as

they

occupy

the

same

morphogical

they will be referred to as type I and type II

cells, although only the latter cells are shown in this Plate.

The type I cells have a similar parenchymatous appearance to
those seen in S. asiatica. although the region is larger and
surrounds more axial xylem strands in haustoria of this age.
The type II cell region is also larger, and the cells appear
to be less vacuolated and darker in appearance. Other regions
of the haustorium are identical in appearance.

Plate Vd is a micrograph of a similar region of S. hermonthica
hyaline tissue to that shown in Plate Vc, but taken from a 21
day old haustorium. Cells immediately adjacent to the type I
cells and the axial vasculature have become highly vacuolated
with minimal cytoplasm, forming a layer separating the type I
and II regions.

Cells in the type II region are more vacuolated in comparison
to similar cells in younger haustoria and generally appear
paler and more indistinct. As these cells have a morphology
which is distinct from cells seen in younger haustorium, they
can be classified separately as hyaline tissue type III cells
(see Plates IX and X).

In other respects, however, the haustorium is morphologically
similar to 14 day specimens although it has increased in size.
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Probably constrained by the physical restrictions within the
host

root,

the

endophyte

maintains

a

constant

size.

The

vessels leaving the host retain their axial location, although
the vascular strand increases in size (and vessel number) as
the haustorium ages. The cortex and epidermis are unchanged.

Haustorial ultrastructure

Plate VI compares the ultrastructure of the hyaline tissue
cells of
The

S. asiatica and S. hermonthica 14 day old haustoria.

micrographs

were

taken

from

similar

regions

haustorial body with respect to each cell type.

of

the

Plate VII

examines various aspect of detail in the cells shown in Plate
VI, and Plate VIII shows the ultrastructure of the haustorial
endophyte. In common with the light microscope studies, there
was no evidence of phloem in the body of the haustorium, and
the complexity of the endophyte precluded detection of any
direct link between the endophyte and the host sieve tubes.

The ultrastructure of the type I parenchyma cells of both
species

are

similar

(Plate Via

and

VIb), reflecting

the

finding of the light microscopy studies (cf. Plate Va and Vc).
The cells measure approximately 18 x 38jum, with the long axis
extended perpendicular to the host root.

The cytoplasm is

electron lucent and generally metabolic in appearance with
considerable numbers of mitochondria, free ribosomes and Golgi
profiles and a well developed rough endoplasmic reticulum.
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Plate VI:

Hyaline
tissue
magnification.

ultrastructure

(1):

low

This Plate demonstrates the ultrastructural similarities and
differences between the Type I and II cells of S. hermonthica
and S. asiatica hyaline tissue 14 days after inoculation.

Via:
Ultramicrograph of the type I cells of S. hermonthica.
The cells are in intimate contact with the haustorial
vasculature and are elongated along an axis perpendicular to
the host root.
VIb:
The type I cells of S. asiatica are similar in
appearance to those of S. hermonthica. This higher power
micrograph shows that these cells have many of the features of
xylem parenchyma in possessing an electron lucent cytoplasm
with numerous mitochondria (M), together with a well defined
rough endoplasmic reticulum
(RER; arrow). Clusters of
plasmodesmata (P; arrows) are particularly evident at the long
axis of the cells. The haustorial vasculature tends to be less
profuse within this region os S. asiatica. The direction of
solute flow within the haustorial vasculature is indicated by
the large arrows.
Vic:
The type II cells of S. hermonthica are characterised
by an electron dense cytoplasm containing several vacuole
profiles and large numbers of amyloplasts (A; arrows - see
Plate Vila) surrounding the nucleus (N). The distended rough
endoplasmic reticulum (RER; arrows) contains a floccular
material, and occupies much of the cell volume. The cell walls
are thin and often appear to be recently formed cell plates,
and are perforated by numerous plasmodesmata (see Plate VIlb).
VId:
S. asiatica type II cells also have a profuse rough
endoplasmic reticulum (RER; arrow) that is more organised than
that of S. hermonthica. and is often seen to surround vacuoles
(see Plate Vlld). Two types of extracellular deposits are
evident (dark [D] and floccular [F]), which tend to accumulate
at one pole of the cell, and possibly between the plasmalemma
and cell wall.
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P LATE VI

Vic

VId

Plate VII:

Hvaline
tissue
magnification.

ultrastructure

(2):

high

This Plate shows details of the ultrastructure of the hyaline
tissue type I and II cells seen in Plate VI

Vila:
This micrograph shows a region of a type II cell of S.
hermonthica. Several amyloplasts are visible, surrounding the
nucleus (N). The electron dense cytoplasm contains a distended
RER system (arrows), vacuoles (V) and several plastids
containing oil droplets (large arrow).
Vllb:
The cell walls of these cells contain numerous
plasmodesmata (arrows). Also visible in this micrograph are
numerous Golgi profiles (G) , the distended RER system that
typifies these cells and several vacuole profiles (V).
VIIc:
A high power micrograph of the S. asiatica type I cell
seen in Plate VIb shows that the plasmodesmata (large arrows)
are associated with the rough endoplasmic reticulum (small
arrow). M = mitochondria; G = Golgi profile.
Vlld:
This micrograph shows a type II cell of S .asiatica
which demonstrated more clearly the highly ordered arrangement
of the RER, especially surrounding vacuoles (V) . The dark and
floccular deposits that typify these cells (D) are at the
bottom of the micrograph. This cell is located at the
periphery of the type II region of the hyaline tissue, and a
haustorial cortex cell can be seen on the left (C) .
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P L A T E VII
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Vila

Vllb

V il e

Vlld

These

cells

have

thin

cell

walls

punctured

by

numerous

plasmodesmata, which tend to cluster on the long axis of the
cell and are often seen to be associated with the endoplasmic
reticulum; this is especially visible in S. asiatica (Plates
VIb and VIIc) . The cells of both species are in intimate
contact

with

the

haustorial

axial

vasculature;

this

arrangement is best seen in S . hermonthica (Plate Via).

In both species (Plate Vic and VId) , the type II cells are
large (approx. 25 x 45/xm) with thin cell walls punctuated with
numerous plasmodesmata (Plate Vllb), although this organelle
is not organised into groups as occurs in the type I cells.
There are also numerous plasmodesmata between these two cell
types. The type II cells are ultrastructurally distinct from
the type I cells, with no intermediate cell types and no
intermingling of the two populations. The cytoplasm displays
a considerable metabolic activity, with numerous mitochondria
in both species. The nucleus is large and distinct, with an
undulating membrane, peripherally dispersed heterochromatin
and

a

well

defined

and

twin-lobed

nucleolus

which

is

indicative of substantial ribosome manufacture and protein
synthesis.

S. hermonthica cytoplasm tends to contain more

Golgi profiles than S. asiatica (Plate Vllb).

A large proportion of the cytoplasm of these cells in both
species is occupied by profuse rough endoplasmic reticulum. In
S.

asiatica. it is organised

into

layers

and

contains

a

granular cisternal product (Plate VId and Vlld). The RER tends
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to

be

organised

floccular

around

material

vacuoles

(Plate

which

Vlld). A

contain

similar,

a

sparse,

though

less

ordered RER is also seen close to deposits which occupy a
substantial proportion of the cell volume. The deposits appear
to be located between the plasmalemma and the cell wall and
commonly

consist

of

a mainly

proximal,

and

in

isolated

pockets, peripheral darkly staining material close to a less
electron dense fibrillar matrix-like region.

In direct contrast, deposits of this nature are not seen in S.
hermonthica
markedly

type

II

different

cells
in

(Plate

appearance

Vic). These
with

a

cells

profuse

are
and

disorganised RER with distended cisternae (Plate Vllb). The
cytoplasm of these cells also contained
starch-containing

amyloplasts

which

tend

large numbers
to

encircle

of
the

nucleus, together with several plastids (Plate Vila).

Plate VIII
region

of

shows
the

electron micrographs
hyaline

tissue.

from

Plate

the

Villa

endophyte
shows

a

longtitudinal section through a cytoplasmic endophyte cell
(c.f. Plate IVb and IVc) . The cell is similar in appearance to
the type I parenchyma cells. It is elongated and generally
electron

dense with moderate

numbers

of mitochondria

and

freely dispersed ribosomes and is surrounded by a network of
small fibrils, which resemble a loosely organised cell wall
(inset, Plate Villa).
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Plate VIII:

Hvaline tissue ultrastructure
ultrastructure.

(3) :

endophyte

This plate shows the cytoplasmic cells of the endophyte of S .
hermonthica within the host root. The micrographs are taken
from a 14 day old haustorium

Villa: This micrograph shows a cytoplasmic endophyte cell
sectioned longitudinally, within the stele of the host, which
is sectioned transversely. The cell is similar to one shown in
Plate IVb. It is elongated, and has an electron lucent
cytoplasm which contains numerous mitochondria and RER
profiles. The cell (CE) is surrounded by a fibrillar material
(F) that separates the cell from the surrounding host cells
(inset).
The arrow points to a region of the cell which appears to have
penetrated a host xylem vessel, possibly through a pit (see
Plate IVd) . An uninfected host xylem vessel is seen next to
this cell (HX) . The cell to the right of the elongated
endophyte cell may also be of parasitic origin, but could not
be traced back to the haustorium with certainty.
VUIb: This is a higher power micrograph of a cytoplasmic
endophyte cell sectioned transversely. It can be seen at the
bottom left of Plate Villa. It also contains a well developed
RER system (arrows) and numerous mitochondria (M) . There
appears to be an unidentified fibrillar material between the
cell and the host xylem vessel (F), similar in appearance to
that seen in Plate Villa (inset). The cell is poorly preserved
because of the difficulties encountered in fixing the central
regions of large haustoria.
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Bar = lpim

vuib

The cell shown appears to be in the process of penetrating a
host xylem vessel,
Plate V U I b

possibly though a pit

(see Plate IVd) .

shows a transverse section of a similar cell

inside a host root xylem vessel. The cell fills the vessel
completely, presumably having entered the vessel outside the
plane of section. It also contains a well developed RER and
several mitochondria.

Haustorial ultrastructure (day 14 - dav 21)

Plate IX shows the ultrastructural development of the type II
cells. Plate IXa shows an example from a 16 day haustorium,
two days older than that shown in Plate Vic. The cell retains
most of the cytoplasmic features seen in type II cells in 14
day old haustoria, although there tend to be fewer amyloplast
profiles present around the nucleus. The size of the vacuole
increases markedly when the hyaline tissue reaches 18 days old
(Plate IXb) . Plate IXc shows a type III cell (see Plate Vd) in
which the cytoplasm no longer contains profuse RER or large
numbers of Golgi profiles or amyloplasts. There are, however,
similar

numbers

of

mitochondria,

suggesting

that

a

high

respiratory activity is maintained. The ultrastructure these
cells remain largely unchanged as the haustorium develops past
24 days of age.
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Plate IX:

Hvaline tissue ultrastructure (4) : type II cell
development.

This micrograph shows the ultrastructural development of a S.
hermonthica type II and III cells between the ages of 14 and
21 days after inoculation

IXa:
This micrograph is taken from the type II region of a
16 day old haustorium, which is two days older than the cell
seen in Plate Vic. In comparison with the younger cell, the
cell is similar in appearance and maintains a profuse rough
endoplasmic reticulum, although there tends to be fewer
amyloplast profiles (A) surrounding the nucleus. This cell has
just completed cell division, and a thin cell plate (CP) is
visible in the centre of the micrograph. V = vacuole.
IXb:
A cell that has reached 18 days old shows a greater
number of small vacuoles (V) surrounding the nucleus. The
number of amyloplasts has declined further (A).
IXc:
21 day old type III cells show a markedly different
ultrastructure to the two previous examples. The cytoplasm has
lost the distinctive rough endoplasmic reticulum of the
younger cells, although a similar number of mitochondria
persist. The cells also possess a considerably greater volume
of vacuoles,
the most obvious feature seen in light
micrographs of these cells (see Plate Vd). Once again, this
cell exhibits many of the signs of poor fixation that occur in
haustoria of this age.
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IXa

IXb

m ^ r n

IXc

Haustorial morphology and host stress

Plate Xa shows a haustorium of a 14 day old S . hermonthica
plant that had been attached to a host that had been grown in
the dark for 48 hours.

Compared to Plate Va,

the general

morphology of the haustorium has changed markedly and

in

particular, the structure of the hyaline tissue appears to
have degenerated.

Plates Xb and Xc show the endophyte and hyaline tissue regions
in greater detail. The clearly delineated and highly organised
architecture

of

the

hyaline

tissue

region

is

no

longer

present. In its place is a disorganised region that appears to
contain cells of all types described above. Intertracheidial
parenchyma-type

cells

and

densely

cytoplasmic

cells

that

resemble type I and II cells are scattered throughout the
region

(Plate

Xc).

The

haustorial

vasculature

is

also

scattered and disorganised amongst these cells. Also visible
are partially vacuolated cells with a type III like morphology
(cf. Plates Vd and IXc) . The cortex and epidermis appear
similar to unstressed specimens. It may be of significance
that the endophyte (Plate Xb) also appears to be unaffected by
the treatment.
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Plate X:

Nutrient stress and hvaline tissue morphology

This Plate shows the influence u p on a 14 day old haustorium of
growing the host plant in the dark for 48 hours before the
specimen was processed.

Xa:
A view of the whole haustorium shows that the
haustorium is generally wasted in appearance (c.f. Plate Va).
The hyaline tissue (HT) and the arrangements of cells within
this region has been severely disrupted by the treatment. HR
= host root; C = cortex.
Xb:
This is a high power micrograph taken of a similar
specimen, and shows the endophyte region (E) ; this appears to
be relatively unaffected by the treatment. The cells of the
hyaline tissue are disorganised, and no separation into type
I and II cell types can be made. There are several cells with
the appearance of the type III cells normally seen in 21 day
old haustoria. Numerous profiles of the haustorial vasculature
(V) are scattered around the haustorium. The notations T1 and
T2 mark the areas where the type I and II cells were found
prior to treatment.
Xc. A micrograph taken distally to Plate IXb again shows the
proliferation of the haustorial vasculature (V) between a
group of disorganised parenchyma-like cells in the region
occupied by the type I and II cells. C = haustorial cortex.
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3:2:3

Interpretations

Main findings

*

There

is

no

consistent

anatomical

host

response

to

parasitic challenge, but there are differences in host
root architecture that may contribute to the mechanical
resistance ascribed to the cultivars studied.

*

As the parasite establishes xylem continuity with

the

host, the haustorial hyaline tissue differentiates into
two distinct and metabolically active cell types which
are in close contact with the xylem input from the host.
It was not possible to detect a structural link with the
host phloem.

*

The location and ultrastructure of these cells shows that
they are involved in the uptake, biosynthetic processing
and sequestration of input from the host. This activity
declines as the haustorium develops,

although a high

respiratory activity appears to be maintained.

*

There is anatomical evidence to enable the endophyte to
be considered as functionally continuous with the hyaline
tissue type I cells.

*

Cessation of photoassimilate input to the host root by
shielding the host foliage leads to a disruption of the
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hyaline tissue structure.

Haustorial development

The general structural development of Striaa described

in

Plates III and IV varies little from the sequence of events
portrayed elsewhere
attempt

will

(MUSSELMAN and DICKISON 1975),

be made

to

elaborate

the

above

and no

descriptive

account given in section 3:2:2. However, the higher visual
resolution of the microscopical and plant culture techniques
used for this study has revealed three main areas of detail
which merit further analysis.

Firstly,

it has been possible to describe the

sequential

development of the Striaa haustorium with some degree

of

certainty. This has made it possible to establish that the
hyaline tissue differentiates within the haustorium and around
the developing haustorial vasculature only after vascular
continuity has been established with the host. This sequence
would

be

logical

since

following germination,

growth

and

attachment, the seed reserves of the germinating parasite are
likely to be severely depleted as the endophyte penetrates the
host root, and it is likely that the limited seed reserves
will be utilised to establish the connection rather than for
cellular differentiation.

Secondly,

there

development

of

is

no

Striaa

observable
parasitising

difference
any

of

between

the

the

cultivars
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studied,

and

certainly

little

evidence

of

the

reactive

mechanical resistance proposed to explain the field resistance
demonstrated by the two resistant cultivars used here. The few
instances of any kind of host reaction are represented by and
displayed in Plate III.

Active mechanical resistance in sorghum cultivars has been
studied in detail by MAITI et al 1984 using conventional wax
light microscope histology. The authors propose a model where
the

haustorium

released

hydrolytic

penetration of the host tissues
NELSON

1962;

enzymes

to

assist

(UTTAMAN 1950; ROGERS and

NWOKE and 0K0NKW0 1978).

These enzymes then

induced a thickening of the host stelar tissues, a process
which

is linked with a cultivar specific host resistance

mechanism.

A

reaction

on

this

scale,

if

present,

should

have

been

detected in Striaa hermonthica. since increased lignification
would have been detected with toluidine blue
McCULLY

(O'BRIAN and

1981) . It must be concluded that the response

is

either not present or is not detectable with the anatomical
techniques used in this study which differ from those used by
MAITI et al (1984) by using alcohol-based embedding techniques
and semi-thin sectioning.

MAITI et al

(1984)

also describe tyloses appearing in the

vascular system of certain hosts and suggest that these too
may

be

a

host

response

mechanism

to

occlude

host

xylem
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vessels,

limiting

the

availability

of

nutrients

to

the

parasite. These structures were observed here (Plate IVd), but
their cytology strongly suggests a parasitic origin; Striaa is
known to penetrate host xylem vessels through pits (VISSER and
DORR 1987) , and the structures seen here can be interpreted as
cytoplasmic endophyte cells budding through a small orifice
such as a pit.

Although

it

seems

that

the

related

issues

of

parasitic

penetration and an active host response to this challenge
remains unresolved, the differences in root structure between
the two sorghum cultivars offers one mechanism to explain the
undoubted

field

superiority

of

these

varieties.

If

the

parasite seed reserves are a limiting factor at this stage, a
variety with a more physically robust root structure could
well place an intolerable burden on the developing parasite
compared to a non-resistant cultivar. This could reduce the
parasitic

load

especially

in

soils with

low

Striaa

seed

densities.

Finally, it is clear that penetration of the endophyte into
living cells does not occur. The endophyte extends through
host tissues by pushing cells aside, which results in the
haustorial tissues being in close physical contact with the
host cells. This is particularly relevant in the context of
the tight apoplastic seal that has been shown to exist between
Striaa haustorium and the host root described in section 3:1:2
(Plate

lid) ,

and

it

seems

that

one

feature

of

the
111

host/parasite association is that the parasite becomes part of
the internal environment of the host both in terms of the
vascular links described above as well the apoplastic medium
surrounding the host tissues.

Haustorial structure and function

The experiments with the symplastic tracers has shown that
solutes present in the host xylem stream are taken into the
hyaline tissue before being passed on to the parasite shoot.
It is not possible with the techniques used here to determine
the precise mechanisms involved in this uptake process beyond
the general conclusion that it is an active process. However,
it seems most likely that the site of this uptake is the type
I cells. These cells surround the haustorial vasculature and
display an parenchyma cell-like ultrastructure that indicates
a metabolic role, and in S. asiatica. this region has been
implicated in nutrient uptake (STEPHENS 1912; VISSER and DORR
1987) . This is also the first region to be encountered by the
symplastic dyes as they enter the haustorial vasculature.

The endophyte cytoplasmic cells within the host vasculature
have a similar ultrastructure to the type I cells (Plate XIII;
cf Plate VI), and it is possible to consider these cells as
being functionally part of the hyaline tissue.

Certainly,

these cells are histologically continuous with the type I
cells. The plasmodesmatal groups arranged on the long axis of
the type I cells could then be explained as providing a route
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by which

solutes

extracted

from the

xylem

stream by the

endophyte could pass into the body of the haustorium.

Incoming metabolites then enter the symplast of the type II
cells, and the structure of this region shows that these cells
are most probably involved in the biochemical processing of
this

input.

The

type

II

cells

display

a high

metabolic

activity both in terms of cell division and cellular growth
and a biosynthetic biochemistry in both parasitic species,
judging by the profuse rough endoplasmic reticulum and storage
amyloplasts present in S. hermonthica. Deposits similar to
those seen in S. asiatica have also been observed in Lathrea
clandestina

and the closely related Alectra

(VISSER et al
tentatively

1984; VISSER and DORR 1987)

identifies

as

consisting

of

a

orobanchoides
and have been
polysaccharide

matrix with proteinaceous inclusions, and ascribed to a role
in the storage of reserves or the sequestration of unwanted
metabolites (VISSER and DORR 1987). This study supports the
tentative identification of polysaccharides within the hyaline
tissue of S. asiatica (Plate Va).

It is possible that this transfer of metabolites on to the
parasite shoot takes place at the xylem disc, which marks the
distal border of the hyaline tissue. The convoluted nature of
the vessels in the xylem disc may represent the point of
transfer between the hyaline tissue and the shoot by providing
a larger surface area between the hyaline tissue and the
vasculature.

This

assumption

is

supported

by

previous
113

structural

studies

directly onto the

that show that the shoot

phloem abuts

xylem disc andthat radiolabelled

host-

derived metabolites can be detected in the shootphloem having
passed through the

hyaline tissue (ROGERS and NELSON 1962;

TUOHY 1987) . Also, the movement of the dye tracers in the
parasitic shoot is considerable slower than in the host xylem
and approaches normal phloem transport rates, and it may be
that the hyaline tissue unloads metabolites into the parasite
shoot phloem.

Haustorial development

The structural changes that take place within the hyaline
tissue after the haustorium reaches 14 days of age show that
the metabolic activity of this tissue reduces sharply as the
parasite develops. These changes occur over a relatively short
period of time and are therefore unlikely to be due to changes
in the input from the host,

since this is not thought to

change markedly during the association (McNALLY et al 1983;
STEWART 1987).

The experiments which involved growing the host in the dark
have

shown

that

the

structure

of

the

hyaline

tissue

is

sensitive to disturbances in the input from the host. These
experiments withheld light from the host for a period that has
been shown to arrest the export of photoassimilates from maize
foliage

(ESCHRICH and BURCHARDT 1982),

which is likely to

affect the input to the parasite either directly from the host
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phloem, or by phloem loading of nutrients into the root xylem.

3:3

Enzyme histochemistry of the 14 day haustorium

3:3:1

Introduction

Although

enzyme

histochemistry

was

developed

mainly

upon

animal tissue (BANCROFT and HAND 1987), the technique has made
a major contribution in several fields of plant biochemistry
and physiology

(GAHAN 1984; HRAZDINA and ZOBEL 1991).

For

example,

he discovery of the Golgi-endoplasmic reticular-

lysosome

system

in

plant

cells

was

dependent

upon

the

localisation of acid phosphatase within the plant cell (JENSEN
1956, GAHAN 1965).

The small size of the Striaa haustorium is particularly suited
to enzyme histochemical investigation,

and high

levels of

succinate dehydrogenase and cytochrome activity have been
reported in the hyaline tissue suggesting a high respiratory
activity

for

this

region

(BA

and

KAHLEM

1979) .

Acid

phosphatases have also been studied and located within the
endophyte (TOTH and KUIJT 1977).
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3:3:2

Observations

Table 5 on page 117 summarises the results for the staining of
both the enzymes of glycolysis and the tricarboxylic acid
cycle. This table also gives an indication of the relative
intensity of stain for each enzyme assay.

The glycolytic enzymes

Glycolysis is the major catabolic pathway in plant cells where
photosynthesis

is not taking place,

such as those within

germinating seedlings and root meristems. Glycolysis also acts
as a focal point for many anabolic pathways

such as the

oxidative pentose phosphate pathway and gluconeogenesis. An
outline of glycolysis is shown in Figure 3 at the end of this
section.
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Table 5

A

summary

of

the

results

of

the

enzyme

histochemistry experiments
(an indication of the staining intensity between cell and age
group types is given by the notation +, ++, or +++, where +
relates to the staining intensity of the sorghum root tip
specimen in Plate XIa)

Enzyme/distr ibution

Type I

Type II

14 day

21 day

Glycolysis:
HK - fructose

++

++

+

-

HK - glucose

+

+

+

-

PGI

++

+

+

-

G6PDH

++

+

+

-

G3PDH

++

-

+

+

Phosphofructokinase

++

-

-

+

Tricarboxylic acid cycle:
IDH

+++

++

++

++

MDH

+++

++

++

++

SDH

n/d

n/d

n/d

n/d

Malic enzyme

++

++

+++

++

Key (n/d = not detected):
HK
PGI
G6PDH
G3PDH
IDH
MDH
SDH

=
=
=
=
=
=
=

hexokinase
phosphoglucose isomerase
glucose 6-phosphate dehydrogenase
glyceraldehyde 3-phosphate dehydrogenase
isocitrate dehydrogenase
malate dehydrogenase
succinate dehydrogenase
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Three enzymes are present only in the hyaline tissue of young
haustoria. Plates Xlb and XIc show the staining patterns for
the fructose and glucose assays for hexokinase. This enzyme
catalyses

the

initial

stages

of glycolysis

in which

the

primary carbohydrates glucose and fructose are fed into the
pathway as glucose-6-phosphate and fructose 6-phosphate. It is
detectable for both substrates and only in haustoria younger
than 14 days old, and is located throughout the type I and II
cells of the hyaline tissue with a similar intensity for both
substrates.

Finally,

the

activity

of

glucose-6-phosphate

dehydrogenase is shown in Plate Xlla. Detection of this enzyme
suggests

that

the

glucose-6-phosphate

produced

by

phosphoglucose isomerase is entering the oxidative pentose
phosphate pathway, since glucose-6-phosphate dehydrogenase is
the major control enzyme of this pathway.

The involvement of glyceraldehyde-3-phosphate into the pathway
is indicated by the activity of glyceraldehyde-3-phosphate
dehydrogenase in haustorium of both age groups, although this
activity is restricted to the type I cells (Plate XIIc). The
only

glycolytic

enzyme

that

could

only

be

detected

haustoria over 14 days old was phosphofructokinase,

in

which

catalyses one of the main control steps in the pathway (Plate
Xlle).
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Plate XI:

Enzvme histochemistry (1): glycolytic
distribution (see Appendix 5).

enzyme

This Plate shows the hyaline tissue staining results for the
enzymes of the glycolytic and related pathways in haustoria 14
days after inoculation.
The labelling regime for the Plate is identical for each
micrograph. HR = host root, V = haustorial vasculature and
type I cells, T2 = type II cells, C = haustorial cortex.

XIa:
Sorghum root tip (RT) meristem stained for isocitrate
dehydrogenase. This micrograph provides a frame of reference
for thestaining intensities of the haustorial sections.
Xlb:
14 day hyaline tissue types I and II cells stained for
hexokinase, with fructose as the substrate. Hexokinase
catalyses the introduction of glucose or fructose into the
pathway.
XIc:
14 day hyaline tissue type I and II cells stained for
hexokinase with glucose as the substrate. The host root has
been lost during processing.
Xld:
Control section, with reactant containing potassium
cyanide, taken from the haustorium used for (Vc) above. The
control for the fructose substrate assay showed a similar
negative reaction.
Xle:
14 day hyaline tissue type I and II cells stained for
phosphoglucose
isomerase.
This
enzyme
catalyses
the
interconversion
of
fructose-6-phosphate
and
glucose-6phosphate, an early step in the glycolytic pathway. The cortex
is not shown.
Xlf:
Control section for (Ve), lacking NADP. The cortex is
not shown.Plate XIa shows, for comparative purposes, the
staining intensity of a sorghum root tip for isocitrate
dehydrogenase.
Phosphoglucose
isomerase
(PGI)
is
also
detectable in haustoria of this age (Plate Xle), indicating
that interconversion of the fructose-6-phosphate and glucose6-phosphate produced in the hexokinase reaction is taking
place. The negative result in the control section (Plate Xlf)
precludes the action of hexokinase acting upon endogenous
substrate.
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P L A TE XI
Bar = 100/xm

Plate XII:

Enzvme histochemistry (2) : glycolytic
distribution (see Appendix 5).

enzyme

This Plate continues the series of micrographs showing the
staining of glycolytic enzymes in 14 day old haustoria, and
demonstrates the differences between young and old specimens.
The labelling regime for the Plate is identical for each
micrograph. HR = host root, V = haustorial vasculature and
type I cells, T2 = type II cells, C = haustorial cortex. When
the host root has been lost during processing or is outside
the plane of sectioning, its location is indicated by an
arrow.

Xlla:
14 day Hyaline tissue types I and II cells stained for
glucose-6-phosphate dehydrogenase. This enzyme is considered
to be the initiating enzyme for the oxidative pentose
phosphate pathway, and its operation in younger haustoria is
indicative of a non-photosynthetic metabolism.
Xllb:

Control section for Via, lacking substrate.

XIIc: 18 day hyaline tissue stained for phosphofructokinase,
showing that the stain is restricted to the type I cells of
older haustoria. The enzyme catalyses the conversion of
fructose-6-phosphate
to
fructose-l-6-bisphosphate
in
glycolysis,
and is not present in younger haustoria,
indicating that complete glycolysis does not commence until
this stage.
Xlld: Control section for Vic, lacking
glucose 3-phosphate dehydrogenase.

the

link

enzyme

Vie:
14 day hyaline tissue stained for glyceraldehyde-3phosphate dehydrogenase, which is also restricted to the type
one cells, although it is detectable in both haustorial age
groups.
Xllf:
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Control section for Vie, lacking substrate.

P LATE XII
Bar = 100/xm

X lle

X llf

The TCA cycle enzvmes

Under the aerobic conditions normally found in plant cells,
the pyruvate generated by glycolysis is progressively oxidised
to C02 by the TCA cycle. It is a two-stage process beginning
with the oxidative decarboxylation of the pyruvate to acetylCoA by the pyruvate dehydrogenase complex. The acetyl residue
is fed into the cycle following condensation with the four
carbon oxaloacetate, forming citric acid (C5). The four carbon
skeleton undergoes several oxidative steps resulting in the
generation

of

ATP

and

reducing

power.

The

resulting

C3

skeleton is eventually regenerated as oxaloacetate.

In general, the staining intensity of the TCA cycle enzymes
was enhanced when compared with the enzymes of glycolysis
(Table 5). The staining patterns of isocitrate dehydrogenase
and malate dehydrogenase were indistinguishable and stained
the hyaline tissue in both haustorial age groups,
observable

differences

in

staining

intensity

with no

between

the

haustorial age groups (Plate Xllla; cf. Plate XI).

Malic enzyme usually exhibited a more intense staining pattern
in 14 day haustoria when compared with older haustoria (Plate
XIII

c

and

detectable

f) . Succinate
in any

dehydrogenase

activity

specimen despite repeated

was

not

attempts

and

examination of the specimens with high magnification optics.
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Plate XIII:

Enzvme histochemistry (3) : tricarboxylic
enzyme distribution (see Appendix 5).

acid

This Plate shows the staining patterns within the hyaline
tissue for the enzymes associated with the tricarboxylic acid
cycle.
The labelling regime for the Plate is identical for each
micrograph. HR = host root, V = haustorial vasculature and
type I cells, T2 = type II cells, C = haustorial cortex. When
the host root has been lost during processing or is outside
the plane of sectioning, its location is indicated by an
arrow.

Xllla: 14 day hyaline tissue type I and II cells stained for
isocitrate dehydrogenase, one of the main TCA enzymes. The
staining was seen to be intense in all specimens studies, and
was identical in form to malate dehydrogenase staining. Older
haustoria tended to exhibit a slightly lower level of
staining, although the results were not consistent.
XHIb:

Control section for Vila, lacking substrate.

XIIIc: 14 day hyaline tissue type I and II cells stained for
malic enzyme. This enzyme catalyses the inter-conversion of
pyruvic and malic acid.
XHId:

Control section for VIIc, lacking substrate.

Xllle: 21 day hyaline tissue type I and II cells stained for
malic enzyme. Older haustoria showed lower staining intensity
than that obtained in 14 day haustoria.
Xlllf:
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Control section for Vile, lacking substrate.

P L A T E XIII
lOOjitm

or,

Bar =

XHIa

XHIe

XHIb

XHIf

Ficrure 3

An outline diagram of glycolysis (taken from GOODWIN
and MERCER 1983)

STARCH
*

(1 )

Glucose 1-phosphate
X
Gluconolactone-6-P

(2)
GLUCOSE

♦+ Glucose 6-phosphate
(4)
*

(OPPP)

(3)
FRUCTOSE

Fructose 6-phosphate
(4)
X

(6)

Fructose 1-6-bisphosphate
i

(7)
Glyceraldehyde 3phosphate
X

Dihydroxy acetone
phosphate

(8 )

(9)
1-3-diphosphoglyceric acid
X

(1 0 )

3-phosphoglyceric acid
X

(11)

2-phosphoglyceric acid
X

(12)

Phosphoenol pyruvic acid
X

(13)

Enolpyruvic acid
X

(spontaneous)

PYRUVIC ACID
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Key to Figure 3

(Enzymes analysed histochemically are underlined.)

EC No.:

Enzyme:

1:

2:4 1:1

Phosphorylase

2:

2:7 5:1

Phosphoglucomutase

3:

1:1 1:49

Glucose-6-ohosohate dehvdroaenase

4:

2:7 1:1

Hexokinase

5:

5:3 1:9

PhosDhoalucose isomerase

6:

2:7 1:11

6-nhosDhofructokinase

7:

4:1 2:13

Fructose bisphosphate aldolase

8:

5:3 1:1

Triose phosphate isomerase

9:

1:2 1:12

Glvceraldehvde-3-Dhosohate dehvdroaenase

10:

2:7 2:3

Phosphoglycerate kinase

11:

5:4 2:1

Phosphoglycerate phosphomutase

12:

4:2 1:11

Enolase

13:

2:7 1:40

Pyruvate kinase

12 7

3:3:3 Interpretations

Main findings

*

The hyaline tissueof haustoria younger

than 14 days old

is processing hexose sugars through the oxidative pentose
phosphate

pathway,

which

suggests

a

biosynthetic

metabolism.

*

This metabolism is

not observed in older haustoria, which

may be reverting to a resting glycolytic state.

*

Haustoria

of

all

ages

displayan

active

catabolic

biochemistry.

The previous section has shown that the haustorial hyaline
tissue possess morphology and ultrastructure features that are
indicative of a metabolic and biosynthetic
region

of

the

development.

haustorium

during

These structural

the

role

early

for this
stages

features deteriorate

of

as the

haustorium develops. The enzyme histochemistry of the hyaline
tissue

confirms

activity

of

an

active metabolism

several

glycolytic

and

shows

enzymes

that

the

changes

at

approximately the same time as the developmental alterations
take place
activity

of

in the hyaline tissue structure.
the

TCA

cycle

enzymes

remains

However,
more

or

the
less

constant throughout this period of change.
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Prior to 14 days of age, hexose sugars entering the hyaline
tissue

appear

to

be

utilised

by

the

oxidative

pentose

phosphate pathway (OPPP). This pathway, which is summarised in
Figure 4 below, is primarily associated with the supply of
precursors and reducing power (in the form of NADP) in non
photosynthetic tissues engaged in biosynthetic processes (such
as germinating seeds). Compounds such as nucleic acids are
generated from the ribose 5-phosphate generated by the pathway
and aromatic rings from the erythrose 4-phosphate.

The involvement of this pathway may also help to explain the
presence

of

glyceraldehyde

3-phosphate

dehydrogenase

younger haustoria. At this stage, phosphofructokinase,
main

switching

enzyme

that would be

required

to

in
the

process

substrates on to the remainder of glycolysis, is not present
(see Figure 3), effectively precluding the full operation of
glycolysis.

The

glyceraldehyde
xylulose

operation
3-phosphate

5-phosphate

of

the

via

ribulose

without

OPPP

the

can

regenerate

5-phosphate
involvement

and
of

phosphofructokinase (Figure 4).

The other ultrastructural feature of the hyaline tissue at
this

age

is starch storage within amyloplasts.

Starch

is

produced by the process of gluconeogenesis, which begins with
the action of phosphoglucomutase upon glucose 6-phosphate. The
histochemical techniques used here were not adapted to detect
this enzyme, but the flow of metabolites entering the OPPP may
also be diverted into this pathway.
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Figure 4

An

outline

diagram

of

the

oxidative

pentose

phosphate pathway (taken from GOODWIN and MERCER
1983)

GLYCOLYSIS

Gluconolactone-6-p
*

(1 )

6-phosphogluconic acid
t

(2 )

Ribulose 5-phosphate
(3)

t

t

Xylulose 5-phosphate
t

Ribose 5-phosphate1
(5)

3-phosphoglyceraldehyde2
t

(4)

t
Sedoheptulose
7-phosphate

(6)

Fructose 6phosphate2

Erythrose 4phosphate
(5)

3-phosphoglyceraldehyde

Xylulose 5phosphate3

(substrates re-enter OPPP at stages 5 and 6)
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Key to Figure 4 :

1 = enters nucleotide biosynthesis
2 = re-enters glycolysis
3 = enters aromatics biosysnthesis

EC No.

Enzvme

1:

3:1:1:31

6-phosphgluconolactonase

2:

1:1:1:44

6-phosphogluconate dehydrogenase

3:

5:1:3:1

Ribulose phosphate 3-epimerase

4:

5:3:1:6

Ribose phosphate isomerase

5:

2:2:1:1

Transketolase

6:

2:2:1:2

Transaldolase

After 14 days, the early enzymes of glycolysis and the OPPP
are

no

longer

detectable

phosphofructokinase
dehydrogenase
haustoria

and

and

are

replaced

glyceraldehyde-3-phosphate

(although this enzyme is present

also). Taken

by

together

with

the

in younger

ultrastructural

appearance of the hyaline tissue at this stage (Plate IX), the
activity of these enzymes may reflect a resting level of
glycolytic

biochemistry

which

is

masked

by

the

intense

activity described above. Haustoria of this age maintain a
high

level

of catabolic

biochemistry, indicated

by

the

activity of

the enzymes of the TCA cycle.

This supportstha

findings of

the ultrastructural studies, since the type III

cells loose

the biosynthetic machinery of

younger specimens

but retain considerable numbers of mitochondria.

3:4

Scanning electron microscope studies

3:4:1

Introduction

The only scanning electron study involving Striaa investigated
the ionic distribution within the haustorium of Striga and was
carried out primarily to

investigate the role of silicon

accumulation in host root resistance mechanisms (TUOHY 1987).
The study demonstrated elevated levels of ions in general and
showed that the high potassium levels known to be present in
the

parasite

shoot

(LAMONT

1983;

POPP

1987;

PRESS

1989)
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extended into the haustorium.

3:4:2

Observations

Morphological features

Plate XlVa shows the apical region of a complete 14 day old
Striaa seedling. The leaf primordia, the apical meristem and
numerous open stomata can be seen clearly. Plate XlVb shows a
whole haustorium from one of the specimens used for the ionic
analyses described below.

The haustorium has been cleaved

sagitally and displays the same profile as that seen in Plate
Va. The main regions of the haustorium are visible even though
the surface of the specimen has been irradiated to obtain the
ionic spectra displayed in Plate XV. The scanning area used to
obtain these spectra is marked on the micrograph.

Plate XIVc shows the region of the host root infected by a
Striaa seedling that has become detached. The host root has
been split along its length by the parasite; the nature of
this wound shows that the infection site and the endophyte is
much longer than it is broad (see Plate IVe) and that the
infection does not encircle the host root (see Plate IVf) . The
endophyte has been left within the host root and can be seen
as a series of haustorial vessels protruding perpendicular to
the root long axis showing spiral thickening (Plate XlVd).
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Plate XIV:

Scanning electron microscopy (1) : S t r i g a
seedling, haustorium and endophyte structure.

This Plate shows several scanning electron micrographs of a 14
day S . hermonthica seedling and haustorium

XlVa:
This micrograph shows a 14 day old S. hermonthica
seedling. The haustorium is visible in the lower background
(H) and has been severely disrupted by a previous x-ray
irradiation for the ionic analyses. The seedling shoot can be
seen leaving the haustorium (S) and has several leaf primordia
(LP) with leaf hairs. The leaf primordia have several open
stomata (ST).
XlVb:
This micrograph shows a haustorium cleaved for ionic
analysis sagitally through the hyaline tissue (c. f. Plate Va
and Vb). The region spanning the type II cell region used for
Plates Vc and Vd is indicated by the white box. A typical scan
size for the ionic analyses is shown as a dotted line within
this box, which is equivalent to 60 x 40 fim. S = parasite
shoot; C = haustorial cortex; M = surrounding mounting medium;
HR = host root; T1 = type I cell region; T2 = type II cell
region.
XIVc:
The processing protocol for the ionic analyses
frequently detached a seedling from the host root. This
micrograph shows the host root after this has occurred. The
gash made by the invading parasite in the host root cortex (C)
and epidermis is clearly visible (G) . Also visible is the
detached endophyte within the root, and the elongation of this
structure along the long axis of the root is evident (c. f.
Plate IVe).
XlVd:
A high power micrograph of the endophyte region seen
in the previous Plate (XIVc) shows the endophytic (E) vessels
emerging from the host root tissue. These vessels display the
typical
spiral
thickening
of
developing
haustorial
vasculature.

135

P L A T E XIV
Bar = 100/xm

XlVa

XlVb

XIVc

XlVd

Bar = 10/xm

Plate XV:

Scanning
electron
microscopy
(2):
distribution within the haustorium.

ionic

This Plate shows the scanning electron microscope traces of
the ionic distributions of several regions of the 14 day old
haustorium.

XlVa:
This trace shows the distribution of ions within the
type I and II cells of the hyaline tissue. The most prevalent
ions are phosphorus and potassium. The copper trace results
from contamination by the specimen holder and cleaving tool.
XlVb:
This trace has been exposed in the region of the
hyaline tissue closest to the host root. The potassium trace
is still present, although there is considerable contamination
by the silicon present in the host root cortex.
XIVc:
The cortex region of the hyaline tissue exhibits an
ionic profile much less marked that shown by the hyaline
tissue.
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Ionic analyses

Plate XVa shows the EDAX trace from the hyaline tissue region
of a 14 day old haustoria. The most notable ions present are
potassium

and

continue

into

phosphorus.
the

Elevated

parasitic

shoot

levels

of

region,

these

although

ions
the

phosphorus trace falls distal to the host root. Levels of the
remaining

ions

remain

haustorium.Examination
association

of

the

low

throughout

endophyte

region

the
of

the

(Plate XVb) shows that potassium is also found

closer to the host, although the high silicon peak results
from the silicon granules known to be present in the host root
cortex. Phosphorus is not present in this region. Analysis of
the cortex region of the haustorium

(Plate XVc)

shows low

levels of ions, confirming that within the haustorium,

the

hyaline tissue is the main location of these ions within the
haustorium.

3:4:3 Interpretations and conclusions

Main findings

*

The 14 day old Striga seedling displays open stomata,
which may facilitate nutrient flow through the haustorium
of young specimens.

*

The hyaline tissue and endophyte regions accumulate high
levels

138

of

ions,

notable

potassium,

in

relation

to

concentrations normally found in other regions of the
haustorium.

Perhaps the most notable structural feature is the presence of
open stomata in the young parasitic shoot. Cryo-preparative
techniques preserve specimens extremely well, and it is likely
that the stomata of 14 day old Striga seedlings are open in
life.

Mature

Striga plants

transpirational

are known to maintain

flux day and night

(SHAH et

al

a high

1987) , a

strategy that is thought to maximise nutrient flux through the
haustorium. Striga specimens of the age used here will, in the
field, still be under the surface of the soil and will have a
limited capacity for transpiration, but an ability to maintain
open stomata would enable the vascular system to be kept open.
This would allow other mechanisms (root pressure or guttation)
to maintain a nutrient flux through the parasite.

The relatively high levels of potassium appear to be localised
in the hyaline tissue and the endophyte. This shows that the
elevated

levels of potassium found in the parasite

shoot

(TUOHY 1987; PRESS 1989), extend into the haustorium, and it
is possible that the abstraction of solutes by these regions
of the haustorium may be driven in part by a high

local

osmotic potential generated by this ion. This process has been
postulated on a whole-plant level in mistletoes (LAMONT 1983;
PATE et al 1990b; POPP 1987).
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3:5

Summary of results

The above observations allows for the development of a dynamic
model of early haustorial function in Striga hermonthica. This
model is presented in the following section,

but the main

findings upon which it is based can be summarised as follows.

1.

Water enters the parasite by a direct apoplastic
xylem to xylem link. This flow may be driven by host
root pressure, but also involves a transpirational
component,

given

that

the

Striga

shoot

has

functional stomata at this age.

2.

The haustorial hyaline tissue,

probably together

with the cytoplasmic endophyte cells within the host
root,

extract the solutes present in this water

input. This abstraction process is active, and may
be

assisted

by

high

osmotic

potentials

in

the

hyaline tissue, generated by the accumulation of
potassium ions.

3.

The hyaline tissue cells metabolise the abstracted
solutes,

demonstrating

an

extensive

protein

synthetic capacity and storing a proportion of the
input as starch.

4.

The products of this metabolism are passed on to the
parasitic shoot, possible by being loaded directly
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into the parasitic phloem in the vicinity of the
xylem disc.

5.

The activity of the hyaline changes as the haustorium
develops.
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Section four:

Discussion

Introduction

Although there are considerable differences of emphasis, most
opinion

considers

that

haustorial

function

in

parasitic

angiosperms is directly and reciprocally related to nutrient
transfer from the host. Consequently, an explanation of the
mechanisms involved in this transfer process is central to any
model of haustorial function. This section proposes such a
model for the primary haustorium of Striga hermonthica by
considering the following aspects of nutrient transfer.

*

The uptake of nutrients from the host by the haustorium.

*

Theinvolvement of the haustorium the regulation

and

metabolism of incoming nutrients.

*

The routes that transported substances take within the
host root and haustorium and, by implication, the source
of nutrients within the host.

*

The forces driving the nutrient transfer process.
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Uptake and metabolism of nutrient input

The behaviour of the symplastic dye tracers within the host
root xylem and the 14 day old haustorium shows that hostderived solutes are efficiently transferred from the host
apoplast to the parasitic symplast by a mechanism that is
cyanide sensitive.

This is strong evidence for an active,

symplastic stage in nutrient transfer, a process that has been
proposed to account for the observed differences in xylem sap
constituents between the host and parasite

(KNUTSON 1979;

FISHER 1983; McNALLY et al 1983; STEWART and PRESS 1990). The
site of this uptake appears to be the haustorial hyaline
tissue, which is known to mediate the selective uptake of 14C
labelled metabolites (ROGERS and NELSON 1962; OKONKWO 1966b;
SMITH et al 1969).

In this respect, it is possible to consider the haustorium in
general and the hyaline tissue in particular as a symplastic
barrier between the host and the parasite. The location of
this

barrier

appears

to

be

the

type

I

cells

and

the

cytoplastic endophyte cells, which possess characteristics of
parenchyma cells involved in nutrient uptake. Both cell types
are

metabolically

active

and

in close

apposition

to

the

vasculature which carries the nutrient input. Parenchyma cells
thought to have a similar uptake role have been identified in
the haustoria of S. asiatica (STEPHENS 1912; VISSER and DORR
1987) , Olax phvllanthi (Olacaceae; KUO et al 1989; PATE et al
1990a) and the mistletoes (PATE et al 1991b).
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The

morphology

and

general

organisation

of

this

region

presents a large surface area to the incoming nutrients, which
may explain the efficiency of the uptake process. Also, since
the endophyte occludes the stele of the host root when the
haustorium

is

functional,

host

nutrients

present

in

the

transpiration stream have no alternative route at the site of
infection other than to pass through the endophyte. Once taken
into the endophyte cells, the polarised arrangement of the
plasmodesmata in the type I cells would allow metabolites to
be transported through the haustorial symplast alongside the
haustorial axial vasculature.

Following uptake by the type I cells, incoming nutrients are
passed on to and metabolised within the type II cells. As with
the type I cells, cells of this nature also have parallels in
the haustoria of other parasitic species (VISSER et al 1984;
MALLABURN and STEWART 1987; VISSER and DORR 1987; KUO et al
1989). It appears that the uptake and metabolism of nutrient
input may well be a feature of hemiparasitic flowering plants
(STEWART

and

PRESS

1990) ; certainly,

the

view

that

the

haustorium serves only to establish and maintain apoplastic
continuity (MUSSELMAN and DICKISON 1975; GLATZEL 1983; RAVEN
1983) can no longer be considered universally applicable.

The ultrastructure of the type II cells shows that there are
two distinct biochemical processes

occurring within these
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cells. The presence of a we11-developed endoplasmic reticulum
indicates that there is a substantial turnover of amino acids.
The most likely source of these molecules is the host xylem
stream, where they form the majority of the solute content
(RAVEN 1983;
utilised

STEWART 1987). This input then appears to be

for

protein

synthesis,

probably

to

supply

the

cellular growth which is implied by the mitotic activity of
these

cells.

pathways

The

operation

such as the

within

the

hyaline

tissue

oxidative pentose phosphate

of

pathway

suggests that the amino acids are also used for non-protein
synthetic processes such as nucleic acid synthesis.

The

young

haustorium

is

also

processing

and

storing

appreciable quantities of carbohydrate as starch, a mechanism
that is usually associated with developing seeds. The main
precursors

of

starch

synthesis

are

sucrose,

glucose

and

fructose, which are not present in appreciable quantities in
the host xylem sap (RAVEN 1983). It appears more plausible
that these sugars are derived either from the metabolism of
amino acids via the OPPP, or from a source other than the host
xylem stream. This latter possibility is addressed in more
detail below.

Regulation of nutrient input

In addition to being an indication of hyaline tissue growth
per se, the biosynthetic activity of the developing haustorium
may also contribute to the differences observed in xylem sap
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content between the host and the parasite (McNALLY et al 1983;
STEWART 1987). These differences probably reflect the usual
differences in physiological and nutritional priorities that
exist between two unrelated plant species, and one important
role for the haustorium would be to act as an interface by
converting host resources into metabolites that can be more
readily

utilised

by

the

parasite.

The

fact

that

these

differences persist throughout the life cycle of the parasite
would then suggest that the haustorium continues this process,
and although the initial intense RER activity of the hyaline
tissue falls off in the post-14 day type III cells, a high
respiratory activity appears to be maintained.

The involvement of the haustorium in the control of nutrient
input may also be demonstrated by the disappearance of the
amyloplasts at approximately the same time. The storage of
starch suggests that the parasite is receiving more resources
than it can utilise, and the realisation of this store occurs
at a nutritional break-even point when the demands of the
parasite equals and then exceeds the input from the host. The
morphological

changes

induced

within

the

haustorium

by

arresting host assimilate translocation are similar in many
respects, and may be a result of artificially advancing this
break-even point.

During normal development, these changes would be accompanied
by a physiological trigger for the parasite to supplement the
input from the host by becoming photosynthetically competent
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or by increasing the nutrient input by developing additional
haustorial attachments. Certainly, it is at this stage in the
life cycle of the parasite that the seedling would emerge
above ground and begin photosynthesis.

Sources of nutrient input

It has been calculated that under normal circumstances and
with a suitably high transpiration rate,

Striaa and other

xylem hemiparasites can adjust for a limited photosynthetic
capacity by extracting up to 20% of the resources needed for
growth and development from the solutes present in host xylem
stream (RAVEN 1983). Certainly, the efficient abstraction of
solutes from this source has been confirmed in the experiments
with the vital tracers. However, the fact that albino Striaa
plants can develop to maturity without recourse to autotrophy
(SMITH et al 1969)
carbon

is

being

suggests that an additional
utilised.

It

is

certainly

source of
true

that

hemiparasitism and xylem continuity are not mutually inclusive
traits (PATE et al 1990a; STEWART and PRESS 1990).

The source of this carbon is likely to be the translocation of
photoassimilate in the host phloem. The involvement of the
haustorial symplast in the nutrient uptake process allows for
the

exploitation

of

this

source

in

addition

to

the

transpiration stream, and it is surprising that few studies
have been made on the mechanisms of phloem exploitation in the
hemiparasites.

These

mechanisms

are

thought

involve

the
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development of a physical phloem/phloem connection within the
haustorium (DORR et al 1979; BA 1983b), or a holoparasite-like
association between the endophyte and the host sieve tubes
(WOLSWINKEL 1986). However, phloem has not been found in the
haustorium or endophyte of Striaa hermonthica. and the results
presented

above

cannot

confirm

that

the

endophyte

makes

contact with the host phloem specifically; it is unlikely that
the parasite achieves symplastic congruity since the endophyte
is not thought to penetrate sieve tubes even in the phloem
parasites (DORR 1987).

The parasite tissues are, however, in intimate contact with
the host cells,

and there is an efficient apoplastic seal

between the two species. It is possible, therefore, that the
parasite is exploiting phloem-derived solutes present in the
non-vascular

apoplast

as

a

result

of

the

unloading

of

photoassimilate for the host root tissues. This mechanism has
been

suggested tentatively

as occurring

in Striaa

(TUOHY

1987) , and it has been suggested that in the holoparasites,
the presence

of the parasite could make the host

phloem

'leaky' (JACOB and NEUMANN 1968; GUNNING and PATE 1969).

The haustorium of the dwarf mistletoe Korthalsella linsavi
receives host nutrients via an apoplastic route, but along the
walls of the haustorial parenchyma, and not through direct
xylem to xylem contact with the host

(COETZEE and FINERAN
148

1987) . Similarly, nutrient transfer in the root xylem parasite
Olax phvllanthi has been shown to involve both vascular and
non-vascular routes (KUO et al 1989). Also, studies on the
mistletoe

Amvema

liniphvllum

have

indicated

that

under

conditions of host water deficiency, the haustorial parenchyma
cells

reduce

their

turgor

to widen

the

apoplastic

space

between them, and so to increase the hydraulic conductivity at
the host parasite interface (DAVIDSON et al 1989) .

The involvement of the host non-vascular apoplast in the short
range transport of plant nutrients is well documented (HANCOCK
and HUISMAN
unloading

of

1981) , and is thought to be
photoassimilates

from

the

involved
host

in the

phloem

of

holoparasites (WOLSWINKEL 1978; RAVEN 1983; WOLSWINKEL et al
1984) . The apoplast of squash seedling hypocotyls contain
amino acid, hexose and sucrose at concentrations of 2-3 mM, 36 mM and 0.1-0.5 mM respectively (HANCOCK and HUISMAN 1981).
In the maize apoplast, sucrose concentrations can reach 7 mM
(HEYSER et al 1978) . This is thought to result either from the
leakage and reloading of sucrose along the length of the sieve
tube system by a sucrose ATPase symport system
1983,
1989),

GIAQUINTA et al 1983; MINCHIN et al 1984;

(GIAQUINTA
ESCHRICH

or from a passive leakage from the sieve elements

driven by the apoplastic turgor pressure.

In some tissues, sucrose concentrations comparable to those
seen within stems (3-100 mM) and developing seeds (100-200 mM)
have been measured

(PATRICK 1981;

HAYES and PATRICK 1985;
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PATRICK 1989). Concentrations in the cortex of sorghum roots,
however,
scale

are likely to fall towards the lower end of this

(GIAQUINTA

sucrose

in

et

al

Graminaceous

1983),

since

roots

is

phloem

thought

unloading
to

follow

of
a

symplastic route to the cortex (PATRICK 1989; WARMBRODT 1985
a and b).

Nonetheless, it has been calculated that the concentrations
that

are

present

can

support

colonies

of

microbial

intercellular parasites (HANCOCK and HUISMAN 1981) , provided
that constant replenishment from the symplast maintains an
adequate flux of solute. The normal status of plants such as
sorghum that are operating symplastic phloem unloading is the
retrieval of solute efflux to the apoplast by the plasmalemmal
ATPase sucrose symport system (ESCHRICH 1989). This tendency
is overcome or dampened in microbial parasitism where the
efflux rate is increased considerably (PATRICK 1989). This is
thought to occur by the invertase-mediated cleavage by the
parasite

of host derived

apoplastic

sucrose

into hexoses

(which are not recognised by the host sucrose symport). These
sugars are then taken up by the parasitic plasmalemma, both
facilitating further sucrose flux and providing resources for
parasitic

growth.

invertase-mediated

It

is not possible to determine

mechanism

is

operating

in

if an

Striqa. an

overall mechanism can be developed.
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The parasite as a nutrient sink

The elevated concentrations of potassium ions that are present
in the shoots of older parasites (LAMONT 1983; PRESS 1989) are
also present in the hyaline tissue and endophyte of developing
Striaa haustoria.

It may be that this ion is generating a

hydrostatic gradient in the hyaline tissue to assist in the
local

abstraction

of

solutes

from the

host

and

parasite

vascular apoplast by the hyaline tissue type I cells. The open
stomata in plants of this age suggests that the bulk flow of
water

through

the

vascular

apoplast

may

be

driven

by

transpiration, as occurs in the mature parasite (PRESS et al
1987b).

The

distribution

within

a plant

of

photoassimilates

depends upon

and

other

competition between

resources
nutrient

source and sink tissues, a process that is regulated by the
ability of the sink to attract assimilate (the sink strength),
which in turn is controlled by plant growth hormones (HO 1988;
HO et al 1989). Although there is a considerable variety in
the

way

individual

types

of

sink

organs

generate

sink

strength, a high metabolic activity is usually required to
increase assimilate input to the sink cells from the apoplasm
(GEIGER and SOVONICK 1975). As discussed above, this process
may be important in microbial infections by overcoming the
tendency of a host operating symplastic phloem unloading to
reclaim apoplastic assimilates.
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It

is

also

possible

to

consider

the

developing

Striqa

haustorium as a sink organ which imports metabolites from the
host in an identical manner to more conventional sinks. The
haustorium establishes a tight apoplastic seal between itself
and the parasite, effectively becoming part of the internal
environment of the host.

In addition to displaying a high

metabolic

hyaline

activity,

the

tissue

possesses

several

additional characteristics commonly ascribed to sink organs.
For example, the type II cells are undergoing cell division
and cellular growth, which is a common feature of sink organs
in the early stages of development.

Also,

the storage of

sucrose as starch in fruits and tubers is thought to increase
the import of assimilate to sink cells by sequestering sucrose
within the sink cell (HO 1988). Finally, sink cells with high
potassium concentrations also have a high affinity for sucrose
(DELROT 1989).

As

the

parasite

develops,

the metabolic

activity

of

the

hyaline tissue reduces. It has been mentioned that this may
occur at a stage when the nutrient flux through the system is
exceeded

by

the

demands

of

the

parasite

shoot.

Another

interpretation of this observation is that during the early
stages of development, the parasite establishes a surrogate
sink within the haustorium to maintain a nutrient flux into
the vulnerable parasitic shoot. As the source strength of the
shoot begins to exceed that of the haustorium, the hyaline
tissue is no longer required to act as a sink, and reverts to
a more

conventional metabolism,

possibly

to

maintain

the
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symplastic barrier between the host and the parasite.

The concept of the parasite as a sink organ may also explain
the

deleterious

effects

of

the

parasite

on

host

yield.

Resource allocation to cucumber fruits during ripening results
in

a disproportionally high

reduction

in root

and

shoot

growth, implying that the dominant sink organ exerts a degree
of control over plant growth

(HUMPHREYS

1988).

A similar

influence by Striqa on sorghum may account for the imbalances
in host growth hormones (DRENNEN and EL HEWERIS 1979) that
contribute to yield loss.

If the

above hypothesis

is correct,

hemiparasites

obtain

carbon by autotrophy and from the host phloem, and nitrogen
from the host xylem.

High transpiration would

then

be a

strategy for maximising nitrogen gain, whereas the activity of
the haustorium and subsequently the demands of the parasite
shoot maximises carbon gain.

The fact that photosynthetically incompetent hemiparasites
exist shows that this mechanism is flexible, and it may be
that this flexibility has contributed to the success of this
group of parasites in general and Striqa in particular in
exploiting

additional

hosts.

It

is possible

to

view

the

retention of autotrophy as a central to this success, since in
addition to providing an additional supply of fixed carbon,
153

assembling

and

creates

sink

a

maintaining
for

the

reduced

photosynthetic

nitrogen

that

apparatus

requires

the

additional input represented by the host transpiration stream
(STEWART and PRESS 1990) . It may not be coincidental that the
holoparasites, which are not considered to be as successful,
are not able to supplement heterotrophic carbon acquisition by
this mechanism.

Suggestions for further study

The relationship between the carbon and nitrogen balance of
the parasite and the host appears to be central to the success
of parasitic flowering plant,

and several

aspects

of the

problem would benefit from further study. The use of albino
mutants of Striqa in nutritional modelling studies could well
cast light on the effects of excessive demand upon the host,
as

well

as

allowing

respiration

and

separately,

rather

the

nitrogen
than

influences
acquisition
as

part

of

of
to
an

photosynthesis,
be

considered

overall

model.

Conversely, the nutritional and photosynthetic status of the
host appears to have a marked effect upon the parasite, and
further experiments which manipulate the supply of nutrients
to the parasite should be attempted.

A closer, more biochemically-orientated study of the uptake of
nutrients across the haustorium would provide valuable clues
about the maintenance of the physiological differences between
the parasite and the host. Pulse-chase autoradiography would
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be especially useful both to examine the fate of nutrients
within the hyaline tissue and to map enzyme systems that
cannot be followed with conventional histochemical techniques.

On a structural

level,

the architecture of the host root

appears to influence the success of some parasite varieties.
A

detailed

study

of the penetration of the parasite may

provide valuable information on the nature of this resistance.
It may be that factors such as the resilience of the middle
lamella play an important part in making the penetrative
process more

difficult when the parasite

is at

its most

vulnerable. If the difficulties surrounding the fixation of
the

parts

of the parasite within

the host

stele

can

be

overcome, it would be useful to conduct a study of endophyte
ultrastructure to understand how the parasite interacts with
the components of the host stele.

The haustorial system could also be used as a tool for the
examination

of

several

processes.

The

abstraction

of

metabolites by the hyaline tissue could be used as a model
system for the study of solute uptake by the symplast,

or

could be used for the study of cellular communication through
plasmodesmata.

The

functioning

of

inhibitors

of

these

processes would also be possible. Although it has not been
conclusively demonstrated that Striqa haustoria are exploiting
solutes present in the non-vascular apoplast, the haustorial
system would be well suited to the study of this mechanism
also. The concept of the parasite as a sink, if correct, would
155

be extremely useful in the study of resource allocation in
crop plants

in general,

and the operation of source/sink

processes in particular.
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Section six:

Appendices

Appendix 1 :

10% Long Ashton nutrient medium:

Constituent:

Concentration:
Mm

ftM

KN03

0.4

CaCl2

0.4

KH2P04

0.11

MgS04

0.125

Mn

-

1.0

Cu

-

0.1

Zn

-

0.1

Borate

-

5.0

Molybdate

-

0.05

Fe-EDTA

-

10.0
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Appendix 2 :

Fix in

Specimen
processing
microscopy:

schedule

for

light

buffered glutaraldehyde as in Appendix 6.

Three 5 minute rinses in buffer followed by one 5 minute rinse
in distilled water.
Fix in osmium tetroxide as in Appendix 6.
Three 5 minute rinses in distilled water.
Fifteen minutes each in 25%, 50%, 60% and 70% ethanol.
One hour in a 1:1 mixture of 70% ethanol and LR White (London
Resin Company, UK).
Blot tissue briefly then transfer to pure LR White for two
hours.
Transfer to final embedding mould. Place tissue in a
dessicator from which the oxygen has been removed by flushing
through with nitrogen. Cure in a nitrogen atmosphere for 24
hours at 50°C.
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Appendix 3 :

Light and electron microscope stains:

Safranin/imido black
Make up a 0.05% solution of each dye in distilled water and
mix.
Filter through a standard Whatman number one filter paper.
Leave for 7 days before use.
Toluidine blue
Make up a 1% solution of sodium borate.
Add 1% toluidine blue and stirr thoroughly.
Filter through a standard Whatman number one filter paper.
Leave for 7 days before use.
Lead citrate
Dissolve 1.3 3g of PbN03 and 1.76g of sodium
approximately 30ml of double distilled water.

citrate

in

Shake well and leave for 30 minutes with occasional shaking.
Add approximately 8ml of 1M NaOH. The mixture should clear on
shaking.
Dilute to 50ml.
Filter just prior to use through a 0.22/nm 'Millipore' filter
assembly.
Uranvl acetate:
Dissolve lg of uranyl acetate powder (EMScope, UK) in 100ml of
'Analar' absolute ethanol diluted to 50% with double distilled
water.
Filter just prior to use through a 0.22/xm 'Millipore' filter
assembly.
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Appendix 4 :

Buffers

0.05M Sorenson's phosphate buffer

pH

7.2:

Place 3.561g of Na2HP04.2H20 (BDH, UK) in a volumetric flask and
make up to 1000ml (0.2M; solution x).
Place 3.121g of NaH2P04.2H20 (BDH, UK) in a volumetric flask and
make up to 1000ml (0.2M; solution y).
Mix 36ml of solution x and 14ml of solution y and make up to
200ml (0.05M; pH 7.2).
0.1M sodium cacodvlate buffer

pH

7.2:

CARE - CONTAINS ARSENIC
Add 10.7g of sodium cacodylate
distilled water (0.2M).

(EMScope,

UK)

to

50ml of

Adjust to pH 7.2 with 0.2M NaOH solution (approximately 8ml).
Make up to 100 ml.
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Appendix 5 :

Staining protocols for light microscope enzvme
histochemistry:

Isocitrate dehydrogenase (IDH; EC 1:1:1:42):
Test solution (after GAHAN 1984): 10 ml 0.05M Tris/HCl buffer
pH 7.4 containing 0.4% NBT, 22% PVA, 25mg NAD(P) and 0.3%
trisodium DL-isocitrate. The final solution was re-adjusted to
pH 7.4 with sodium hydroxide followed by de-oxygenation by
bubbling nitrogen through the mixture for 2 minutes.
Control: test solution lacking substrate or NAD(P).
Malate dehydrogenase (MDH; EC 1:1:1:37):
Test solution (after GAHAN 1984): 10 ml 0.05M Tris/HCl buffer
pH 7.4 containing 0.4% NBT, 22% PVA, 25mg NAD and 0.3% sodium
malate. The final solution was re-adjusted to pH 7.4 with
sodium hydroxide followed by de-oxygenation by bubbling
nitrogen through the mixture for 2 minutes.
Control: test solution lacking substrate or NAD.
Malic enzvme (ME; EC 1:1:1:39):
Test solution (after GAHAN 1984): 10 ml 0.05M Tris/HCl buffer
pH 7.4 containing 0.4% NBT, 22% PVA, 25mg NADP and 0.3% sodium
malate. The final solution was re-adjusted to pH 7.4 with
sodium hydroxide followed by de-oxygenation by bubbling
oxygen-free nitrogen gas through the mixture for 2 minutes.
Control: test solution lacking substrate or NADP.
Glvceraldehvde-3-phosphate dehydrogenase (G3PDH; EC 1:2:1:13) :
Test solution (modified after TROYER 1980): 10ml 0.075M
Sorenson's
phosphate
buffer
pH
7.2
containing
0.3 6%
glyceraldehyde-3-phosphate, 22% PVA, 0.08% NAD, 0.07% NBT and
0.04% disodium EDTA. Substrate concentration must be carefully
controlled since a 15% excess causes considerable inhibition.
Control: test solution lacking substrate, EDTA or NAD.
Glucose-6-phosphate dehydrogenase (G6PDH; EC 1:1:1:49):
Test solution (after GAHAN 1984): 10ml of 50mM glycylglycine
buffer pH 7.8 containing 22% PVA, 0.4% glucose-6-phosphate,
0.25% NADP and 0.08% NBT, the solution being degassed with
oxygen free nitrogen and pH adjusted as for IDH. Enzyme
activity must be assessed before removal of the incubation
medium.
Control: test solution lacking substrate or NADP.
Succinate dehydrogenase (SDH; EC 1:3:99:1):
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This is an enzyme of the TCA cycle, and is tightly bound to
the inner mitochondrial membrane. SDH utilizes FAD as the
electron acceptor, which is bound to the enzyme, rendering it
unnecessary to add this co-factor to the incubation medium.
Tetrazolium compounds do not accept electrons directly from
the FADH2 complex, so menadione or co-enzyme Q must be added.
Test solution (modified after TROYER 1980):
a) 0.005M solution of ATP containing 0.001% Triton-X-100.
b) As for GDH, with a 6.75% solution of di-sodium succinate
6H20 replacing the glutamate, and with the addition of ImM
menadione.
The sections are primed by immersion in solution (a) for 30
minutes, followed by immersion in solution (b) for up to 2
hours, dried and mounted.
Control: test solution lacking
including 140mM sodium malonate,

sodium

succinate

or

Hexokinase (EC 2:7:1:1):
Test solution (after GAHAN
1984): 2ml of 0.04M imidazole
buffer containing 1.5% D-glucose, 1.25% NADP, 2.75% ATP, 1%
MgCl2, 1.25% NBT, 0.1ml of 0.6M potassium cyanide solution,
0.005ml G-6-PDH (lmg/ml) and 22% PVA.
Control: Test solution lacking glucose or including lOOmM
sodium cyanide.
Phosphoglucose isomerase (PGI; EC 5:3:1:9):
Test solution (after GAHAN
1984): 2ml of 0.04M imidazole
buffer containing 1.5% fructose-6-phosphate, 1.25% NADP, 1.25%
NBT and 0.005ml G-6-PDH (lmg/ml) and 22% PVA.
Control: test solution lacking substrate or NADP.
6-phosphofructokinase (PFK: EC 2:7:1:11):
Test solution (after GAHAN
1984) :
10ml distilled water
containing 0.3% sodium arsenate, 0.4% NBT, 22% PVA, 0.06% ATP,
0.07% NAD, 0.1ml of 0.1M Mg2+ and 0.06% fructose-6-phosphate.
The solution was adjusted to pH 7.0 and 25/xl G-3PDH added.
Control: test solution lacking G-3PDH or containing 20mM
phosphoenol pyruvic acid.
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Appendix 6 :

Fixation protocols for transmission electron
microscopy

Protocol 1:

Glutaraldehvde/paraformaldehyde fixative:

(2% glutaraldehyde and 1% paraformaldehyde
cacodylate buffer.)

in 0.1M sodium

Heat 50ml of 0.1M sodium cacodylate buffer pH 7.2 (Appendix 4)
to 60°C.
Add l.Og of paraformaldehyde
continuous stirring.

powder

(EMScope,

UK)

with

Add 1.0M NaOH dropwise until solution clears.
Re-djust to pH 7.2.
Add 8ml of 25% EM grade glutaraldehyde solution (EMScope, UK) .
Add 2-5 drops of 1M calcium chloride solution (BDH, UK).
Make up to 100ml. Cool.
Protocol 2 :

Glutaraldehvde/paraformaldehyde fixative with
vacuum infiltration:

As protocol 1. In addition, the tissue was repeatedly
subjected to reduced pressure in a dessicator fitted with a
three-way valve and connected to a standard water operated
pump.
Sufficient vacuum was applied to ensure that the tissue sank
after approximately 5 minutes, but never enough vacuum to
cause the fixative to boil.
Protocol 3:

Paraformaldehyde:

(3% paraformaldehyde in 0.05M Sorenson's phosphate buffer.)
Heat 50 ml of 0.1M phosphate buffer pH 7.2 (Appendix 4) to
60 ° C .

Add 3g paraformaldehyde powder with continuous stirring.
Add 1.0M NaOH dropwise until solution clears.
Re-adjust to pH 7.2.
Add 2-5 drops of 1M calcium chloride solution (BDH, UK) .
Make up to 100ml. Cool.
195

Protocol 4 :

Glutaraldehvde
with
vacuum
followed bv osmium tetroxide:

infiltration

(2.5% glutaraldehyde in 0.05M Sorenson's phosphate
followed by 1% osmium tetroxide in distilled water.)

buffer

Glutaraldehvde:
Add 10ml of 25% EM grade glutaraldehyde solution to 50ml of
0.1M phosphate buffer, pH 7.2 (Appendix 4).
Re-adjust to pH 7.2.
Add 2-5 drops of 1.0M calcium chloride solution.
Make up to 100ml.
Vacuum infiltrate according to Protocol 2.
Osmium tetroxide: HANDLE WITH GLOVES IN A FUME CUPBOARD
Place magnetic stirrer and 100ml of distilled water
ground glass stoppered bottle. Do not use plastic.

in a

Carefully break a lg ampoule of osmium tetroxide (Johnson
Matthey Chemicals, UK) and place the ampoule and its contents
into bottle.
Replace stopper and stirr overnight.
Place used fixative in a labelled brown glass bottle and
dispose of separately.
Protocol

5:

Acrolein:

(10% acrolein in 0.05M Sorenson's phosphate fixative.)
Add 10ml of acrolein solution (Agar Aids, UK) to 50ml of 0.1M
phosphate buffer, pH 7.2 (Appendix 4).
Add 2-5 drops of 1.0M calcium chloride solution.
Re-adjust to pH 7.2.
Make up to 100ml.
Protocol 6 :

Acrolein with glutaraldehvde:

(1% acrolein and 2.5%
phosphate buffer.)

glutaraldehyde

in

0.05M

Sorenson's

As Protocol 5, except that 10ml of 25% EM grade glutaraldehyde
solution and only 1ml of acrolein is added to 50ml of buffer.
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Appendix 7

'Epikote' epoxv resin:

'Epikote' resin:

162.0ml

DDSA:

100.0ml

MNA:

(dodecyl succinic anhydride)
(methyl nadic anhydride)

DMP-3 0:

(2-4-6-tri[dimethy1-aminomethyl]phenol)

89.0ml
0.7ml

Mix the constituents thoroughly in a plastic beaker with a
wooden spatula until the mixture assumes an even rust colour.
Use immediately (the mixture is deliquescent) or store tightly
sealed at -20°0 for up to 4 months.
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Appendix 8 :

Specimen processing schedule for transmission
electron microscopy:

Fix in buffered glutaraldehyde* as in Appendix 6.
Three 5 minute rinses in buffer followed by one 5 minute rinse
in distilled water.
Fix in aqueous osmium tetroxide as in Appendix 6.
Three 5 minute rinses in distilled water.
Fifteen minutes each in 25%,
ethanol in distilled water.

50%,

60%,

70%*,

90% and 95%

Three 20 minute changes in 'Analar' absolute ethanol
UK) .

(BDH,

20 minutes in a 1:1 mixture of absolute ethanol and propylene
oxide (BDH, UK).
20 minutes in pure propylene oxide.
8 hours* in a 1:1 mixture of propylene oxide and 'Epikote'
resin (Appendix 7) . This stage is usually carried out
overnight on a rotary shaker. The caps of the vials are left
loosened to allow the mixture to concentrate by the
evaporation of the propylene oxide.
2 hours in pure, fresh resin, followed by a brief blot on
lint-free tissue.
Final embedding in pure, fresh resin followed by curing at
60°C.

(* indicates where the procedure can be temporarily halted)
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