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ABSTRACT

Senescence of plant roots is reviewed and related to laboratory and field
observations on root turnover (death and replacement) of groundnut (Arachis
hypogaea L.). Root death was assessed by browning, which correlated with
failure of cells to plasmolyse after staining with neutral red. For five cultivars of
groundnut grown in pasteurized soil in transparent tubes, death of root laterals
commenced 3 - 4 weeks after sowing; root laterals died in proximal regions and
new laterals formed in distal regions as the tap root extended. The half-life of
individual roots was 3.7 - 4.4 weeks for all cultivars. Up to the time of plant
maturity (14 -20 weeks for different cultivars) 72.7 % - 83.2 % of cumulative
(total) root length had died. Similar patterns were seen in field-grown plants in
Malawi.
Two pathogens of groundnut (Aspergillus niger, Fusarium oxysporum)
and two saprophytes (Idriella bolleyi from cereals and Mucor hiemalis from
groundnut) were induced or selected for tolerance of benomyl or pimaricin. The
mutants had reduced hyphal extension rates on agar but sporulation similar to
the wild-type parents in liquid culture. Spore suspensions of these mutants and
of Aspergillus flavus were inoculated onto groundnut root laterals of different
ages in tubes of soil. After 3 weeks, A. niger and F. oxysporum were not
recovered; in other studies A. niger was found to germinate poorly in
rhizosphere soil. A. flavus, I. bolleyi and M. hiemalis were recovered in higher
numbers on young roots (lower in soil profile) than on older roots. Both growth
at the expense of nutrients released early during root senescence (A. flavus,
I. bolleyi) and spread in percolating water (M hiemalis) are suggested to explain
these findings.
Spores of M. hiemalis (pimaricin-tolerant) were applied to groundnut
hypocotyls and to the surface of non-planted soil in an experimental field plot in
Malawi. The fungus spread rapidly and progressively down the rhizosphere,
reaching at least 58 cm during 51 days, but it did not move far (7 cm) in nonplanted soil.
M. hiemalis was isolated from soil by enrichment culture in
continuously rolled tubes of potato-sucrose broth. This method was investigated
for enrichment of potential rhizosphere-competent fungi and bacteria, as a
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model for selection of potential biocontrol agents from rhizosphere soils. Mucor
spp. and budding yeasts were the most common fungi found in roll-tubes
containing Czapek-Dox, molasses or potato-dextrose medium inoculated with
rhizosphere soil from several field-collected plants (wheat, barley, rape,
strawberry and groundnut). Fungi occurred together with bacteria during
successive cycles of enrichment in the tubes. Yet, when individual components
of these consortia were co-inoculated on agar plates, the bacteria sometimes
inhibited the fungi. The findings on enrichment culture, root inoculation and
root turnover are discussed in relation to the development of potential mixed
microbial inocula for biocontrol of groundnut root pathogens.
A new aseptic method was developed for production and clonal
propagation of adventitious roots of groundnut.

0

TABLE OF CONTENTS

Titlepage ........................................................................................................................................
Declaration.................................................................................................................................... ii
Acknowledgement.......................................................................................................................iii
Abstract.........................................................................................................................................iv
Contents........................................................................................................................................vi
CHAPTER 1: GENERAL INTRODUCTION

1.1. ORIGIN AND EARLY HISTORY OF GROUNDNUT..........................................1
1.2. BOTANY OF GROUNDNUT ......................................................................................2
1.3. GROUNDNUT PRODUCTION AND CONSTRAINTS
IN THE SADC REGION................................................................................................ 5
1.4. SOIL-BORNE DISEASES OF GROUNDNUT.........................................................8
1.5. MECHANISMS OF ROOT INFECTION.................................................................14
1.6. NATURAL SENESCENCE OF ROOTS ..................................................................17
1.7. FUNGAL COLONIZATION OF SENESCING ROOTS.......................................24
1.8. AIM OF PROJECT .......................................................................................................28
CHAPTER 2:

2.1.
2.2.
2.3.
2.4.
2.5.

MATERIALS AND METHODS

MEDIA AND SOLUTIONS ........................................................................................30
FUNGAL CULTURES.................................................................................................31
FUNGAL ENUMERATION BY DILUTION PLATING......................................32
GROUNDNUT CULTIVARS.....................................................................................32
SITE DESCRIPTION FOR FIELD EXPERIMENTS............................................34

CHAPTER 3:

ESTABLISHMENT OF ROOT ORGAN CULTURES

3.1. INTRODUCTION.........................................................................................................36
3.2. MATERIALS AND METHODS ..............................................................................37
3. 2. 1. Plant material...................................................................................................37
3. 2. 2. Media and growth conditions.........................................................................37
3. 2. 3. Bacterial inoculation........................................................................................38
3.3. RESULTS........................................................................................................................38
3. 3. 1. Roots from meristem cultures .......................................................................38
3. 2. Roots from detached leaves ...........................................................................39
3.4. DISCUSSION..................................................................................................................39
CHAPTER 4: FUNGICIDE - RESISTANT MUTANTS FOR RHIZOSPHERE STUDIES

4.1. INTRODUCTION.........................................................................................................44
4.2. MATERIALS AND METHODS ..............................................................................45
2. 1. Fungal isolates and mutant production.......................................................45
4. 2. 2. Sporulation in liquid culture.........................................................................47
4.2.3. Radial hyphal growth.....................................................................................47
4. 2. 4. ED50 of fungicide tolerance..........................................................................47

vi

. 47
2. 5. Sugar and oxygen utilization of Mucor hiemalis
4.2.6. Statistical analysis...........................................................................................48
4.3. RESULTS........................................................................................................................49
4.3.1. Fungicide-resistant mutants: sporulation in liquid culture .......................49
4.3.2. Radial hyphal growth..................................................................................... 53
4.3.3. ED50 values..................................................................................................... 54
4.3.4. Sugar and oxygen requirements of M. hiemalis..........................................54
4.4. DISCUSSION.................................................................................................................. 56
CHAPTER 5:

5.1.
5.2.

5.3.

5. 4.

NATURAL ROOT TURNOVER IN GROUNDNUT

INTRODUCTION.........................................................................................................58
MATERIALS AND METHODS .............................................................................. 59
2. 1. Root observation scaffold.............................................................................. 59
5.2.2. Packing of tubes..............................................................................................61
5. 2.3. Sowing and plant maintenance.....................................................................61
5. 2.4. Quantification of root death.........................................................................62
5. 2. 5. Growth of roots in the tube system in comparison with field
conditions........................................................................................................62
Statistical
analysis...........................................................................................63
5. 2.6.
RESULTS........................................................................................................................63
5. 3. 1. Suitability of tube system...............................................................................63
5. 3.2. Root browning as indicator for senescence................................................68
5. 3.3. Root turnover in pasteurized soil.................................................................68
DISCUSSION..................................................................................................................79

CHAPTER 6:

EFFECT OF ROOT SENESCENCE ON FUNGAL INFECTION

6.1. INTRODUCTION.........................................................................................................86
6.2. MATERIALS AND METHODS ..............................................................................87
6.2.1. Packing of tubes..............................................................................................87
6.2.2. Sowing and plant maintenance.....................................................................87
6.2.3. Inoculation ......................................................................................................87
6.2. 4. Harvest and fungal enumeration..................................................................89
6.2. 5. Fungistasis assay.............................................................................................90
6.2.6. Pathogenicity test ...........................................................................................91
6.2.7. Relationship of plant health to fungal populations
inthe rhizosphere...........................................................................................91
6.2.8. Effect of crop rotation on the groundnut mycoflora .................................92
6.3. RESULTS........................................................................................................................92
3. 1. Effect of inoculation on roots in tubes........................................................92
6.3.2. Colonisation of inoculated roots ..................................................................94
6.3.3. Effect of turning of tubes on fungal populations........................................95
6.3. 4. Effect of root age on fungal populations.....................................................96
6.3. 5. Fungistatic effect ............................................................................................98
6.3.6. Pathogenicity test ...........................................................................................99
6.3.7. Relationship between plant health and root mycoflora ..........................100
6.3.8. Effect of crop rotation on the groundnut mycoflora...............................101

011

. 103

6. 4. DISCUSSION
CHAFFER 7:

SPORE MOVEMENT OF MUCOR HIEMALIS IN NATURAL
FIELD CONDITIONS

7.1. INTRODUCTION.......................................................................................................108
7.2. MATERIALS AND METHODS...............................................................................109
7.2.1. Site description .............................................................................................109
7.2.2. Soil preparation and planting .....................................................................109
7.2.3. Inoculation ....................................................................................................111
7.2.4. Sampling........................................................................................................111
7.2. 5. Fungal detection...........................................................................................112
7.2.6. Soil moisture content...................................................................................114
7.2.7. Soil physical analysis ....................................................................................114
7.2.7.1. Texture..................................................................................................114
7.2.7.2. Hydraulic conductivity........................................................................114
7.2.7.3. Bulk density..........................................................................................115
7.2.7.4. pH measurement and net charge......................................................115
7.2.7. 5. Anion exchange capacity....................................................................115
7.2.7.6. Water release characteristic...............................................................115
7.3. RESULTS......................................................................................................................116
7. 3. 1. Spore movement in the profile...................................................................116
3. 2. Soil physical analysis....................................................................................117
7.4. DISCUSSION................................................................................................................121
CHAPTER 8: ENRICHMENT FOR RHIZOSPHERE COMPETENT FUNGI

8.1. INTRODUCTION.......................................................................................................130
8.2. MATERIALS AND METHODS ............................................................................131
8.2.1. Isolation of fungi that proliferate in submerged, liquid culture.............131
8.2.2. Effects of isolation medium and number of subcultures ........................133
8.2.3. Effect of aeration on fungal proliferation in submerged culture...........133
8.2.4. Effect of soil bacteria on fungal growth on agar......................................133
8.2. 5. Interaction of Serratia marcescens with rhizosphere fungi in soil..........134
8.3. RESULTS......................................................................................................................135
3. 1. Fungal isolation in submerged culture ......................................................135
8. 3. 2. Effect of soil bacteria on root fungi...........................................................139
8.4. DISCUSSION................................................................................................................141
CHAPTER 9:

CONCLUDING DISCUSSION.........................................................................143

APPENDICES

................................................................................................................................. 156

REFERENCES

.................................................................................................................................164

yin

CHAPTER 1
GENERAL INTRODUCTION
1. 1. Origin and Early History of Groundnut

The genus Arachis is exclusively South American. It is thought that the
cultivated groundnut (Arachis hypogaea L.) originated in southern BoU via and
northwestern Argentina. From this region, 'Spanish' types were first brought to
Europe in 1794. Over the next 30 years Spanish and 'Valencia' types were
disseminated to both coasts of Africa, to Asia and the Pacific Islands; but only at
the end of the 191h century was groundnut introduced to the southeastern
United States (Bunting et al., 1985). The origin of the large-seeded 'Virginia'
forms which are commonly grown in the states of Virginia and the Carolinas is
not yet clear. Virtually all our knowledge about this crop was collected during
the past 200 years, because the knowledge of indigenous people was not widely
appreciated by the early colonizers. One of the first missionaries (Cobo, 1653)
wrote in his compilation of American history:
El manI es un raIz diferente a todas las demás de las Indias, la mata es
baja y muy aparrada a Ia tierra. La fruta de esta mata son unas raicitas,
cada una del tamano de un dedo menique algo más corta, ... Cómese
esta raIz por fruta regalada y de muy buen sabór, cocida y tostada;
pero comida cruda, causa dolores de cabeza, vaguidos yjaqueca.

Translation
[The groundnut is a root different from all other [roots] of the Indies,
the plant is low and very close to the ground. The fruit of this plant are
some rootlets, each of the size of a little finger albeit somewhat
shorter, ... One eats this root as a delightful fruit bestowed with very
good taste, cooked or toasted; but eaten raw, it causes headache,
dizziness and migraine.]

Today, groundnut is an important food crop widely cultivated in the tropical,
subtropical and warm temperate zones of the earth. Approximately 80 % of the
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world production comes from developing countries and 67 % is produced in dry,
rainfed areas of the semiarid tropics (Hildebrand, 1992). After soybeans,
groundnuts are the second most imporant source of vegetable oil in the world
(Bunting, 1985). They are also a major source of protein - both in the kernels
for humans and in the haulms for animals. They provide valuable cash earnings
to subsistence farmers and, being a legume, are an important component of
cropping systems, especially in areas with infertile and fragile soils (Hildebrand,
1992; Miller, 1993).

1. 2. Botany of Groundnut

Arachis (2n=20, 4n=40), a papillionate legume of the tribe Aeschynomeneae,
consists of perennial and annual herbs. There are 22 described species and
probably some 40 undescribed species. Only the species A. hypogaea is
cultivated as a field crop, although others are used for pasture and ground cover
(Bunting, 1985). A. hypogaea is grown as an annual, but it can be weakly
perennial if stress factors do not kill it seasonally (Kvien & Ozias-Akins, 1991).
Cultivated forms are divided into the subspecies A. hypogaea hypogaea and
A. hypogaea fastigiata. They differ in their distribution of vegetative branches
and inflorescences (reproductive branches) on the main axis and branches. The
former has an alternate branching pattern with flowers borne on higher order
branches, but not on the main stem. This leads to a spread in time of flowering
and pod setting and, thus, to prolonged time to maturity. This group contains
the varieties hirsuta and hypogaea. In the latter variety the large-seeded Virginia
types are found. The subspecies A. hypogaea fastigiata branches sequentially and
flowers are often initiated soon after emergence on the main axis. It contains
the varieties vulgaris containing the Spanish types and fastigiata including the
less popular Valencia types. Both are short-duration varieties. Flower initiation
and maturation time are determined by the temperature, but independent of
the photoperiod (PANS, 1973).
The stucture of the groundnut flower is unusual: the sepals, petals
and stamens are fused at their base to form a tube, the hypanthium which may
be as long as 1.5 cm. Within this tube a style ascends from the superior ovary

2

and is free. The lobes of the calyx and corolla are attached to the top of the
hypanthium. These flowers are borne in axillazy inflorescences, each consisting
of several flowers which open in sequence, so that only one flower per
inflorescence is open at any one time (Hildebrand, 1992). Each flower opens
early in the morning, but anthers usually burst even earlier. Thus, selfpollination before the flower opens (cleistogamy) is the rule and breeding
procedures involve tedious demasculation in the evening and hand pollination
in the early morning hours of the following day. After fertilization, an
intercalary meristem at the base of the ovary, above the point of attachment of
the hypanthium, becomes active, producing new tissue downwards. This results
in the formation of an elongated peg, the gynophore or geocarp. These
gynophores grow geotropically until they enter the soil where they bend into
the horizontal plane.
The tip of the peg
contains

two

Figure 1. 1. Groundnut plant at maturity [from
Porter et al., 1984].

(occasionally three or
four)

fertilized

ovules. These swell to

<

form the kernels

-

which, at maturity,
are contained within
a brittle shell. The
gynophore resembles
a root structurally:
outgrowths like root
hairs are found on the
epidermis and some
nutrients can be
taken up through
them (Blendsoe &
Harris,

1950).

A

stylized groundnut
plant at maturity is
shown in Figure 1. 1.
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All of the leaves and above-ground parts which the groundnut
seedling has for the first two or three weeks of its life are already present in the
straight embryo, surrounded by large cotyledons (Gregory et al., 1973). The
radicle protrudes from the seed and makes groundnuts particularly susceptible
to mechanical damage and dry spells during germination. Only long-duration
varieties exhibit seed dormancy. Upon germination, elongation of the hypocotyl
pushes the cotyledonary node to the surface of the soil - a distance of ca 5 cm at
normal planting depth. Germination, therefore, is epigeic or nearly so - the
name hypogaea refers to the subterranean fruit production. The succulent
hypocotyl contains food reserves and is surrounded by an intact epidermis with
a thin cuticle, but without stomata. At the abrupt transition to the primary root,
the epidermis and cuticle terminate. The lack of epidermal initials along the
entire root distinguishes groundnuts from other plants. As a result, groundnuts
do not possess root hairs which are defined as simple protuberances of
epidermal cells (Yarbrough, 1949). Only at the base of emerging laterals,
rosettes of short (1-2 mm) root hairs are found which are not truly epidermal.
This is also where nodulation takes place. Although typically unicellular,
branching (Yarbrough, 1949) and septation (Chandler, 1978) on these hairs has
been reported. Under conditions of high temperature and high humidity
combined with optimum oxygenation, root hair formation in the apical region of
the primary root and along laterals could be induced in experimental conditions.
In the field, root hairs were first observed 60 days after sowing and only 66 % of
laterals carried them at maturity. Soil moisture content had no significant effect
(Meisner & Karnok, 1991).
During the first week, starting at a stage when the tap root is only
2 cm long, secondary thickening commences. Because of the lack of an
epidermis or epidermal initials, the cortical tissue splits and is sloughed off even
before the cork cambium appears around day 10. First signs of cortical shedding
become visible during the first 24-48 h after germination. Cortical cells are
constantly renewed by the meristematic activity of the endodermis. Even in the
peripheral, shedding cortex, radial cell division was observed by Yarbrough
(1949). The diarch, pithless secondary roots show the same mitotic activity and
multi-layered sloughing as the tetrarch tap root. Endodermis and pericycle
persist into the lower hypocotyl, but not above the collar. As the secondary
xylem develops in the hypocotyl, outer cortex and pith tissue collapse, leaving
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the entire below-ground main axis as a hollow cylinder devoid of an epidermis
after 10-14 days. These unusual morphological features were essentially
parallelled in Spanish, Valencia and Virginia types (Yarbrough, 1949). As a
result of extensive cortical sloughing, chains of cortical cells are pushed into the
soil. Because of this arrangement, they have been suggested to function like root
hairs in nutrient uptake and anchorage; and the fact that the cortex is shed early
precludes the development of root hairs. This interpretation was supported by
staining experiments which showed that regions with most vigorous
meristematic activity in the cortex coincided with the major adsorptive zone 810 mm behind the apex, and soil/root contact was much better than along the
hypocotyl (Yarbrough, 1949). It is also worth noting that plant growth is
significantly stimulated if vesicular-arbuscular mycorrhizae are formed. The
symbiosis establishes even if phosphate availability is high (Daft & El-Giahmi,
1976).

1.3. Groundnut Production and Constraints in the SADC Region

The Southern African Development Community (SADC) consists of the
member states Angola, Botswana, Lesotho, Malawi, Mozambique, Namibia,
Swaziland, Tanzania, Zambia and Zimbabwe. Much of the region is situated on
the central African plateau. It is characterized by unimodal rainfalls from about
mid-November to mid-April. Groundnuts are grown from sea level to above
1500 m, with the main production area lying between 900 m and 1200 m
altitude. The crop is grown almost entirely by smallholders under low input
conditions.
Much of the area is comprised of so-called red soils. In Malawi they
cover 57 % of the land. Base saturation may be fairly high, but naturally low
levels of organic matter create a significant hazard to soil structural stability
(Stocking, 1986), especially as the structure of the topsoil is often weakened
owing to the cultivation practice of intensive hoeing (Lorkeers & Venema,
1991). The key to improved management systems lies in maintenance and
retention of organic matter (Stocking, 1986). Red soils are generally very prone
to drought, because of their low water holding capacities (Eswaran, 1986). In
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the semiarid tropics, available soil water is the major determinant of ecosystem
structure (Swift, 1986). This applies to both arable cropping and microbiological
processes in soil.
Ferric luvisols are the agriculturally most productive types of red
soils (Lowole & Banda, 1986) and occupy 10 % of the continent (Stocking,
1986). In Malawi they account for 25 % of all land area, together with ferralsols
(70 %) and nitosols (5 %) (Lowole & Banda, 1986). Figure 1. 2 shows their
distribution and extent.
Groundnuts are well adapted to regions with a marked dry season,
where they have to be timed to mature soon after the rains are expected to end.
In wet conditions, harvest and subsequent drying of the crop is difficult, and
Spanish and Valencia types which lack seed dormancy can germinate before
harvest. Groundnut does not have any fastidious nutritional requirements, with
the exception of high calcium demands during pod filling. Ca2 can be taken up
by the gynophore in the soil during that stage (Bledsoe & Harris, 1950). Liming
with CaCO3 is recommended, also to raise the soil pH to approximately 6.
Groundnut production in the SADC region has declined in recent
years. Farmers' yields are low (400-700 kg ha-'), in marked contrast to over
4000 kg ha-' obtained on research stations or by large-scale commercial
growers (Hildebrand, 1975) (Figure 1. 3). During 1969-1971 Nigeria produced
over 1.6 million tonnes per year and was an important exporter. By 1980-1982
the annual production was less than 600 000 t and Nigeria became an importer
(Bunting et al., 1985). Whereas agronomic problems were regarded as the
paramount limitation to production in the 1970s, followed by foliar and soilborne diseases (Sibale & Kisyombe, 1980), this situation changed after
communication between researchers, extension workers and farmers greatly
improved. The decline of acreage under groundnut in Malawi from 210 000 ha
in 1986/87 to a mere 48 000 ha in 1989/90 was attributed mostly to pathological
problems (Mande, 1991). Today, diseases are generally recognized as the major
constraint in groundnut production (Subrahmanyam, 1992) and lack of cultivars
suitable for the region is second in importance (Chiteka, 1992).
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Figure 1. 2. Distribution and extent of red soils in Malawi [from Lowole &
Banda, 1986].
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1. 4. Soil-borne Diseases of Groundnut

Soil-borne diseases are widespread and important throughout the region. They
can cause up to 50 % loss due to pre-emergence damping-off alone (Mayee &
Datar, 1988). Especially in farmers' fields, crop stand is often poor. Uniform
losses of 10 % to 20 % would not normally affect final yield (Jackson & Bell,
1969), but agronomic conditions are inadequate to allow compensatory growth
of surviving plants and growers are unable to obtain sufficient seed for
replanting (PANS, 1973) (Figure 1. 3). Because of the unusual, subterranean
fruiting habit, soil-borne diseases have special implications for the crop. The
harvested portion is in constant contact with soil-borne fungi (Baird et al. 1991).
Many root pathogens also infect the pods (Jackson & Bell, 1969;
Subrahmanyam & Rao, 1977a) and can lead to reinfestation by seed-borne
diseases (Pettit et al., 1968; Diener, 1973). This applies in particular to
opportunistic pathogens with a wide host range and good saprophytic ability so
that they overwinter in storage (Diener, 1973) or on plant debris in the field
(Rowe et al., 1984; Baird et aL, 1991).
The most important soil-borne pathogens of groundnut in Malawi
and throughout the semiarid tropics are Aspergillus flavus Link ex Fries,
Aspergillus niger Van Tieghem, Fusarium oxysporum Schlecht, Macrophomina
phaseolina (Tassi) Goid, Rhi.zopus spp. and Scierotium rolfsii Sacc. (Mercer,
1978; Mercer & Kisyombe, 1978; Chohan, 1979; Mayee & Datar, 1988;
Subrahmanyam et al., 1991). They are of world-wide distribution and may be
seed- as well as soil-borne (Subrahmanyam et aL, 1990a). In the U. S. A., seed
dressing provided pre-emergence protection against M phaseolina , but failed to
reduce pathogen population levels in soil (Jackson & Bell, 1969). Most authors
agree that seed coating increases germination and controls seedling disease
efficiently, and Subrahmanyam (1991) obtained significant yield responses with
this in Niger. This technology, however, is often not available to subsistence
farmers who sow their own seed from the previous season. Even when coating is
economical, farmers are often reluctant to accept recommendations (Mayee &
Datar, 1988; Subrahmanyam et aL, 1991). For losses by seedling diseases,
farmers in Nigeria sowed 12 kernels (rather than the recommended six) into
each planting hole. This seed rate was not only wasteful, but increased losses

Figure 1. 3. Poor crop stand in a farmer's field near Machinga (top) in
comparison with a healthy stand of the same growth stage on
Chitedze Agricultural Research Station (below).
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due to phytotoxicity when mercury coated seeds were used (Institute for
Agricultural Research, Samaru, 1962-1963). In most African countries today,
groundnuts are sown singly by hand either on flat ground or on planting ridges
with single or double rows. Mercer & Kisyombe (1978) conducted field trials in
Malawi from 1971-1974 to assess the usefulness of various seed dressings,
including thiram, dichioran, captan and quintozene. They found no significant
yield response in any season with any fungicide. In the laboratory, the fungi least
affected by thiram were A. flavus, A. niger and Rhizopus.
The second implication of the hypogeic seed development is that
fruits are inaccessible to non-systemic fungicides. Residues of systemic
fungicides, however, are not desired in kernels and these chemicals - to date have proved to have little effect on the shell mycoflora (Baird et al., 1991; Baird
et aL, 1993). Groundnuts, therefore, provide an interesting opportunity for the
development of a biocontrol system.
Three pathogens were included in this study and their significance is
briefly described.
Aspergjllusulavus: aflaroot & yellow mould
Pre-emergence damping-off results from infested seeds which often disintegrate
within the first week after sowing. Once emergence is completed, the plants
become less susceptible and mortality rates are low (Jackson & Bell, 1969).
Young seedling roots can be invaded by toxigenic strains (Subrahmanyam et aL,
1980a). Subsequently, the toxin is translocated throughout the upper parts of the
plants via the xylem (Porter et aL, 1984). Infected plants are stunted and
chiorotic; their radicle is distorted and lacks secondary development (aflaroot)
(Figure 1. 4) (PANS, 1973). The cotyledons show necrosis of the central tissue
and lesions with reddish-brown margins on which sporulation may take place
(yellow mould), but necrosis terminates near the cotyledonary axis.
A lot of concern is also caused by the accumulation of aflatoxins in
the kernels. These are acute toxins and carcinogens in man and animals and,
even if present in minute amounts, render export-grade crops unsaleable. The
legal maximum aflatoxin level for groundnut in the U. S. A. is 20 ppb (Porter, et
aL, 1984).
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Figure 1. 4. Stunted seedling infected with Aspergillusj7w.'us next to healthy one
(tap)

and aIIarnt symptoms on an uprooted seedling (below).
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Some resistant breeding lines have been identified (Subrahmanyam
et aL, 1991) and seeds could be protected with the systemic carbendazim
fungicides (Mayee & Datar, 1988).
Aspergillus niger: collar rot, crown rot & seedling blight
Attack can take place at any stage of development. Up to 90 % of seeds can be
contaminated and result in emergence failure (Porter et al., 1984). Seedling
blight is also very common. The fungus invades the succulent hypocotyl which
becomes water-soaked and light brown. Lesions and the cotyledons are covered
with black spores, the most conspicuous symptom (collar rot). Rapid wilting can
occur during dry weather. If plants escape early infection, they can reach
maturity and, then, show true crown rot symptoms (Figure 1. 5). Necrotic lesions
covered with conidiophores develop on the stem and can extend below the soil
(PANS, 1973) or up into the branches for several centimeters (Jackson & Bell,
1969). As the collar region disintegrates, the plant dies and inoculum is spread
throughout the crop by wind. If infection is restricted to the lower part of the
main root, adventitious roots formed above this area can prevent death, but
yields will be marginal (PANS, 1973).
Spanish types are less susceptible than Virginia types (Jackson &
Bell, 1984). A. niger is very tolerant to mercury and can be increased if an Hgbased dressing is used (Clinton, 1962).
Both aspergilli can invade the pods and form colonies between the
cotyledons. Such 'concealed damage' is only visible if the seed is split. Both
pathogens are fostered by hot and dry conditions and, therefore, are particularly
severe in tropical and subtropical production areas, although generally classified
as weak pathogens. They can live saprophytically on plant debris and their
pigmented spores survive from one season to another (Jackson & Bell, 1984).

Fusarium oxvsporum: fusarium wilt,

blight & pod rot

F. oxysporum can attack at all stages of development, but wilt epidemics are
rare. Infected plants are stunted and the brown tap root develops a dry rot
which may spread to secondary roots. In mature plants, leaves turn yellow,
vascular browning occurs, and the plants wilt and die (PANS, 1973). In contrast
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Figure 1. 5. Seed (A) and crown rot (B) caused by Aspergillus niger. Masses of
spores are produced; seed-borne inoculum spreads to the primary
root (C) [from Jackson & Bell, 1969].

B

1'
1

C

to slow wilt caused by F. solani, rapid wilt is very common with F. ox'ysporum. It
can be distinguished from sudden wilts caused by insects by the discoloured
vascular system and the fact that secondary roots are still healthy when the tap
root decays (Porter et aL, 1984).
F. oxysporum can also invade the gynophore and abort primordial

pods (pod blight). Close to maturity it can invade senescing pods and cause pod
rot. This is most severe in short-duration cultivars (Mercer, 1978). Concealed
damage is also common.
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The pathogen is favoured by cool, moist soils, but symptom
expression (wilt) is most severe in hot and dry weather. Conidia are formed
abundantly, but are short-lived. F. oxysporum survives adverse conditions as
chiamydospores (Porter et al., 1984). Only pre-emergence rots can be controlled
by seed coating (Chohan, 1979).

1. 5. Mechanisms of Root Infection

The majority of root-infecting fungi are subject to fungistasis in soil. Their
resting structures are triggered to germinate in response to plant-derived
nutrients (reviewed by Nelson, 1990).
Legumes are known to exert a greater rhizosphere effect than other
plants (Starkey, 1929). Several workers quantified the rhizosphere effect of
groundnuts and, invariably, found increased fungal populations during the
vegetative stage, followed by a decline during flowering, when bacteria
prevailed, and a second fungal peak at maturity (Rao, 1962; Joffe, 1969;
Subrahmanyam & Rao, 1977b). Very large rhizosphere-to-soil ratios have been
observed at late stages (Kloepper & Bowen, 1991). In the study, the rhizosphere
effect for fungi was greater than that for bacteria, whereas in the
geocarposphere, the bacterial ratio exceeded the fungal one. The doublepeaked time-course differs from other crops examined (Parkinson et aL, 1962).
The initial rise of the mycoflora has been attributed to the high physiological
activity of the roots until the onset of flowering. Indeed, root elongation ceases
at the beginning of the reproductive phase. Later this hypothesis has been
supported by the measurement of elevated sugar levels in roots at flowering as
compared to the seedling stage (Mathur et al., 1985). The second peak towards
maturity is thought to be caused by senescent root material (Rao, 1962). Only in
one paper (Subrahmanyam & Rao, 1977b) were the two populations (early and
late) distinguished on a taxonomic level. The majority of fungal genera followed
the two-peak pattern. They included the Mucorales, Aspergillus, Fusarium and
Trichoderma spp. In contrast, Penicillium spp., after the initial burst, declined
steadily, whereas M. phaseolina increased during the course of the cropping
season. The genera most fostered by the presence of groundnut roots were
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Aspergillus and Penicillium, whereas others like Trichoderina were little
influenced (Subrahmanyam & Rao, 1977b). The effect on aspergilli was mostly
attributable to increased levels of A. niger, but not of A. flavus (Joffe, 1969).
Stimulation of germination was reported for F. oxysporum
chiamydospores in the rhizosphere of groundnuts (Griffin, 1969). It decreased
significantly with increased distance from the root tip. A. flavus needed a higher
nutrient concentration to induce conidial germination than did F. oxysporum.
The rhizosphere effect on A. flavus was negligible, but nutrient amendments
induced germination (Griffin, 1969). In the geocarposphere of groundnuts,
A. flavus populations did not differ from levels in soil. Conidia only germinated
in soil adjacent to pods when these had been superficially injured (Griffin, G. J.,
1972). This was later explained by a 10- to 20-fold increase of sugars and a 2- to
3-fold increase of amino acid exudates from groundnut fruits upon mechanical
injury (Hale & Griffin, 1976). Under natural conditions, this boost of nutrients
could be provided by germinating seeds (Subrahmanyam et at, 1983).
Possible mechanisms influencing the rhizosphere effect have been
investigated using axenic plants in liquid culture. Groundnuts have been shown
to slough considerable amounts of their root cortices under axenic conditions in
liquid culture (Griffin et at, 1976). The percentages of C, H and N were lower
in sloughed than in attached root cells, but might still be a considerable nutrient
input if this occurred in nature. Root exudation was influenced by the growth
conditions. Anaerobiosis increased exudation, and the relative proportion of
dihydroxyacetone which increased with age (Rittenhouse & Hale, 1971). Low
levels of calcium increased cell permeability and gave a four-fold increase of
exudation of 10 known and 5 unknown sugars (Shay & Hale, 1973).
Unfortunately, the two most abundant sugars could not be identified, nor could
sucrose be detected in the solution. Glucose and fructose were measured at only
low levels or not at all (Rittenhouse & Hale, 1971). In contrast, Subrahmanyam
& Rao (1974a) found these two sugars in radioactively labelled root exudates in
addition to 14 amino acids and 2 organic acids. Foliar application of gibberellin
A3 and 2,4-D increased the free fatty acid content of roots, but decreased their
exudation. This decrease was associated with a lowered susceptibility to Pythium
myriotylum (Hale et at, 1981). But this does not mean that high levels of
exudates invariably render a plant more prone to pathogenic attack. Although
diseased plants usually support a larger mycoflora, healthy, wilt-susceptible
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chickpea roots yielded higher fungal counts than did resistant ones
(Satyaprasad, 1982). F. oxysporum was probably outcompeted by other species
and disease resistance was brought about by modifications of the rhizosphere to
effect natural biocontrol.
Under field conditions, several factors interacted with the crop as
well as with the soil microflora, and the effects are complex. Different cultivars
favoured different fungal species, also detected in non-rhizosphere soil (Rao,
1962). The greatest rhizosphere effect was observed in heavy soils (Joffe, 1969).
Baruah & Baruah (1972) encountered the highest number of fungal propagules
in organic clay barns. Mucor spp. were entirely absent from alluvial, sandy clays
and lateritic loams, whereas Mortierella sp. was abundant in all soil types.
Agronomic treatments also alter the occurence of fungi. Irrigation was found to
be of minor importance in comparison to temperature (Subrahrnanyam & Rao,
1977b). Different fertilizers (Gangawane & Kulkarni, 1985) and foliar fungicide
sprays (Gangawane, 1978) influence the mycoflora of roots. In the latter case,
this is believed to be due to alterations of the crop physiology. Stress factors,
such as viral disease, can increase the numbers of potential pathogens, in
particular Fusarium spp., in the root zone of groundnut (Gangawane &
Deshpande, 1973).
Fungal infection of roots is thought to be initiated by invasion of
lateral roots from soil in response to root-derived nutrient (Peterson, 1959;
Huisman, 1982). Newman (1985) criticized the microsite approach for fungi. He
stated that fungi could translocate 14C-labelled compounds several centimetres
and grow about 10 mm across bare plastic, away from a nutrient source. Fungi,
therefore, might ramify from one root to another, while exploiting a suitable
substrate elsewhere. On the other hand, interactions between soil
microorganisms tend to occur at the same favoured sites and competition will
play a role in these localized microhabitats (Bowen, 1980). In addition, roots
frequently grow faster than existing colonies can spread and new root material
may be colonized from soil. In this case, rhizosphere competence is a relevant
feature and depends on the size of the propagule and the nutrient reserves it
can avail"of (Bowen, 1980).
Many studies have been done with single roots of young plants. Only
rarely has the entire root system been considered. Newman (1985) estimated
that a quarter to more than half of the roots in the upper soil layer may be dead.
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For every lOOg of roots dying, living roots would contribute only 1-10g in"form
of exudates and 2-5g in1orm
tk
of mucilage. Under these circumstances it is likely
that fungi obtain most of their carbon not from rhizodeposition of living roots,
but from dead roots in their vicinity and from individual dying cells which are
still partly functional (Bowen, 1980).

1. 6. Natural Senescence of Roots

Senescence is an active, endogenously controlled process, leading to death.
All living tissues, past the peak of their physiological activity,
undergo this gradual decline which ultimately results in death. This process,
therefore, is genetically determined and follows a programmed pattern (Brady,
1988). In contrast, ageing is a passive, chaotic breakdown of functions. It does
not necessarily lead to death and is mainly dependent on attrition of cells
exposed to external factors (Noodén, 1980).
This definition indicates the difficulty of investigating root
senescence. As a process which developed through evolution, it is bound to be
an adaptive strategy to external influences and will vary according to these
stimuli. On the other hand, root death should be quantified in plants grown
under conditions as natural as possible, which often means relatively ill-defined
field studies. In such cases water and nutrient availability and the microflora will
influence the result.
In healthy plants, root turnover has been reported for a wide range
of plants under field conditions. Table 1 gives an account of the diversity of
plants investigated. An estimate of magnitude is given where possible, but it has
to be borne in mind that methodologies varied greatly between different
reports. Whereas Atkinson (1985) observed the root systems in rhizotrons
weekly, others (i. e. Orlov, 1955; Remezov, 1959; Voronkov, 1956) quantified
dead roots by visual examination of excavated plants which restricted them to
few samples per year, or by tying bands around roots with only annual
assessments (Weaver, 1968). Other estimates are based on fluctuations of root
density (i. e. Nutman, 1933; Schmucker et aL, 1991) or deposition of
radioactively-labelled material (Jacques & Schwass, 1956). Whipps (1990)
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Table 1. Root death in healthy plants in field soils. Mode and magnitude of turnover are cited as suggested by the authors.
Plant

Mode and magnitude of turnover

Reference

Arachis hypogaea

none

Meisner & Karnok (1992)2

Brassica napus

root cortical death

MacLeod et al. (1986)

Glycine max

85 % yr-1
turnover in top 80 cm
1.4 t ha' yr1 fine root turnover
85 % yr'
up to 83 % yr' depending on soil moisture

Huck etal. (1987)
Snider et al. (1990)
Scholes & Salazar (1989)
Huck etal. (1987)
Taylor & Klepper (1975)

1 t ha-1 yr1 fine root turnover

Scholes & Salazar (1989)

turnover in top 20 cm in 1st year

Snider et al. (1990)

Betula alleghaniensis
B. papyrifera

6-60 % turnover in summer
small rootlets are ephemeral

Redmond (1955)
Horsley & Wilson (1971)

Calluna vulgaris

0.25 t ha-' yr-1 fine root turnover

Persson (1978)

Camellia sin ensis

< 10 % dead in any month

Voronkov (1956)

Cerasus vulgaris

2-5 % apical abscission in 3 yrs

Kolesnikov (1966)'

Coffea arabica

irreversible rootlet die-back associated with overbearing

Nutman (1933)

Fragaria x ananassa

50 % of new production
seasonal root turnover

Atkinson (1985)
Wilhelm & Nelson (1970)

Annual dicotyledons

Gossypium hirsutum
Vigna unguiculata
00

Biennial dicotyledons

Beta vulgaris
Perennial dicotyledons

Table 1. continued.

Grossularia reclinata

25-85 % yr1 roots shed (moisture dependent)

Kolesnikov (1968) 1

Juglans regia

90 % of absorbing roots in winter
75-59 % of annual production
2-5 % apical abscission in 3 yrs
50 % wt lost as cortex is shed

Bode (1959)

Malus spp.

Medicago sativa

'.0

Atkinson (1985)
Kolesnikov (1966) 1
Rogers (1968)
Jones (1943)

Pyrus sp.

majority of annual production
2-5 % apical abscission in 3 yrs

Quercus sp.

50 % yr1 of fine roots

Remezov (1959)

Ribes nigra

none in 1 year

Head (1973)

Trifolium subterraneum

none

MacLeod et al. (1986)

Vaccinium vitis-idaea

1.0 t ha' yr1 fine root turnover

Persson (1978)

cortical shedding and stelar sclerotification of adventitious roots

MacArthur & Steeves (1969)

58 % turnover in 3 yrs
25 % yr1
limited turnover

Weaver (1968)

Kolesnikov (1966) 1

Perennial monocotyledons
(excluding Gramineae)
Ciysophila guagara
Gramineae
Agropyron mithii
A. cristatum
Agrostis alba
A. tenuis

100 % of annual production
100 % of annual production

Andropogon gerardi

19 % turnover in 3 yrs

it

Stuckey (1941)
I,
of

Weaver (1968)

Table 1. continued.
Bromus inermis

64 % yr' turnover

Weaver (1968)

Dactylis glomerata

limited turnover

Stuckey (1941)

Elymus canadensis

100 % turnover in 3 yrs

Weaver (1968)

Festuca arundinacaea
F. elatior

60 % of annual production
100 % of annual production

Jacques & Schwass (1956)
Stuckey (1941)

Hordeum vulgare

root cortical death

Henry & Deacon (1981)

Lolium annuum
L. perenne

100 % of annual production
60 % of annualproduction
100 % of annual production

Jacques & Schwass (1956)

O,yza sativa

0.6-0.8 t ha-1 yr1 fine root turnover

Scholes & Salazar (1989)

Panicum virgatum

no turnover in 3 yrs

Weaver (1968)

Phleum pratense

ca 50 % of annual production
100 % of annual production

Atkinson (1985)
Stuckey (1941)

P. compressa
P. pratensis
Poa trivialis

limited turnover
limited turnover
100 % of annual production

Triticum aestivurn

root cortical death

Deacon & Henry (1981)

Zea mays

root cortical death
turnover during reproductive stage
turnover in top 150 cm in drought
1 t ha-1 yr-' fine root turnover
turnover in top 50 cm

Deacon et al. (1986)
Mengel & Barber (1974)
Schmucker et al. (1991)
Scholes & Salazar (1989)
Snider et al. (1990)

Zea mays

it

Stuckey (1941); Garwood (1967)

ff
it
it

Table 1. continued.

Zea mays

58-98 % apical abscission in adverse conditions

Varney & McCully (1991)

Abies balsamea

< 15 % dead at any time

Redmond (1959)

Picea excelsa
P. glauca

20-50 % yr-I of small root production (0.6 t ha-1 yr1)
30 % rootlets dead

Orlov (1955)
Whitney (1962)

Pinus ec/zinata
P. resinosa
P. sylvestris
P. taeda

0-24 % of root system dead in top 12 inches
large, thick roots deteriorate at highest rate
1.2 t ha-1 yr' fine root turnover
0-11 % of root system dead

Copeland (1951)
Wilcox (1968)
Persson (1978)
Copeland (1951)

Pseudotsuga menziesii

50 % of annual production

Fogel (1980)

Perennial gymnosperms

Cited in Head, 1973
Pot experiment

reviewed the problem of quantifying rhizodeposition in the field. Nevertheless,
Table 1 suggests that root turnover is a universal phenomenon which returns a
large proportion of biomass to the soil and that a range of different mechanisms
are involved in different plants.
With the exception of a few pteridophytes and aquatic angiosperms
the formation of lateral roots is initiated by a meristem in the pericycle and/or
endodermis of the parent root (McCully, 1975). At this stage the endodermis is
usually suberized already. Inevitably, the cortex is breached as they emerge.
Dedifferentiation has been observed in two orchid species, maize, bamboo,
sugar cane and several dicotyledonous genera (reviewed by McCully, 1975).
Hydrolases have been implicated in the autolysis of the cortex. Bonnett (1969)
showed that in Convolvulus aivensis the content of cortical parenchyma cells
adjacent to the newly formed apex was enzymatically digested until only the
empty walls remained. These findings suggest that a regulated degradation
rather than merely mechanical forces are underlying the formation of lateral
roots.
Since the roots of dicotyledons exhibit secondary thickening, the
cortex which is unable to expand is disrupted and dies. Extensive cortical
shedding has been reported for groundnuts (Griffin et al., 1976; Yarbrough,
1949), lucerne (Jones, 1943) and apple trees where up to half of the organic
matter may be lost (Rogers, 1968). Campbell & Greaves (1990) stated that
cortical sloughing is an habitual feature of all biennial and perennial roots.
While the perennial, main supporting root of strawberries followed
the sequence described above and the oldest cortical tiers lost their ability to
store starch, the cortex of feeder roots collapsed, but remained attached to the
living stele (Wilhelm & Nelson, 1970). The outermost layer died shortly after
the metaxylem was differentiated. Subsequently, senescence proceeded inwards
and was followed by suberisation so that a bark was formed. In midsummer
whole fascicles were devoid of living cortices. Under favourable conditions
growth could resume later in the season either by extension of living apices or
by branching, but ultimately the entire fascicle died. This study was conducted
in fumigated, supposedly pathogen-free soil.
A similar seasonal die-back has been described for the majority of
plants mentioned in Table 1. Perennial plants reject and renew a large
proportion of their roots at the onset of the adverse season as a normal part of

their life cycle. A bimodial pattern has been described for grasses with perennial
root systems and relatively little turnover (Stucldey, 1941). Root death at the
end of the season in annual plants is inevitable. But the interesting question is:
how large is the input of dead roots at the early stages of growth? Continuous
rootlet turnover has frequently been postulated, but only occasionally
conclusively proved. Atkinson (1985) cautiously coined the term 'potential for
decomposition' for brown roots. Root death has convincingly been
demonstrated for cotton, soyabean (Huck et al., 1987), lucerne (Jones, 1943)
and for several tree crops (Orlov, 1955). At least in soyabean there is evidence
that root senescence is genetically controlled. Root dry weight decreased during
the reproductive phase, after the above-ground parts had reached their
maximum weight. All aspects of development, including root senescence, could
be decreased and delayed by application of a photosynthetic inhibitor (Moraes
etaL, 1990).
Mechanisms of root senescence under controlled conditions are well
investigated in the Gramineae. Henry & Deacon (1981) found a regular pattern
of root cortical death (RCD) in wheat and barley which was similar in both
plants, although its rate was significantly lower in the latter. The root cortex was
fully intact upon visual examination, but behind the growing tip with living root
hairs, nuclei were progressively lost from the outer cortical layers until only the
innermost cortical layer was alive. The formation of lateral roots delayed the
loss of nuclei at their bases. until RCD of the new root had started at the basal
region. The same sequence was found in sterile and unsterile vermiculite and in
soil. It, therefore, seems to represents an endogenously controlled process which
is not determined by the microflora. This hypothesis was confirmed by the
finding that inoculation with Idriella bolleyi (Sprague) Von Arx or Phialophora
graminicola, both necrotrophic parasites, but not pathogens, did not enhance
RCD. Furthermore, the same ordered pattern of senescence was observed in
oats and rye (Deacon & Mitchell, 1985), Lolium spp., D. glomerata (Kirk &
Deacon, 1986) and maize (Deacon et aL, 1986), although significant differences
in the rate of cortical death between primary and lateral roots of maize were
described (Fusseder, 1987), and drought could enhance RCD in Lolium perenne
(Jupp & Newman, 1987).
Little is known about natural, non-pathogenic root death in
dicotyledons; even less about its relationship to fungal infection. In groundnut,
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no signs of root senescence were found by Meisner & Karnok (1992). However,
from the literature reviewed it appears that spatial root turnover is a universal
phenomenon which is often underestimated.

1. 7. Fungal Colonisation of Senescing Roots

Dead and living roots support different populations. Parkinson & Pearson
(1965) compared the fungal succession on roots of barley seedlings, barley roots
killed by propylene oxide and nylon threads buried in soil. Few fungi could be
recovered from the synthetic material after 17 days. Dead roots were colonized
after two days and yielded a greater range of fungi than living roots at that time.
The highest degree of colonisation of living roots was found between days 5 and
10. Not only the time course, but also the species differed significantly. On dead
roots Trichoderma viride dominated, whereas the most frequent isolates from
living roots were Mortierella vinacea and sterile dark forms which, however,
declined as the roots senesced.
A similar succession could also been found on root regions of
different ages (Parkinson et aL, 1962). Although the mycoflora depended on
crop species and soil type, a consistent pattern was found along the length of
each root: the initial colonizers were soon replaced by a stable flora which
persisted until the onset of decomposition. The colonisation was patchy,
because different species were isolated from different microsites along each
root. The populations registered in this study were believed to originate from
the soil, because they were distinct from the seed coat flora. No root younger
than 24 hours was colonized, and it was concluded that, if root growth is
impeded, the fungus-free, apical portion would decrease.
Fungi becoming established on the root surfaces later in the
succession might be the first to invade roots at a later stage. Dix (1964) found
Fusarium spp. and Gliocladium roseum to replace Penicillium janthinellum and
Trichoderma koningii on bean roots and subsequently invade the inner tissues.
Additionally, new species, notably Pythium ultimum and Cylindrocladium spp.,
appeared. This succession was parallelled upon enhanced senescence following
shoot removal. Dix (1964), therefore, distinguished between root surface fungi
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and root invaders. This suggestion was supported by Waid (1974) who
discovered sterile dark hyphae in the inner cortex, but sporulating fungi in the
outer cortex of Lolium roots. As the roots started to decay, fungi that had
established in the outer tissues proceeded inwards and replaced the existing
population. Following invasion the whole cortex disintegrated and was sloughed.
Although initial colonisation seemed to depend on senescence, fungi might kill
root tissue during the subsequent invasion and thereby create a greater nutrient
base. This has been demonstrated for Colk&richum lindemuthianum which kills
bean hypocotyl tissue in advance of colonisation, thus preventing the synthesis
of phytoalexin (Mansfield, 1984).
Microbial colonisation is fostered by senescence in two ways: (1) by
an increased release of nutrients through leaky membranes and (2) by reduced
host resistance. Both factors have been implicated in the infection mechanism
of the take-all fungus in cereals. Susceptibility decreases in the order wheat,
barley, rye, oats and so does the rate of RCD (Deacon & Mitchell, 1985). This
coincidence, however, does not prove causality. Gaeumannomyces graminis
(Sprague) Von Arx var. tritici Walker, although an aggressive vascular pathogen,
is unable to infect roots from ascospores in unsterile soils (Brooks, 1965). Coincubation of excised, dying root pieces with small inocula aggravated disease
symptoms on barley, suggesting that G. graminis can build up its population to a
disease-causing level by exploiting the senescent tissue (Kirk, 1984).
Take-all is not a unique case. Root and stalk rot of maize occurs
when the crop is exposed to drought or other stress factors during grain filling.
The cobs act as a powerful carbohydrate sink causing the root system to senesce
prematurely. As a result, Phialophora zeicola and other weak parasites of that
disease complex can invade the vascular system (Deacon, 1987).
Spring wheat varieties susceptible to common root rot, Cochliobolus
sativus, showed a greater degree of RCD and supported a larger total
rhizosphere population than resistant ones. The substitution of Cadet
chromosome 5D, which determines a lower rate of RCD, with the homologeous
chromosome SB of Rescue, which increases cortical death, also increased
susceptibility and vice versa (Neal et al., 1973). This confirms the hypothesis that
genetically programmed RCD determines the susceptibility to root pathogens.
Cortical senescence did not only foster inoculum build-up of the
pathogen G. graminis, but also supported the growth of P. graminicola and I.

bolleyi which were unable to invade intact cortices or the vascular system. Their
establishment on roots followed cortical death (Deacon & Lewis, 1986; Kirk &
Deacon, 1987a). Both fungi are weak parasites, but not pathogens. If they were
the first to occupy the senescing roots, they conferred protection against take-all
(Kirk & Deacon, 1987b). The success of biocontrol depended strongly on the
ratio of the competing fungi (Kirk & Deacon, 1987b). Therefore, early
establishment of sufficient control agent is crucial. Recent studies showed that I.
bolleyi can colonize wheat roots from seeds treated with spores (Lascaris &
Deacon, 1991a). Although percolating water was responsible for long distance
movement of the spores along the roots, there is now evidence that the
physiological state of the roots influences the colonisation behaviour of the
biocontrol agent. Germ-tubes of I. bolleyi grew away from living roots, but were
attracted towards dead ones, whereas no differential tropism was found with
respect to cotton fibres (Allan et aL, 1992).
Far less is known about the relationship between root infection and
cortical senescence in dicotyledons. However, invasion of senescing root cells by
Psilocybe semilanceata was essentially the same on several grass species and
Stellaria media: no pathogenic lesion were detected on any root; colonisation
commenced at the moribund cortex and proceeded to the stelar tissue only
when it started to senesce. Some cells were still metabolically active when
invasion began, depositing electron dense material at the penetration site. This
did not prevent invasion if the cells died soon afterwards. Their death was not
caused by the fungus, since senescence rates of non-inoculated roots were
similar (Keay & Brown, 1990).
Kenerley & Jeger (1990) described the infection process of cotton
roots by Phymatotrichum omnivorum. In the initial phase, the fungus grew
ectotrophically and the degree of colonisation was not correlated with symptom
expression. Later the cortex was sloughed. This was influenced by various
environmental conditions. Only then symptoms appeared. The authors
concluded that cortical sloughing is a prerequisite for disease establishment.
Their hypothesis is supported by the observations of Rush & Gerik (1984) who
investigated P. omnivorum on sorghum roots - a species which, like other
monocotyledons, was previously believed to be a non-host. In their study, P.
omnivorum could survive saprophytically on sorghum roots and even form
scierotia. Cortical lesions, however, were localized and neither sloughing nor

visible symptoms occurred. On cotton, however, P. omnivorum could exploit the
shed material, resulting in the colonisation of the vascular system and death of
the plant. Foliar symptoms appeared earlier when older plants were inoculated
(Rush et al., 1984). P. omnivorum colonized the cortex of cotton seedlings soon
after emergence, but could not proceed any further. After cortical sloughing the
roots appeared to be healthy and no mycelial strands were found on the
remaining stele. During the following 10 days, the pathogen grew towards the
roots again , exploiting the shed material. The resulting colonisation of the
vascular system, eventually, killed the entire plant (Rush et aL, 1984).
Invasion of single, senescent roots can provide entry for fungi to
intact parts of the plant. In strawberries an array of fungi and bacteria colonized
dead or dying rootlets and thus gained access to the vascular system, eventually
entering the tap root. These fungi were essentially non-pathogenic. The invasion
of intact tissue by saprophytes via senescent root fascicles was held responsible
for the limited life-span of the supporting, perennial root under field conditions
(Wilhelm & Nelson, 1970).
Infection of groundnuts by Cylindrocladium crotolariae can take place
either via the hypocotyl or the cortex (Johnston & Beute, 1975). In the former
case, infection cushions develop on the epidermis. Upon onset of decay of the
underlying cell layers, which might be due to a phytotoxin, the hyphae invaded
inter- and intracellularly and colonized the entire cortex. Often the periderm
was a barrier which halted disease development (Johnston & Beute, 1975).
Infection of fibrous roots, which lacked a periderm, differed in several aspects:
no infection cushions were formed and intercellular penetration occurred within
24 hours after inoculation. After 36 hours the stele was invaded and after 72
hours the whole cortex was colonized (Johnston & Beute, 1975). The authors
concluded that cortical necrosis is a prerequisite for invasion and that initiation
of an additional periderm can check fungal advance. This interpretation was
based on the observation that plants with only cortical necrosis, were able to
recover. Plants which survived the first six weeks after inoculation survived the
entire test. In a later study, Harris & Beute (1982) compared the histological
response of resistant and susceptible cultivars to Cylindrocladium root infection.
An additional periderm (phellogen) was induced in tap and fibrous roots of all
lines and no qualitative differences could be detected. Resistance to black rot
was believed to depend on the ability of periderm formation to keep pace with
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the spreading hyphae. In successful defence reactions, the infested cortex was
sloughed, leaving the phellogen as a protective dermal tissue. Cortical breaches
during lateral formation were favourable entry points for the fungus. The
susceptible cultivar Florigiant sustained more breachs of its original taproot
than did other varieties and might, therefore, be more vulnerable (Harris &
Beute, 1982). In greenhouse-grown plants, microscierotia were produced only
on decayed cortices (Johnston & Beute, 1975). Harris & Beute (1982) found
symptom levels to depend on the number of microscierotia in contact with the
taproot. Garren & Jackson (1973) reported that, in contrast to pot experiments
where all subtetnean parts were susceptible, in the field, invasion most
frequently seemed to progress from the taproots towards laterals and the
hypocotyl. They, therefore, believed density and distribution of the propagules
to determine the outcome of infection - factors which can be controlled by soil
cultivation. In a field experiment, a correlation between initial inoculum and
disease incidence was observed in one year, but not in another (Cuibreath et al.,
1990). Later, Culbreath et al. (1991) found that differences in disease expression
were due to delays in the onset of epidemics rather than different rates of
infection progress.
The impact of root senescence on parasitic infections in these
examples is obvious. Although root turnover has not been described in
groundnut yet, there appears to be evidence that some pathogens can benefit
from senescing groundnut roots during the infection process. This applies in
particular to opportunistic pathogens. These fungi, more than others, depend on
host stimulation and weakened tissue for invasion. They, therefore, are an ideal
target for the development of a biocontrol strategy. The challenge that emerges
from the impact of root senescence on parasitic infections is whether and how it
can be manipulated and exploited for control of plant disease.

1. 8. Aim of Project

The objective of the project was to understand behaviour of fungi in the root
zone of groundnut, and to try to select rhizosphere fungi that might be used as
biological control agents against soil-borne diseases.

.
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Four specific issues were investigated. (1) The rate of root turnover
of groundnut plants in the absence of pathogens, because the senescing root
tissues could selectively favour either pathogens or their potential competitors.
(2) Factors contributing to successful colonization of roots by pathogenic and
non-pathogenic fungi. (3) The feasibility of delivering a biocontrol agent (BCA)
either as seed or furrow application with special emphasis on tropical soils and
climatic factors. (4) The physiology of rhizosphere fungi, especially their
proliferation in submerged culture; both to investigate whether rapid cycles of
sporulation in submerged culture parallel spore production in liquid films on
roots, and with a view to efficiency of inoculum production for biocontrol.
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MATERIALS AND METHODS
2. 1. Media and Solutions
The following commercial culture media (all Oxoid) were routinely used
(concentrations in g 1-1 distilled water): Czapek-Dox agar (CDA) (45.4),
Czapek-Dox liquid medium (CDM) (33.4), potato-dextrose agar (PDA) (39),
half-strength PDA containing PDA (19.5) and agar (N 3) (7.5), quarterstrength tryptone-soya agar (TSA) containing TSA (10) and agar (11.25), and
water agar (WA) (15). Molasses agar (MA) and molasses liquid medium (MM)
were prepared from cane molasses (20) with or without agar (15), respectively.
Potato-dextrose broth (PDB)
Potatoes (200 g) were peeled, diced, boiled in distilled water until soft and
strained through two layers of muslin cloth. The volume was made up to 11 with
distilled water and 20 g D-glucose was added. Potato-sucrose broth (PSB) was
prepared similarly with sucrose being used instead of glucose.
White's mineral solution (WMS)
White's (1943) medium contains the following mineral salts (concentration in
M91-1): MgSO4 7H20 (731.0), Na2SO4 10H20 (453.0), Ca(NO3)2 4H20
(288.0), KNO3 (80.0), KCI (65.0), NaH2 PO4 2H0 (21.5) in distilled water.
Trace elements (final concentration in mg 11 ) as follows were stored as a 100fold stock solution at 4°C, and 10 ml 1-1 of this was added per litre of medium:
MnCl2 2H20 (6.00), ZnSO4 . 7H20 (2.65), H3B03 (1.50), K.L (0.75),
CuSO4 5H20 (0.13), Na2M004 . 2H20 (0.00254), Fe-EDTA (8.00). For White's
mineral agar (WMA), 15 g agar was added.
All media were sterilized by autoclaving (121°C for 15 mm) unless stated
otherwise.
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2. 2. Fungal Cultures
Fungal isolates and their origin are presented in Table 2. 1. Working cultures
were maintained in Petri dishes (diameter 9 cm) on half-strength PDA at 25°C
and subcultured when needed for an experiment or approximately every month.
For submerged fungal cultures, 16 ml medium were pipetted into 30 ml
McCartney bottles and autoclaved. They were incubated on a roll-tube
apparatus (Spiramix 10, 43 rpm, Denley, Sussex) or a purpose-built rotatingdrum shaker (10 rpm) at 25°C, but one shaker only was used consistently for
each experiment. Stock cultures were stored on half-strength PDA slopes and
under sterile distilled water (SDW) in McCartney bottles, at both 25°C and at
4°C. They were subcultured once a year.

Table 2. 1. Fungal cultures and their origins.
Fungus

Culture code

Origin

Aspergillusj7avus Link ex Fries

I,]

groundnut roots

Aspergillus niger Van Tieghem

T

groundnut shells

T Ri

derived from T,
see Chapter 4

C

groundnut roots

C R2

derived from C,
see Chapter 4

T560

barley roots

T560 R2

derived from T560,
see Lascaris (1990)

Fusarium oxysporum Schlecht

Idriella bolleyi (Sprague) von Arx

Mucor hiemalis Wehmer

JRH (= IMI 354603) groundnut roots
JRH R1.2
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derived from JRH,
see Chapter 4

2. 3. Fungal Enumeration by Dilution Plating
Air-dried soil from pooled replicate subsamples (0.25 g) was suspended in 10 ml
sterile distilled water (SDW). One ml was pipetted into 9 ml SDW, suspended,
and 4 ml of this was pipetted into 6 ml SDW. From this, 1 ml was added to each
of 10 replicate Petri dishes to yield a final dilution of 1:1000. Molten CDA
containing streptomycin (50 jig mF'), penicillin (40 jig ml-' ) and rose bengal
(40 jig ml -1) was kept at 45°C in a water bath. Approximately 15 ml of the
medium was poured into each Petri dish. The plates were gently swirled several
times in both directions to obtain good dispersal of the soil. They were
incubated in the dark, because fungitoxic substances are produced by rose
bengal in light (Pady et al., 1960). Fungal counts were Poisson distributed.
Therefore, they were analysed statistically by analysis of deviance using a
generalized linear model on GENSTAT 5.

2.4. Groundnut Cultivars
Spanish and Virginia types are the most commonly grown groundnuts in
Malawi. In this thesis, they are represented by two and three cultivars,
respectively. Table 2. 2 summarizes their main characteristics. The different life
cycles, in particular, determine their suitability for certain areas. Chalimbana, a
large-seeded, high-yielding, long-duration cultivar is recommended for upland
zones. Malimba, a short-duration cultivar, is adapted to the hot lowland areas
where water is scarce. They are the country's main export confectionary nuts
(Mercer & Kisyombe, 1978). Figure 2. 1 shows their relative distribution in the
1970s. Since the late 1980s, cv. JL 24, a successful Indian cultivar, was
introduced to on-farm trials and will be proposed for registration in 1994 (A. J.
Chiyembekeza, personal communication). Cultivars VL GBON and 57-313 are
popular on the sandier soils of West Africa and were obtained from Ivory Coast.
All seeds in this study were untreated with fungicide, unless stated otherwise.
They were stored in a desiccator at 4°C in the dark.
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Figure 2. 1. Groundnut-growing areas and main cultivars in Malawi [after Sibale
& Kisyombe, 1980].
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Table 2. 2. Main characteristics of groundnut cultivars used in this study.

Cultivar

Botanical Growth
group
habit

Branching
pattern

Country
of origin

Chalimbana

Virginia

runner

alternate

Zambia

20-28

JL 24

Spanish

erect bunch

sequential

India

14-20

Malimba

Spanish

erect bunch

sequential

Gambia

14-20

VL GBON

Virginia

spreading bunch

alternate

not known

20-28

57-313

Virginia

spreading bunch

alternate

Senegal

20-28

Weeks to
maturity

2. 5. Site Description for Field Experiments
All field experiments were carried out within the SADC/ICRISAT Groundnut
Project, Chitedze Agricultural Research Station, P.O.Box 1096, Lilongwe,
Malawi.
Malawi is an elongated country along the Great East African Rift
Valley, bordering Mozambique, Tanzania and Zambia. It is ca 900 km long, its
width ranges from 80 km to 161 km and it covers an area of 118 845 km2.
Twenty percent of this area is occupied by Lake Malawi in the east (Lowole &
Banda, 1986). The climate of Malawi is influenced by the proximity to the
Indian Ocean, the presence of the Lake and an accentuated relief.
Chitedze Agricultural Research Sation (CARS) is situated 16 km
west of the capital, Lilongwe, at 13' 59' S and 33'38'E and at an altitude of
1097 m above mean sea level. The station occupies an area of 486 hectares;
230 ha are under arable cropping, 200 ha under buildings and indigenous
pasture, and 26 ha under tree plantation to provide windbreaks and fuelwood.
Chitedze has a mean annual temperature of 20° C. The highest temperatures
occur in November (mean 24° C), while July is the coldest month (mean 16° Q.
The station receives adequate rainfall with a long-term annual mean of 892 mm.
About 85 % of this rain falls in five months, November to March. Mean annual
evaporation is 1974 mm. The station receives daily sunshine ranging from a
mean minimum of 4.9 h in February to a maximum of 9.6 h in October; the
overall mean is 7.4 h (Chitedze Agricultural Research Station Guide, 1992).
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Meteorological details of the 1991/92 and the 1992/93 growing seasons are
given in Appendix 1.
The major soil types of CARS are luvisols (46 %), ferralsols (15
arenosols (12 %) and gleysols (16 %) (Billing, 1978). These comprise the
majority of the fertile soils which occur on the Lilongwe plain. Their distribution
is representative not only for most of Malawi, but for the entire SADC region
(Eswaran, 1986). Arable soils are well supplied with organic matter and
exchangeable cations, although with continuous cultivation major and trace
elements quickly become depleted. Most soils are highly suitable for maize,
groundnut and tobacco (Brown & Young, 1965; Banda, 1987).
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CHAPTER 3
ROOT ORGAN CULTURE OF GROUNDNUT
3. 1. Introduction
Often plant-pathological experiments in controlled conditions require axenic
plant material. In contrast to small-seeded crops, sterile groundnut plants are
difficult to obtain from seed, because the cotyledons are up to 100 %
systemically contaminated with fungi and bacteria (Pettit et al., 1968; Lindsey,
1970; Diener, 1973). Various hot water treatments failed to achieve sterility,
because at temperatures that did not destroy germinability, they did not
eliminate yeasts, nor Bacillus spp. (data not presented).
Tissue cultures derived from various plant organs have been
successfully established for groundnuts, but rooting occurred only infrequently
and no protocol for root organ culture has so far been published for any Arachis
species (Bajaj, 1984; George et al., 1987). Root cultures in general are a popular
tool for physiological studies, because of the uniformity of clonal material. They
have also been used to investigate root/microbe interactions under controlled
conditions (Butcher, 1980), and have proved to be particularly suitable for the
gnotobiotic culture of obligate parasites (Ingram, 1969; Zahka & Virányi, 1991)
and vesicular-arbuscular mycorrhizal fungi (Hepper & Mosse, 1980).
In several dicotyledonous plant species, rooting activity could be
increased by inoculation with Agrobacterium rhizogenes. During transformation
with A. rhizogenes, a root-inducing piece of DNA from the bacterial Ri-plasmid
is inserted into the plant genome. This stable insertion changes the
developmental fate of cells, and roots are initiated in the wound tissue (Tepfer,
1984). Because the transformation is integrated into the plant's genome, it
persists even after A. rhizogenes has been eliminated by antibiotics. Legumes as
a group have a reputation for being difficult targets for Agrobacterium-mediated
transformation (Dietzgen & Teycheney, 1993). Low transformation rates have
been reported for soyabean (Hinchee et al., 1988) and peas (Puonti-Kaerlas et
al., 1989) employing the more commonly used transformant,
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Agrobacterium tuinefaciens. But recently more promising systems have been
developed for chickpea (Gray etal., 1993) and groundnut (Lacorte et al., 1991).
This chapter describes a novel method for the initiation and
maintenance of root cultures of groundnuts.

3. 2. Materials and Methods
3. 2. 1. Plant material
Two Virginia types (cvs. VL GBON & 57-313) and one Spanish type (cv.
Malimba) of groundnut were raised from seeds in pots of John Innes Compost
(N° 3) in a glasshouse. Axillary buds (1-2 mm) or entire young leaves were taken
as explant material. All plant material was surface-sterilized for 15 min in
100 ml solution of 3% (v/v) NaOC1 containing 2 drops of Tween 80, by stirring.
The material was then thoroughly rinsed with sterile distilled water and used
immediately. Additionally, entire embryos were isolated from surface-sterilized
seeds and subjected to the same treatment.

3.2.2. Media and growth conditions
Embryos were cultured on Murashige-Skoog (MS) medium (Murashige &
Skoog, 1962) containing the growth substances (all Sigma, concentrations in
jig ml-1) gibberellic acid (0.03), thiamine (0.1), riboflavin (0.01) and
2,4 dichlorophenoxyacetic acid (0.01) (Hale, 1969). Excised shoot meristems (ca
0.5 mm) were placed onto MS-medium containing indole-3-acetic acid (3),
riboflavin (0.01) and 6-benzylaminopurine (1) (Sherwood et al., 1990). Both
media contained 3 % sucrose and 7 g agar (Oxoid NO 3)1-i. Approximately
10 ml medium was used in each 30 nil-capacity McCartney bottle.
Once plantlets had regenerated (ca 1 cm), they were transferred
onto MS-agar with B-vitamins, but without growth regulators to induce rooting.
Further subcultures were transferred to larger screw-cap jars, depending on the
size of the plant.
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Detached leaves from regenerated plantlets or glasshouse-grown
plants were incubated on 100 ml sand moistened with White's mineral solution
(WMS) (Chapter 2) in 250 ml conical flasks (Figure 3. 1). All plant cultures
were incubated at 300 C with a 12 h photoperiod. Overhead light (intensity ca
20,000 lux) was provided by 12 flourescent tubes (40 W, Thorne, warmwhite)
and four tungsten lamps (40 W, Philips).
After roots had reached a length of 1-2 cm, they were excised and
transferred into 50 ml WMS containing 2 % sucrose, yeast extract (0.2 g 1-1) and
the vitamins (concentrations in g ml'') thiamine (0.1), pyridoxine (0.1) and
nicotinic acid (0.5) in 250 ml conical flasks. The flasks were incubated at 250 C
on an orbital shaker (85 rpm) in the dark.

3. 2. 3. Bacterial inoculation
Agrobacterium rhizogenes (strains 4Y & 1610 obtained from Prof. M. Yeoman,
under DAFS licence number GM/1/1990) was maintained on a medium
containing agar (2 %), mannitol (1 %) and the mineral nutrients
(concentrations in mg 1-1) K2HPO4 3H20 (655), MgSO4 7H0 (200) and NaCI
(100) at 25° C in the dark. The bacterial cells scraped from these plates were
suspended in 0.8 % sterile saline and stab-inoculated at the base of the plantlets
or the leaves.
A. rhizogenes could be eliminated from transformed roots in liquid
culture using 250 jg ml-1 cefataxim (strain 1610), or 50 ag ml-1 kanamycin or
250 jg mi_i carbenicihin (strain 4Y).

3. 3. Results

13. 1. Roots from meristem cultures
Approximately 50 % of the shoot meristems could be transferred onto rooting
medium after 8 weeks. Culture of embryos was more efficient: 90 % had
regenerated after 4 weeks. After another month on rooting medium, the shoots
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of plantlets had branched and could be micropropagated at monthly intervals.
The growth habit of the original cultivar group ('erect bunch' for Malimba,
'spreading bunch' for the two Virginia types) was retained for at least 10
subcultures in the absence of growth regulators (Figure 3. 2). Later, defoliation
and callus formation occurred. Approximately 50 % of regenerants formed
roots after two months. However, when excised and transferred to WMS, root
growth was poor and the roots did not survive the second subculture. Rooted
plantlets either died or stopped producing roots after having their roots pruned
for the second time.
About 25 % of regenerants inoculated with A. rhizogenes produced
vigorously growing roots for up to 5 monthly subcultures. However, in liquid
culture their survival was as poor as for non-transformed roots.

3. 3. 2. Roots from detached leaves
Surface-sterilized leaves did not produce any roots for two months without
inoculation. Following inoculation with A. rhizogenes all detached leaves rooted
within 8 weeks (Figures 3. 1 & 3. 3). Root production was more vigorous than
for tissue cultures and larger segments could be transferred into liquid culture.
There, rapid root growth continued and subcultures could be made at monthly
intervals (Figure 3. 4). Roots showed the typical phenotype of transformed
roots: high growth rate, reduced apical dominance and plagiotropism (Tepfer,
1984).
Non-transformed leaves excised from sterile, regenerated, nontransformed plantlets rooted with an efficacy of 25 % within a month for all
three cultivars.

3. 4. Discussion
Root induction was quicker and more efficient for embryo cultures than for
shoot meristems. However, a seed has to be sacrificed in order to obtain one
embryo, whereas 10 or more meristems can be excised from a single plant.
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Figure 3. 1. Detached leaves rooted after inoculation with Agrobacterium
rhizogenes (cv. VL GBON) (arrowed).

Figure 3. 2. Regenerated plantlet (cv. VL GBON).

9]

Figure 3. 3. Adventitious roots on detached leaf (cv. VL GBON).

Figure 3. 4. Aseptic roots propagated in liquid medium (cv. VL GBON).
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Non-transformed plantlets exhausted themselves quickly and had to
be discarded after the second subculture. Transformation with

A. rhizogenes

which has been reported to prolong plant longevity in tobacco (Ackermarm,
1976) also extended the period over which roots could be obtained from
groundnut plantlets in this study. Although it increased overall yields, no
sustainable root culture could be established, even with inoculated plants.
Indeed, it seems unlikely that sufficient roots can be produced simultaneously
for use in replicated experiments using these standard procedures of plant tissue
culture.
In contrast, culture of detached leaves yielded vigorously growing
roots after transformation and they could be maintained and propagated in a
simple medium. High rooting percentages of groundnut on another solid/liquid
interface have also been reported by Moss et al. (1988) who induced rooting on
filter paper strips in a MS-derived liquid medium. It is still not clear what causes
the differences in survival between transformed roots from meristems or
regenerated plantlets and from detached leaves. Possibly roots initiated in MS
medium could not adapt to WMS after transfer, whereas leaves were incubated
in WMS from the beginning.
Detached leaf culture of groundnut was originally described by
Subrahmanyam et al. (1990b) as a bioassay for obligate leaf pathogens. In nonsterile conditions, rooting occurs after one month (data not shown). No root
induction was observed after two months7 for surface-sterilized leaves.
Meristematic activity is believed to originate from adaxial epidermal cells near
the midrib of the leaf (McKently et al., 1991). Epidermal cells might have been
damaged during the sterilisation process. This interpretation is in agreement
with the observation that some leaves rooted if derived from sterile,
regenerated plantlets. Whether the yield can be increased without
transformation merits further study.
Detached leaf culture was not only the best method for prolific root
production, but it also has other practical advantages. Due to the shorter
incubation period required, root production is more synchronized. Adventitious
roots formed at the leaf base are very uniform and well suited for experiments
which require an isogenic background of plant material. The incubation
medium (WMS) does not contain sucrose and is thus less prone to
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contamination. The technique may, therefore, be particularly suitable for
laboratories with limited facilities for sterile work.
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CHAPTER 4
FUNGICIDE - RESISTANT MUTANTS FOR
RHIZOSPHERE STUDIES

4. 1. Introduction
Biological control agents for soil-borne plant pathogens are often selected for
on highly artificial, nutrient-rich laboratory media, because of the simplicity of
the method. Antagonistic isolates from agar plate assays frequently give good
protection at high inoculum levels in pot experiments, but usually fail to achieve
significant control in field soils (Deacon, 1988). This is largely due to the
difficulty of investigating fungal behaviour in natural soils. The work presented
here evaluates the suitability of fungal strains marked with fungicide resistance
for such rhizosphere studies.
The usefulness of fungicide tolerance-marked mutants has
repeatedly been emphasized, both for investigating fungal ecology (Ahmad &
Baker, 1987a) and for use in integrated disease management systems (Abd-El
Moity et aL, 1982; Papavizas et al., 1982). However, their use has been quite
limited, probably because of the unpredictable outcome of any mutagenic
treatment. As the dose of mutagen increases, the likelihood of accompanying,
undesirable changes also rises. UV-induced mutations are either of the point- or
deletion-type. The former has rather variable effects on the expression of the
affected gene and a relatively high reversion rate. The latter leads to loss of
function of the gene and is usually stable (Andrews, 1986). Published work
suggests that some induced mutants are at least as rhizosphere competent as
their parent strains (Sivan & Harman, 1991), but data on biocontrol potential
are inconsistent (Abd El-Moity et aL, 1982; Papavizas et al., 1982; Papavizas &
Lewis, 1983; Papavizas et aL, 1990). Little is known about the changes in
mutants that influence rhizosphere competence, but changes in cellulolytic
activity (Ahmad & Baker, 1987b) and responses to soil pH and moisture content
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(Ahmad & Baker, 1987a) have been reported. Secondary metabolite production
(Papavizas et al., 1982), enzyme activities and rhizosphere competence (Ahmad
& Baker, 1982b) varied greatly, not only between wild-type and mutants, but
also between mutants derived from the same parent strains. Some mutants, in
fact, performed consistently better than their parent isolates. This phenomenon
is not unique to UV-induced mutation in experimental conditions. Plantpathogenic fungi which acquired fungicide tolerance through adaptation showed
a similar diversity of virulence (Pan & Sen, 1980). Extensive application of a
chemical to a crop might select for an aggressive pathogen with fungicide
tolerance.
In this chapter, a similar approach is chosen. Fungicide-resistant
mutants were selected from a population on the basis of enrichment for a
desirable trait. Rapid sporulation cycles in response to seed- and root- derived
nutrients facilitated colonisation of wheat roots by I. bolleyi, a biocontrol agent
of take-all (Lascaris & Deacon, 1991a). It has been suggested that the fungus's
ability to proliferate abundantly by microcycle conidiation in liquid culture is
linked to its rhizosphere competence (Jadubansa et al., 1993; Lascaris &
Deacon, 1994). My approach here was, therefore, based on the working
hypothesis that sporulation in submerged laboratory culture is correlated with
rhizosphere competence.

4. 2. Materials and Methods
4. 2. 1. Fungal isolates and mutant production
Table 4. 1 shows the origin of wild-type isolates and their fungicide-tolerant
derivatives. In initial tests, all wild-type strains, with the exception of M.
hiemalis, were completely inhibited by 50 Ag ml-1 benomyl incorporated into
PDA. Spontaneous carbendazim-resistant mutants were obtained by growing a
culture in 250 ml conical flasks with 100 ml SDW containing 3 % molasses on
an orbital shaker for 3 days. A sterile stock solution of benomyl was then added
to give a final concentration of 50 j.g ml-' . After a further 5 days of incubation,
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1 ml aliquots were subcultured into fresh molasses medium containing
50 gg ml-' benomyl, and after further incubation samples were plated onto
PDA plates with 50 jtg ml-1 benomyl amendment.
Where no spontaneous mutant could be obtained, colonies on PDA
were exposed to various times and numbers of UV irradiations (8x10 J s' rn-2).
Survival was tested by subculturing onto unarnended PDA, and mutants were
selected by plating onto PDA containing 50 gg ml-' benomyl. Vigorously
growing, resistant mutants were selected for further study. The stability of the
mutations was checked regularly by plating onto fungicide-amended medium,
after several successive transfers on fungicide-free PDA.
M.

hiemalis

was naturally tolerant to 50 jig ml-1 benomyl

and 50 jig mi' cycloheximide. It was found to be sensitive to 50 jig ml-1
pirnaricin (Sigma). A pimaricin-resistant mutant was produced by UV
irradiation of a stock culture for 16 mm, then further irradiation of a subculture
for 25 mm.
Table 4. 1. Origin of wild-type isolates and nature of their fungicide-resistance.
Fungus

Strain number

Resistance

Aspergillusfiavus

D

none (wild-type)

Aspergillus niger

T

none (wild-type)

T Ri

benomyl (UV induced)

T R2

benomyl (UV induced)

C

none (wild-type)
benomyl (spontaneous)*

Fusarium oxysporum

C R2
Idriella bolleyi
Mucor hiemalis

T560
T560 R2

none (wild-type)
benomyl (spontaneous)*

JRH (= IMIL 354603)

none (wild-type)

JRH R1.2

pimaricin (UV-induced)

Mutants selected in liquid culture with increasing benomyl concentrations; no mutagenic
treatment used.
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4. 2. 2. Sporulation in liquid culture
Fungal cultures were grown in McCartney bottles in PDB and spore suspensions
from these were used as inoculum. A small volume (<200 l) containing ca
1000 spores (I. bolleyi and M hiemalis) was used to inoculate McCartney bottles
containing 16 ml PDB for growth curve measurements. For F. oxysporum this
inoculum was found to prolong the sampling period beyond one week and a
larger inoculum, just below the detection level of the haemocytometer (104
spores ml-1) was chosen. Three replicate bottles for each strain were inoculated
at 8 h time intervals to allow sampling at regular intervals over a prolonged
period of time. Equal numbers of samples from each replicate tube had been
assessed by the end of the experiment. Spores were enumerated using a
haemocytometer. Six replicated samples per measurement were taken from
each count and pooled.

4.2.3. Radial hyphal growth
Fungi were inoculated as 6 mm agar discs (cork borer NQ 2) onto the centres of
PDA plates. Radial extension rates were measured regularly along three radii
marked on the backs of each of five replicate plates.

4. 2. 4. EDso of fungicide tolerance
Wild-types and mutants were inoculated as described in Section 4. 2. 3 onto
PDA plates with increasing concentrations of benomyl (A. niger, F. oxysporum, I.
bolleyi)

or pimaricin

(M. hiemalis). Table 4. 2 shows the inhibitory

concentrations (/.Lg ml-1) which were chosen after proving appropriate in initial
experiments. Growth rates were measured as described in Section 4. 2. 3.

4. 2. 5. Sugar and oxygen utilization of M. hiemalis
Sporulation of the wild-type M. hiemalis was tested as described in
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Table 4. 2. Inhibitory concentrations (.tg ml-1) used for ED50 determination.
Fungus

Wild-type

Mutant

Aspergillus niger a

1, 5, 10, 20

50, 100, 200

Fu.sarium oxysporum a

0.5,5,10

20,50, 100

Idriella bolleyi a

0.05, 0.1, 0.5, 1

20, 50, 100, 200

Mucor hiemalis b

5,10,20

10, 20, 50

a
b

Resistance to benomyl.
Resistance to pimaricin.

Section 4. 2. 2. Inoculum of spores was produced in PDB. After 3 days at 25°C
these were collected by centrifugation (2000 x G for 2 mm) and washed three
times by resuspension and centrifugation in sterile distilled water (SDW)
(1127 x G for 2 mm). The culture medium for the sugar utilization assay
contained the salts of Czapek Dox liquid medium (CDM) and 2 % (w/v) Dglucose, D-xylose, D-arabinose (all BDH) or cellulose powder (Whatman) as
sole carbon source. In a second experiment, 16 ml glass bottles were completely
filled with these media to obtain anaerobic conditions. When no growth
occurred during an initial 72 h this was attributed to the inability of M. hiemalis
to utilize nitrate as a sole nitrogen source and the molar equivalent of nitrogen
in CDM was supplied to the tubes as ammonium (NH4NO3 solution) before
reincubation.

4. 2. 6. Statistical analysis
Growth curves in liquid culture were analyzed by a curve-fitting programme for
asymmetrical, sigmoid curves on GENSTAT 5. The Gompertz function which
reduces the general logistic function from 5 to 4 parameters (Glasbey &
Horgan, 1990) gave the best fit and was, therefore, routinely chosen. Parameter
A (the left hand asymptote) was set at zero, because the initial spore inoculum
was below the detection limit in the experimental design. The resulting

means ± SEM were used to compare parameters of wild-types and mutants by
t-test. An example of the programme file is given in Appendix 2.
In the experiment on sugar and oxygen utilization, the means were
compared by two-way analysis of variance (ANOVA). Because of unequal
numbers of samples for aerobic and anaerobic treatments, the sums of squares
were corrected according to Snedecor & Cochran (1967).
ED50 values and their 95 % confidence limits were determined by
inverse prediction (Zar, 1974) after linear regression on the arcsine-transformed
(Y' = arcsin ,/Y) relative growth rates.

4. 3. Results
4. 3. 1. Fungicide-resistant mutants: sporulation in liquid culture
Only F. oxysporum yielded spontaneous mutants which proved to be stable
throughout the study. For the other fungi, UV irradiation had to be used for
mutagenesis. The lethal exposure time was generally considerably longer than
the time which yielded mutants. For example, M hiemalis strain JRH was
subjected to two separate 100 min irradiations and still remained viable, yet
mutants could be selected after the 16 and 25 min treatment. M. hiemalis
JRH Ri was found to be a segregating population. Some subcultures lost the
ability to sporulate in liquid culture, others their pimaricin-tolerance or both. Its
derivative JRH R1.2 stably retained the ability to sporulate in liquid culture and
also had pimaricin-resistance. No benomyl-resistant mutant of A. flavus could
be obtained. A. niger developed benomyl-tolerant colonies (T Ri & T R2) after
20 and 30 min exposure, respectively. Strain T R2 was omitted from further
investigations, because of its slow and distorted growth on PDA. In liquid
culture, both aspergilli formed mycelial pellets. The addition of up to 0.13 %
Tween 80, alginate or Junlon failed to overcome this. Therefore, no sporulation
curves in liquid culture were obtained for aspergilli.
Wild-types and mutants were compared with respect to their ability
to sporulate in PDB in bottles. The growth curves for F. oxysporum, I. bolleyi
and M. hiemalis are shown in Figures 4. 1, 4. 2 and 4. 3, respectively. The
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Figure 4. 1. Fusarium oxysporum: numbers of spores (x104 ml-1) of the wild
type (solid circles) and the benomyl-resistant mutant (open circles)
produced in submerged culture.
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Figure 4. 2. Idriella bolleyi: numbers of spores (x104 ml-1) of the wild type (solid
circles) and the benomyl-resistant mutant (open circles) produced in
submerged culture.
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Figure 4. 3. Mucor hiemalis: numbers of spores (x104 ml-1) of the wild type (solid
circles) and the pimaricin-resistant mutant (open circles) produced
in submerged culture.
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Figure 4. 4. Growth of Mucor hiemalis wild-type with D-glucose (squares) or Dxylose (circles) under aerobic (solid line) or anaerobic conditions
(broken line).
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Table 4. 3. Gompertz parameters (± SEM) for sporulation of wild-types and fungicide-resistant mutants in liquid culture.

Fusarium oxysporum
'Slope' at inflexion (B)

Wild-type

Mutant

0.0657 ± 0.0040

Significance
of difference (P)
nsd

Time (h) at inflexion (M)

72.39 ± 0.80

0.0591 ± 0.0214
43.8 ± 3.92

Final spore number
(x104 MI-1) (C)

802.9 ± 36.3

629 ± 100

nsd

0.1134 ± 0.0326
1087.4 ± 65.80

0.1248 ± 0.0249
51.41± 1.20
1234.1 ± 54.0

nsd
0.001
nsd

0.2394 ± 0.0357

0.0932 ± 0.0200

0.01

Time (h) at inflexion (M)

18.69 ± 0.38

25.52 ± 1.81

0.01

Final spore number
(x104 MI-1) (C)

1135.8 ± 46.0

1449 ± 188

nsd

0.001

Idriella bollevi
'Slope' at inflexion (B)
Time (h) at inflexion (M)
Final spore number
(x104 m14)(C)

72.76 ± 1.65

Mucor hiemalis
'Slope' at inflexion (B)

nsd not significantly different

Gompertz function fitted well for all curves (>75 % variance accounted for). Its
general form is Y = A + C x Exp (-Exp (-B x (X-M))); where Y is the
number of spores per ml, and X is time (h). A, the left hand asymptote, equals
zero in this experiment, by default; B is a measure for the slope at the point of
inflexion; M is the time at the point of inflexion, and C is the right hand
asymptote which represents the stationary phase of growth.
Table 4.3 shows the growth parameters of wild-type and mutant of
each fungus assessed in liquid culture. For F. oxysporum and I. bolleyi,
sporulation of the mutants started significantly earlier than that of the wildtypes (M was smaller). For the M hiemalis mutant, the point of inflexion (M)
was significantly (P<0.01) later than that of the wild-type and the sporulation
rate (B) was significantly (P<0.01) lower. This, however, did not lead to a
reduction of the final spore concentration (C) which, for all mutants, was as
high as that of the wild-types.

4.3.2. Radial hvphal growth
The radial hyphal extension rates for wild-types and mutants on PDA are shown
in Table 4. 4. On agar plates, with the exception of A. niger, the radial extension
rate of the mutant was significantly slower than that of the wild-type, the most
conspicuous difference being with F. oxysporum.

Table 4. 4. Hyphal extension rates (mm day-') of wild-types and mutants on
potato-dextrose agar plates (means ± SEM for 5 replicates).
Fungus

Wild-type

Mutant

P

Aspergillus niger

3.55 ± 0.194

3.41 ± 0.127

nsd

Fusarium oxysporum

4.54 ± 0.014

1.03 ± 0.015

0.001

Idriella bolleyi

5.35 ± 0.053

4.89 ± 0.041

0.001

Mucorhiemalis

13.28 ± 0.119

12.52 ± 0.103

0.01

*

Significance of difference between wild-type and mutant; nsd, not significantly different.
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4. 3. 3. ED50 values
Table 4. 5 presents the ED50 values of the fungicides, i. e. the concentrations
which caused 50 % reduction of linear extension rates on agar, for the wildtypes and the mutants. Despite relatively large confidence limits, mutagenesis
always led to a significant increase of the ED50 value. The smallest increase was
by a factor 2.8 for M. hiemalis. For other species, fungicide tolerance increased
by more than a log unit.

Table 4. 5. ED50 values (/.Lg ml-1) for benomyl (A. niger, F. oxysporum, I. bolleyi)
and pimaricin (M hiemalis) and their 95 % confidence limits (in
parentheses) of wild-types and mutants.
Fungus

Wild-type

Mutant

Aspergillus niger a

124
(2.2 - 83.3)

159.9
(88.3 - 310.1)

Fusarium oxysporum a

3.1
(1.9 - 4.9)

64.2
(44.9 - 92.9)

Idriella bolleyi a

0.17
(0.06 - 0.45)

95.5
(67.2 - 136.5)

Mucor hiemalis b

8.6
(5.3 - 13.8)

24.0
(14.8 - 39.4)

a
b

Resistance to benomyl.
Resistance to pimaricin.

4.3. 4. Sugar and oxygen requirements of M. hiemalis
The sugar and oxygen requirements of M. hiemalis were tested by measuring its
growth curve in a medium containing the mineral salts of CDM and various
carbon sources, both under aerobic and anaerobic conditions. M hiemalis made
no growth with any sugar when nitrate was the sole nitrogen source. After the
addition of ammonium, growth commenced in the presence of glucose and
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Table 4. 6. Gompertz parameters (± SEM) for sporulation of Mucor hiemalis wild-type in liquid culture under aerobic or anaerobic
conditions with glucose or xylose as sole carbon source.
Aerobic
Parameter

Anaerobic

Glucose

Xylose

Glucose

Xylose

SED

'Slope' at inflexion (B)

0.055 ± 0.028
30.08 ± 6.26ab

0.017 ± 0.004
77.1 ± 15.8c

0.174 ± 0.176
21.57 ± 434a

nd

Time (h) at inflexion (M)

0.026 ± 0.002
58.15 ± 2.27bc

15.66

Final spore number
(x104 MI-1) (C)

455.8 ± 73.0a

372.3 ± 14.2a

138.2 ± 26.8b

31.29 ± 4•34b

80.70

*

a, b,

Standard error of the difference between means within a row; nd, not defined
Values followed by the same letter are not significantly different at P = 0.05 within a row.

xylose, but not when arabinose or cellulose was supplied as sole carbon source.
The growth curves for glucose and xylose are presented in Figure 4. 4 and only
they were subjected to statistical analysis. The parameters of the logistic
regression are given in Table 4. 6.
Two-way ANOVA with correction for unequal samples was not
defined for parameter B, because of the large standard errors which, in one
case, exceeded the mean. For parameter M (time of inflexion), significant
interaction between sugar and aeration occurred (F = 21.6, P< 0.001) and no
conclusion can be drawn regarding the effect of individual treatments. The final
level of spores (C) was significantly higher (LSD = 305.85, P < 0.001) in aerated
than in unaerated culture for both sugars. No significant difference
(SED = 80.70) was found between final spore number in glucose and xylose,
whether the culture was aerated or not.
It is concluded that this Mucor isolate is able to utilize the C5 sugar
xylose, but not arabinose, as efficiently as the C6 sugar glucose. No cellulolytic
activity was detected using cellulose powder. Growth under anaerobic
conditions took place, but ceased at a lower spore level than in the presence of
oxygen.

4. 4. Discussion
Dimorphism in Mucor has been described for Mucor racemosus, M rouxii and
M. subtilissimus (Bartnicki-Garcia, 1968), but M hiemalis was found to grow in
homogeneous, filamentous form in submerged culture (Trinci, 1972). The M.
hiemalis isolate in this study and its mutated derivative thus seem unusual in
that they grow in the yeast-like phase in liquid culture. Furthermore, the strain
was able to utilize the CS sugar xylose and sporulated poorly in the yeast phase
under anaerobic conditions. Both these points distinguish its behaviour from
that of previously described dimorphic Mucor spp. (Bartnicki-Garcia &
Nickerson, 1962; Bartnicki-Garcia, 1968). The overall shape of the growth
curves under comparable conditions resembled those of Trinci (1972) for M.
hiemalis and of Lascaris & Deacon (1994) for I. bolleyi. F. oxysporum reached
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the stationary phase later than F. avenacearum in Trinci's (1972) study, but that
might be due to the much lower initial inoculum concentrations here.
All mutants selected for this study had a significantly increased ED50
value for growth in the presence of inhibitors than did the corresponding wildtypes, and proved stable throughout at least a 2-year period even in the absence
of selection pressure for fungicide tolerance. Thus, their resistance can be used
as a genetic marker to distinguish them from the indigenous background flora in
natural substrates.
With the exception of A. niger, growth of the mutant on fungicidefree agar plates was significantly slower than that of the wild-type. This is a
common phenomenon and often interpreted as reflecting reduced fitness.
However, hyphal extension rates, the classical measure of fungal growth, are not
regarded as the key feature for competitiveness in the rhizosphere and might
therefore be a misleading characteristic to assess the ecological fitness of an
organism. Plant roots often grow much faster than fungal hyphae in soil (Bowen,
1980). Root colonisation is, therefore, believed to originate from resting
structures, such as spores, adjacent to the passing root (Nelson, 1990). In this
light, the level of spore production is of perhaps greater relevance to
rhizosphere competence than hyphal extension rates, especially if spores are
transported down roots in percolating water. Sporulation in liquid culture of the
mutants of three different genera was as high as that of the wild-types. In view
of the presumed importance of sporulation for successful colonisation of roots
(L.ascaris & Deacon, 1991a), it is considered that these resistance-marked
strains are promising tools for investigation of fungal behaviour in natural soils.
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CHAPTER 5
NATURAL ROOT TURNOVER IN
GROUNDNUT

5. 1. Introduction
Root turnover has been postulated for a wide range of crops and wild plant
species (Chapter 1; Table 1). However, only rarely has it conclusively been
demonstrated. This is due to the difficulty to obtain quantitative data.
Assessments based on root density are bound to underestimate dead material,
because the rate of production and death cannot be determined independently
(Huck et al., 1987). Furthermore, dead and dying tissue is more likely to be lost
during excavation. On the other hand, in the field, dead roots from previous
seasons have to be distinguishable to avoid overestimates of current root
turnover (Scholes & Salazar, 1989). These workers calculated that one third of
organic inputs in a variety of tropical cropping systems originated from dead
roots, but that this input, in annual crops, commences with the onset of anthesis
rather late in the growing period. Meisner & Karnok (1992) failed to detect
signs of root senescence in groundnut, but their assessment intervals were rather
large, ranging from 20-30 days. Scholes & Salazar (1989) emphasized that
sampling intervals had to be shorter than the period in which significant
turnover occurs and that root growth and mortality had to be sufficiently out of
phase to be assessed independently. Atkinson (1991) suggested that the
longevity of tree root laterals is days rather than weeks. Individual roots of
apple and strawberry survived for ca 3 weeks, as assessed by browning. In grass,
however, colour changes were not reliable indicators for rootlet death
(Atkinson, 1985). White, succulent roots of wheat and barley were found to
exhibit significant cortical death, as evidenced by loss of nuclei (Henry &
Deacon, 1981). Whereas nuclear staining proved useful for assessments in many
of the Gramineae, its use suggested the there was no appreciable root
senescence in rape (Tommerup, 1984), clover (MacLeod et al.,1986) and tomato
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(Lascaris & Deacon, 1991b). In the latter case, cortical death could be
evidenced by a neutral red/plasmolysis staining method. Nuclear staining might,
therefore, not be suitable for dicotyledons. These publications also indicate that
a calibrated assessment method for root death has to be found. The present
investigation examines root growth and turnover of groundnut in weekly
intervals in a controlled environment and compares the results with
observations in field conditions.

5. 2. Materials and Methods
5. 2. 1. Root observation scaffold
Transparent, corrugated plastic roofing material ('Corulux') was cut into
1 m x 0.75 m sheets each with 10 vertical corrugations that would support 10
polyethylene tubes of soil, termed planting tubes. Pairs of holes (diameter
5 mm) were drilled at 2 cm intervals along each corrugation, so that access to

planting tubes could be achieved for inoculation of undisturbed roots. The
corrugated sheets were held in 'Dexion' metal frames which had wheels at their
base and which inclined at an angle of 700, supported by a scaffold. The design
of the scaffold was such that six frames (total 60 planting tubes) were stacked,
one behind another, but each could be rolled sideways for access to the planting
tubes. Overhead lighting was provided by eight fluorescent tubes (Thorne,
40 W) for a 12-hour day. Figure 5. 1 shows the set-up.
Roots of plants in the planting tubes grew against the transparent
perspex so that root growth could be observed and selected roots could be
inoculated through the corrugated sheets. During incubation, however, the soil
zone was covered continuously with black plastic sheeting. This was removed
only during the periodic recording and assessment of root growth, which was
done by placing a transparent polyethylene overlay on the perspex so that the
roots could be traced on this.
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Figure 5. 1. Root observation scaffold
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5.2. 2. Packing of tubes
The plastic tubes (95 cm long, 5 cm diameter) were made from lengths of
'Layflat' polyethylene tubing, which were overturned and stapled at base. They
were filled with John Times Compost NQ 3 (steam pasteurized). Packing was
done by filling ca 10 cm of the tubes with soil under gentle tapping of the tubes
on the floor, followed by the addition of water to approximately water holding
capacity. Before the next layer was added, the surface of the previous one was
stirred up slightly with a stick to prevent stratification (Atkinson & MackieDawson, 1990). In this manner, the tubes were filled progressively to a height of
90 cm at an average bulk density of 0.7 g cm-3. They were then incubated in the
frames for one week to allow the soil to settle. Before planting, the tubes were
removed from the frames and gently tapped on the floor again to further
compact the soil to a bulk density of ca 0.9 g CM-3. The volume was replenished
to the 90 cm mark.

5.2. 3. Sowing and plant maintenance
Untreated seeds of groundnut cvs. JL 24, Malimba, Chalimbana, VL GBON
and 57-313 were soaked in sterile distilled water overnight and germinated on
moist paper towels in germination trays sealed with polyethylene bags for two
days in darkness. Any seeds contaminated by Rhizopus sp. were discarded and
healthy ones (two per cv.) were placed on top of the compost in each tube, 1 cm
away from the front lining, with the emerging radicle pointing downwards and
covered by ca 3 cm of soil.
The plants were watered twice a week: after measurement of new
root growth and 31/2 days later. The temperature was monitored with a
thermograph, because roots of groundnut seedlings have narrower ranges of
optimum temperatures than shoots (Ahring et al., 1987).
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5. 2. 4. quantification of root death
In a preliminary experiment, roots were classified by their colour as white or
brown. Five roots from each class were harvested from each of the 8-week-old
plants of cvs. JL 24 and 57-3 13 from each of the 0-10 cm, 20-30 cm and 5060 cm regions down planting tubes. They were stained with neutral red by
incubation in 0.02 M phosphate buffer (pH=7.5) containing KNO3 (1M), CaCl2
(1mM) and neutral red (0.005 %) for 30 mm. They were then rinsed twice in the
solution without the dye and mounted in this solution on microscope slides. Ten
microscope fields (100 x magnification) representing 18 mm in the middle
region of each root piece (~! 20 mm) were assessed sequentially and the data
pooled for each root. Focussing down from the root surface, the outmost cell
layer of the root containing a majority of plasmolyzed cells was considered to be
alive, but all layers above this were considered dead.
As this assessment validated the use of root browning as a criterion
of root death, roots were routinely characterized as being alive or dead, based
on browning, in the subsequent experiments. Root growth and death were
recorded on the polyethylene films as follows. Differently coloured marker pens
were used each week to record new root production in weekly intervals.
Previously marked roots which had turned brown or disappeared in a
subsequent assessment were marked in a different colour or broken lines next
to the original line. Only total length of root growth and turnover was recorded
without distinguishing between different root members. The experiment was
terminated after 14 weeks for Spanish-type cultivars and after 20 'i'.eks for
Virginia-type cultivars; those times coincide with maturity in the field under
optimal growth conditions.

5.2. 5. Growth of roots in the tube system in comparison with field conditions
Growth of groundnut roots was marked on overlays of polyethylene ifim with
marker pens for 9 weeks as described in Section 5. 2. 4. After 12 weeks, the
plants were harvested. Their root systems were gently washed under a tap and
cut into 10 cm sections. Each sample was dried at 80°C overnight and the dry
weight determined.
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Groundnut plants from thiram-treated seeds were established in
Field E (cvs. Chalimbana & Malimba) and in Field I (cv. JL 24) in 3 m x 6 m
experimental plots in CARS. The spacing was 60 cm x 15 cm for the Virginiatype Chalimbana and 60 cm x 10 cm for the Spanish-types JL 24 and Malimba,
according to general agronomic practice. Twelve weeks after sowing, two
replicate plants were uprooted, ensuring that the entire root system was
retrieved and the dry weight for every 10 cm increment in depth was determined
as described above.

5. 2. 6. Statistical analysis
Assessments of living cortical cell layers stained with neutral red were analyzed
by ANOVA. Growth curves of root length measurements were analyzed by
regression for sigmoid curves using the Gompertz function on GENSTAT 5.
The half-life of roots was determined by inverse prediction (Zar, 1974) after
arcsine-transforming the cumulative percentages (Y' = arcsin ./Y) for linear
regression.

5. 3. Results
5. 3. 1. Suitability of tube system
Figure 5. 2 shows the total, cumulative root length recorded on polyethylene
overlays during 9 weeks incubation for five cultivars. For this purpose no effort
was made to distinguish between different root members. The data are means
of two replicate plants of each cultivar. Variation between replicates was high
and individual roots could grow up to 3 cm day-1 for up to one week. Lines of
best fit were, therefore, obtained by computing the means of two replicates for
regression of sigmoid curves. The Gompertz function
Y = A + C x Exp (-Exp (-B x (X-B))) gave the best fit. Parameter A was
zero, by default; parameters B, M and C are presented in Table 5. 1. Cultivar
Chalimbana had the highest slope at the point of inflexion (B). Parameter B did
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Table 5. 1. Growth parameters of the Gompertz function for five groundnut
cultivars grown in polyethylene tubes.

1L24

'Slope' at
inflexion
(B)
0.49 ±0.095a
0.70 ± 0•095a

Chahmbc, no

1.07 ±0.13

VL GBON

0.55 ±0.040a
0.68 ±0.039a

Cultivar
Malimba

57-313
LL (0.05)

0.226

Time ()
at inflexion
(M)
2.42 ±0.251a

2.04 ±0.133

3.37 ±0.062

6.48 ±0.120

1.34 ±0.085
2.31 ±0.085ab

5.40 ±0.102
4.81 ±0.104

2.04 ±0.251b

8.30 ±0.120

0.371

Final root
length (m)
(C)

0.339

a, b Within columns, values followed by the same letter are not significantly different at P = 0.05.
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not differ between any of the other cultivars. The point of inflexion was later (M
larger) in short-duration (Spanish) cultivars than in long-duration (Virginia)
cultivars, the difference being significant (P = 0.05) for all comparisons, except
cv. Malimba with cv. VL GBON. This indicates that root production in shortduration cultivars continues over a longer period of time than in long-duration
cultivars, where it levels off earlier. Final root length (parameter C) was highly
variable and significant differences were not related to botanical groups
(Table 5. 1).
In order to compare root length data from the tube system with fieldgrown plants, measurements presented by Gregory & Reddy (1982) on the basis
of rooting density were transformed and the resulting cumulative root length in
a soil volume comparable to the tubes is shown in Figure 5. 2 for cv.
Robot 33-1. The field grown Robut 33-1 seem delayed in comparison to the
tube-grown ones which were pre-germinated. Apart from cv. Malimba, all
cultivars attained a greater total root length in tubes filled with pasteurized soil
than did field-grown Robut 33-1. Therefore, Malimba might be affected by the
tube system whereas, as far as total root length is concerned, the tubes were not
restricting root production for any other cultivar.
Figure 5. 3 shows a comparison of root dry weights for the five
cultivars in tubes. The highest root density was consistently found in the
uppermost segment and decreased further down. In cv. Chalimbana the top
10 cm contained more dry weight than all the other segments taken together. In
the other cultivars, except for Malimba, this layer contributed at least twice as
much root mass as any other. Roots penetrated to a maximum depth of 70 cm
(cvs. Chalimbana & VL GBON).
To test whether root length measurements in the tubes correlate
with root dry weight production, weight data were regressed against the root
lengths in corresponding 10 cm segments for each cultivar. Straight lines
through the origin were obtained for cultivars Chalimbana, JL 24 and Malimba.
Only they were compared statistically. For cvs. VL GBON and 57-313 the
regressions were not significant. Table 5. 2 shows the slopes of the regressions
± SEM and the significance of correlation. Slopes did not differ significantly
between cvs. Chalimbana, IL 24 and Malimba (SED = 0.223). It is concluded
that the relative measurements of root length of surface-visible roots in the
tube system
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Figure 5. 3. Rooting pattern of Virginia and Spanish cultivars in
polyethylene tubes.
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Table 5. 2. Linear regression of root length against root weight of five
groundnut cultivars grown in polyethylene tubes, based on two
replicates. *
Cultivar

Slope (and significance. P) of regression

JL 24

0.58 ±0.182a

(0.05)

Malimba

0.64 ±0.078a
0.71 ±0.188a

(0.001)

Chalimbana

(0.01)

a

Values followed by the same letter do not differ significantly at P < 0.05.
* The regressions for cvs. VL GBON and 57-313 were not significant.

are representative for the root mass in corresponding regions for those cultivars,
but not for cvs VL GBON and 57-313. It is possible that the strong tap root of
the latter two Virginia-type cultivars contributed relatively more dry weight per
unit length in the upper regions of the root system.
To investigate the effect of the confined tube system on root growth,
root dry weights obtained in polyethylene tubes were compared with data of
field grown plants for cvs. Chalimbana, Malimba and JL 24 (Figure 5. 4). Tubegrown plants were generally less vigorous, including their root systems, and
penetrated to a lesser depth, but the overall pattern was similar to that in the
field: the highest root weight was found in the top layer of the profile and
gradually declined further downwards. The reduction of total root dry weight in
tubes in comparison with field-grown plants was smallest in cv. JL 24 (46 %). In
cvs. Chalimbana and Malimba it was 18 % and 21 %, respectively. Rooting
depth in the latter two cultivars was reduced to 50 %, whereas it was 71 % of
the value in the field for cv. JL 24. Therefore, of the three cultivars for which
root length correlated with dry weight in the tubes, JL 24 was the cultivar least
affected by being grown in polyethylene tubes.
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5. 3. 2. Root browning as indicator for senescence
The transition from white to brown roots was rapid and there was no need to
accommodate intermediate stages. Outer cortical layers were sloughed in white
and brown roots and could not be counted. Cells which were still associated
with the root were stained with neutral red/plasmolysis. Table 5. 3 shows the
plasmolysable cortical cell layers of roots classified by their colour for two
cultivars from different botanical groups. There was no difference between the
regions from which the roots originated at P = 0.05. White roots had
significantly higher numbers of living cortical cells than brown ones (P <0.001).
Where the cortex had died, cells usually disintegrated. This was accompanied by
stelar death where visible. Browning was, therefore, taken as an indicator for
root death in subsequent experiments.

5. 3. 3. Root turnover in nasteurized soil
Figures 5. 5. A - 5. 9. A show the recorded, cumulative root length traced onto
overlays of planting tubes at weekly intervals for five cultivars. Growth and
death, based on root colour, are recorded as positive and negative production at
each time, respectively (solid lines). The difference between these (dotted line)
represents the total length of living roots at any particular time. At normal
maturity time (20 weeks for Virginia types, 14 for Spanish types), the total,
cumulative root turnover ranged from 73 % (VL GBON) to 83 % (Malimba).
Total root turnover did not differ between cultivars when the arcsinetransformed percentages (means ± SEM of two replicates) were compared by
ANOVA (data not shown). Table 5. 4 summarizes the time-course of events in
relation to growth stage. Root senescence was almost entirely due to the
turnover of lateral roots. For individual roots, it progressed from the apex
backwards towards the base.
Except for cv. Chalimbana, where functional root length levelled off
after 2.5 weeks, the length of living root material peaked at a time when
vegetative growth was most vigorous, slightly earlier than half-time towards
flowering. This was after 2.5 weeks in Spanish-type cultivars where all flowers
appeared more or less simultaneously in weeks 6 and 7. In Virginia-type

Figure 5. 4. Rooting pattern of three cultivars in polyethylene tubes
compared to the field.
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Table 5. 3. Number of living cortical layers (means ± SEM of 5 replicates) at different depths in tubes filled with pasteurized soil.
White roots
Depth (cm)

0 - 10

20 - 30

Brown roots
50 - 60

0-10

20 - 30

50 - 60

LSD o.os LSD o.00i

Cultivar
JL24

3.15 ± 0.20a 3.26 ± 0.16a 2.94 ± 0.28a 0.32 ± 0.20" 0.16 ± 0.16b

57-313

2.74 ± 029a 2.22 ± 0.33a 3.20 ± 0.09a 0.11 ± 0.11"

ab

0.0 ± 0.0"

0.18±0.18"
0.0 ± 0.Ob

Values within a row followed by different letters are significantly different from each other at either significance level

0.57

0.99

0.54

0.93

Figure 5. 5. Cultivar JL 24. A, cumulative root production and total length of
white (living) roots at different assessment times for plants grown in
tubes of pasteurized soil. B, longevity of individual roots, gauged by
the time after production to root browning.
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Figure 5. 6. Cultivar Malimba. A, cumulative root production and total length of
white (living) roots at different assessment times for plants grown in
tubes of pasteurized soil. B, longevity of individual roots, gauged by
the time after production to root browning.
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Figure 5. 7. Cultivar Chalimbana. A, cumulative root production and total
length of white (living) roots at different assessment times for plants
grown in tubes of pasteurized soil. B, longevity of individual roots,
gauged by the time after production to root browning.
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5. 8. Cultivar YL GBON. A, cumulative root production and total length

Figure

of white (living) roots at different assessment times for plants grown
in tubes of pasteurized soil. B, longevity of individual roots, gauged
by the time after production to root browning.
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Figure 5. 9. Cultivar 57-313. A, cumulative root production and total length of
white (living) roots at different assessment times for plants grown in
tubes of pasteurized soil. B, longevity of individual roots, gauged by
the time after production to root browning.
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Table 5. 4. Summary of time-course of root senescence in relation to plant growth stage.
Time of maximum
viable root length
(weeks)

Onset of
flowering
(weeks)

Total turnover
at maturity
(%)

JL 24

2.5

5.7

77.4

4.4

(3.8 - 5.0)

Malimba

2.5

6.7

83.2

3.4

(2.9 - 3.9)

Chalimbana

nd1

10.0

77.0

3.7

(3.3 - 4.3)

VL GBON

4.5

12.0

72.7

4.3

(3.7 - 5.0)

57-313

3.0

12.0

75.2

4.2

(3.6 - 4.7)

Cultivar

Half-life of individual roots
weeks

(95 % confidence limit)

Spanish types

Virginia types

not determined.

cultivars, this effect was less pronounced and occurred in cvs. VL GBON and
57-313 only. Then functional root length reached a peak after 4.5 and 3 weeks,
respectively. Flowering in these cultivars commenced in week 12 and continued
over a prolonged period of time. A second, smaller increase of functional root
length was observed in cvs. JL 24, VL GBON and 57-313 during the last 3
weeks of the experiment. This period coincides with the pod-filling stage.
However, in the confined space of the tube system, only two to three pods could
be produced (Table 5. 4; Figures 5. 5. A - 5. 9. A).
Root fascicles started to senesce in the upper parts of the tubes at 23 weeks (Spanish cvs.) and 3-4 weeks (Virginia cvs.) after sowing. Dying roots
were replaced by new roots further down the tubes. This progressive spatial
pattern is illustrated in a root tracing from cv. JL 24 in Figure 5. 10. It was the
factor overiding root age in determining which roots were to die next: in areas
where death occurred, virtually all roots died simultaneously, irrespective of
their age, leading to a relatively constant level of roots being present from the
onset of the reproductive phase. Only few roots were subsequently found in the
upper parts of the root system and then only during the last 3 weeks of the
experiment when a second, small increase in functional root length occurred.
Figures 5. 5. B - 5. 9. B show the percentage of individual root
members that died at different times after they had been produced. For all
cultivars, most roots died when they were 3-4 weeks old. Hardly any root
reached an age greater than 8 weeks. The half-life of individual roots was
calculated from the cumulative percentages of root death by inverse prediction
and ranged from 3.37 - 4.39 weeks (Table 5. 4; Figures 5. 5 B - 5. 9 B). Due to
the asymmetric nature of errors on the x-axis in linear regression (Zar, 1974),
the 95 % confidence intervals are tabulated. Since they all overlap, no
significant difference between cultivars nor botanical groups was found for halflives of individual roots.
Except for cv. Chalimbana, where no significant correlation was
found, root turnover followed production with a defined lag phase in time. If the
appropriate lag period was chosen for linear regression, turnover rates were
significantly correlated with previous production rates (Table 5. 5). For Spanish
types, the lag period was 3 weeks, for the Virginia types VL GBON and 57-313
it was 5 and 4 weeks, respectively. Cultivar VL GBON had a significantly
greater slope of the regression line than JL 24 (P < 0.05). There was no
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Figure 5. 10. Spatial root turnover of groundnut cv. JL 24. The solid lines
represent white, functional roots, the dotted lines roots that had died
at week 6 (A) and week 13 (B) after sowing. Only tap root and first
order laterals are shown. The predominance of functional roots
moves downwards over time.
A

B
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Table 5. 5. Relationship between root production and turnover.
Lag period of
turnover following
production (weeks)

Cultivar

Slope of
regression (B)

Significance of
regression (P)
0.01

3

0.39 ± 0.112a
0.47 ± 0.078ab

VL GBON

5

0.79 ± 0.134b

0.001

57-313

4

0.47 ± 0.094ab

0.001

JL 24

3

Malimba

0.001

Overall LSD005 = 0.321 for comparison of slopes Within column.
Values followed by the same letter do not differ significantly at P = 0.05.

ab

difference between any of the other cultivars.
An attempt was made to obtain root turnover data for cvs. JL 24 and
Chalimbana in the field. A glass pane (0.6 x 1.2 m) was inserted into the short
end of a trench (0.5 m wide) at an angle of 70°. The front was covered with a
5 cm polystyrene sheet as an insulator (Figure 5. 11). Unfortunately, the glass
was stolen in week 5 of the experiment and quantitative data were lost.
Observed growth rates up to that time, however, resembled the ones in tubes.
Signs of senescence were visible in weeks 3 and 4 for cvs. JL 24 and
Chalimbana, respectively, as they were in tubes. New root production in deeper
soil layers in compensation for the senescence of root members in the upper
regions was evident.

5. 4. Discussion
Tubes impose spatial restrictions on the root system. Increased spacing has been
shown to increase root production of groundnut (Rao et al., 1989; Seshadri et
al., 1958; Sinimonds & Azam-Ali, 1989). This effect was reported to be larger in
Virginia- than in Spanish-type cultivars, but no altered rooting pattern was
observed: with increasing depth in the profile rooting density decreased
(Seshadri et al., 1958). Keltring et al. (1982) obtained root growth data for
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Figure 5. 11. Measurement of root production and turnover in Field I at
Chitedze Agricultural Research Station.

EI

groundnuts in acrylic tubes which corresponded well with observations of other
workers in the field. All cultivars in their study showed the typical root
distribution down the profile. In my experiment, plant vigour was decreased in
the tube system in comparison to field-grown plants, but the root densitydistribution was similar to that in the field. Root length measurements were
found to correlate well with root dry weights in cvs. Chalimbana, JL 24 and
Malimba. No difference between these cultivars was found regarding the slope
of this correlation through the origin. Because visible root length against the
face of the polyethylene tubes is more easily recorded over prolonged periods of
time than root weight which would involve destructive sampling and thus a large
number of plants, these three cultivars were further investigated. Root dry
weight production in tubes was compared with that in the field. Cultivar JL 24
was the least affected by the tube system and was, therefore, chosen for the
experiments in Chapter 6. Sarkar & Kars (1992) also found that rooting density
patterns in columns gave a good indication of groundnut root activity in the
field. The relative measurements obtained from the tube system were,
therefore, assumed to be representative. Atkinson (1985) found that rooting
densities of apple were not infuenced by an observation window in rhizotrons.
Assessing fine roots only, he assumed that a representative portion of the root
system could be measured against a glass face in that perennial crop. In my
study, the groundnut tap root and a large proportion of the laterals were visible
against the face of the tubes. Turnover was almost entirely due to death of fine
roots, but no attempt was made to distinguish between different root members,
since the tap root contributed less than 15 % to total root length.
Laterals which were produced within the soil core would have been
overlooked, but this applies to growth as well as turnover and can only lead to
an underestimate of percentage shed, because total turnover was mostly due to
death of lateral roots. A higher visible proportion of laterals in comparison with
the tap root, which was visible along its entire length, would thus increase the
measurable length of roots with the potential of turnover. Weekly assessment
intervals seemed appropriate, because the bulk of rootlets had a longevity of 3
to 4 weeks, and only a low proportion (< 7 %) of those assessed were found to
die within week 1 of formation. Furthermore, the uniform growth medium and
the controlled environmental conditions overcame some variabilities
encountered in the field. Climatic factors and heterogeneous soil
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macrostructure can mask temporal changes. Smucker & Aiken (1992) found
clusters of roots of maize and bean in niches with higher water availability and
Atkinson (1985) noticed that tree roots grow preferentially in old root channels
which impose the least mechanical resistance.
Jacques & Schwass (1956) routinely classified functional roots on the
basis of their white colour and dead roots as being brown. Staining with
2, 3, 5-triphenyl tetrazolium bromide confirmed that white roots stained
uniformly, whereas in brown ones only the stele stained. A similar colour
correlation was found in this study employing neutral red with subsequent
plasmolysis.
Unless death can be assessed independently from growth, it is not
possible to quantify root senescence. Many studies are based on measuring
changes in rooting density in various soil layers. The advantage of this method is
that sufficient replicates can be scanned to obtain statistically significant results.
On the other hand, only living roots are quantified and it is unclear whether a
steady state is due to a halt of production or a balance of root death and
replacement (Huck et aL, 1987). The model system in the present study
overcame this problem satisfactorily. Weekly assessment intervals seemed
suitable to separate production and death, with root half-lives all greater than 3
weeks.
Root turnover rates in pasteurized soil ranged from 73 % to 83 % by
plant maturity. Similar high rates, though on an annual basis, have been
suggested by Fogel (1983) who estimated that 63 % to 77 % of total assimilated
carbon is lost by root turnover in coniferous trees in field sites. This represents
4-5 times more organic matter than from the total leaf litter input to the forest
floor. In the annual crops, soyabean and cotton, over 80 % root turnover during
one growing season has been suggested (Huck

et

aL, 1987; Taylor & Klepper,

1973). Little is known about the potential advantage or disadvantage to the
plant of such a seemingly expensive process.
During all stages of a plant's development tissues and organs senesce
as a normal part of the life cycle. Soon after germination when the seedling can
obtain its own nutrients - minerals from the soil and carbon by photosynthesis the cotyledons senesce, especially in hypogaeic plants (Van Staden et aL, 1988).
Vegetative growth is often reduced during the reproductive phase and the death
of many monocarpic crops in autumn can be prevented by decapitation
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(Noodén, 1988). Fruit development (reproduction) seems to be the priority
which is achieved at the expense of vegetative tissues. Deciduous trees shed all
their leaves on an annual basis. This appears to be a wasteful process. But
nutrients, in particular nitrogen, are relocated into the shoot prior to leaf
abscission (Peoples & Dalling, 1988). This seasonal, foliar turnover is
presumably less energy demanding than maintaining the leaves under adverse
conditions. The relevance of senescence to the plant's well-being is even more
evident in tissues like the bark or xylem vessels which can fully serve their task
only after they have died (Wang & Woolhouse, 1982). These examples show
that senescence is not an imperfection, but an expedient process in life. But only
a few studies have investigated the functional significance of root senescence.
The carbohydrate respired by roots under dry conditions in one week
is calculated to equal their own dry weight (Reynolds, 1975). The cost of
maintaining roots under adverse conditions may therefore be higher than the
net cost of root shedding and formation of new laterals under more favourable
conditions. Atkinson (1974) found seasonal fluctuations of root activity in
different soil depths which agreed with changes in soil moisture over the year.
Rao et al. (1989) stated that groundnuts have to invest more dry matter for the
same root length than do other crops, because of the low specific root length
caused by relatively thick laterals in groundnuts. They are able to produce
additional roots when water is scarce, but only then do they make this
investment to reach into greater depths. The water extraction front of
groundnuts in the field moves down the soil profile (Matthews et al., 1988;
Simmonds & Azam-Ali, 1989). This corresponds with an increased rooting
density in that layer (Sarkar & Kars, 1992). In the tube system, the turned-over
roots were progressively replaced by roots further down the profile, leading to
an altered depth-distribution of living root members despite a relatively
constant length of functional roots after an initial peak value, which agrees with
those reports. Under dry conditions, when the water table drops, tap root
elongation rather than feeder root production along the existing tap root will
facilitate water availability. In fact, intimate root-soil contact might be
deleterious when the soil matric potential drops below the wilting point. Desert
succulents overcome this problem routinely by reversible root contraction,
creating a gap at the root-soil interface (Nobel & Ciii, 1992) or by abscission of
laterals (Nobel & Huang, 1992). Upon rewetting, new laterals are initiated.
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For mineral uptake, however, a large surface area is necessary.
Atkinson (1974) found 32P-uptake to follow a seasonal trend parallel to the
occurrence of white roots in apple. In a later paper, however, he suggested that
brown as well as white roots function in adsorption (Atkinson, 1983). Ions which
are translocated via the symplast such as phosphate and potassium are still
taken up by mature roots of barley and marrow through plasmodesmata and this
depends little on respiration, whereas the uptake of apoplast-mobile minerals
such as calcium is restricted by the endodermis and is closely associated with
active metabolism (Russell & Clarkson, 1976). Groundnuts have high Ca2
requirements during pod filling and are known to take up calcium via the
gynophore which produces structures like root hairs (Blendsoe & Harris, 1950).
This unusual mode of mineral uptake can act as supplement when the root
cannot fully meet the plant's nutritional requirements. The dead cortex of
barley plants allowed the colonisation by microorganisms which immobilized
phosphate (Russell & Newbould, 1969) and could, therefore, form a buffer
system for P-availability to the plant. The beneficial effect of mycorrhizal
associations on the P-balance of plants is well known. Groundnuts maintain
such symbioses even when the external phosphate supply is high (Daft & ElGiahmi, 1976).
This cost/benefit analysis shows that root turnover does not
necessarily interfere with normal root function. At harvest time, only 1 % of
photosynthetic assimilates are partitioned to groundnut roots (Kvien& Ozias
Akins, 1991). Physiological root death was found to coincide with fruiting in
cucumber and was attributed to the nutrient sink created by the developing fruit
(Van der Vlugt, 1990a). The peak of functional roots in my study was also
closely linked to the developmental pattern of the cultivar in that it coincided
with most vigorous vegetative growth. Rootlet death in soyabean was highest in
soil regions with the greatest rooting densities (Snider et aL, 1990). Considering
the suggested high maintenance costs of roots, it is plausible that roots which
have served their function by exploiting a particular area of the soil are shed
and new areas of the soil are explored by new roots. This is in accord with the
observation that in any location most roots died simultaneously, irrespective of
their age.
Head (1973) stated that roots do not have a pre-determined lifespan. In this chapter, all cultivars were found to have root half-lives between 3.4
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and 4.4 weeks, regardless of the maturation time of the cultivar, which
contradicts that hypothesis. Although root death is influenced by stress factors,
it follows a regulated pattern. Huck et al. (1987) found no correlation between
drought stress and root death in soyabean. On the contrary, maximal death rates
occurred at a fixed time interval of 2-3 weeks after a large increase of root
population induced by sublethal drought levels. Here, a defined lag of death
behind production was also found for groundnuts. It was shorter in Spanish than
in Virginia types. After accounting for the lag period, root production rates were
significantly correlated with root death rates. The slope of the regression was
not dependent on the botanical type which indicates a relatively fixed ratio of
turnover to production rate.
In this chapter, groundnuts have been shown to shed a considerable
proportion of their total root production during one growing period, up to the
time when they would normally be harvested. Some turnover took place as early
as 3 weeks after sowing. Root turnover is not only a colossal nutrient input into
the rhizosphere, exceeding exudations and secretions by a factor 10 (Bowen,
1980), but also individual roots are extremely ephemeral and can provide
microbes with substantial amounts of nutrients through senescence soon after
the roots have been formed.
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CHAPTER 6
EFFECT OF ROOT SENESCENCE ON
FUNGAL INFECTION
6. 1. Introduction
Root senescence can influence population levels in the rhizosphere by release
of nutrients through leaky membranes (Newman, 1985) and foster the
colonisation of roots by decreasing their resistance. In cereals, root cortical
death has been implicated in susceptibility to soil-borne pathogens as well as in
effectiveness of establishment of biocontrol agents on roots (reviewed by
Deacon, 1987).
Changes in the root mycoflora throughout the life-cycle of groundnut
have been described by Subrahmanyam & Rao (1977b). Groundnut seedlings,
raised in sterile sand and then transplanted into soil artificially inoculated with
Pythium butleri and P. myriotylum, showed a higher rate of mortality if they were
transplanted after 15 days than at a greater age (Subrahmanyam et aL,1980b).
However, infections take place at microsites. Individual groundnut roots were
found to grow up to 3 cm day-' (Chapter 5). The extension rates of fungal
hyphae are in the range of mm per day. It is inconceivable that hyphal growth
can keep up with roots during an infection process. Instead, fungal spores are
believed to germinate in response to nutrients released from a root passing by in
their vicinity (Peterson, 1959; Huisman, 1982). Therefore, the age of individual
roots in microsites might be more relevant to fungal colonisation. Newman
(1985) estimated that in a field-grown crop roots, dead or alive, are found a few
millimetres from each other - a.distance fungal hyphae can easily bridge. Root
turnover is a spatial and temporal process. Ephemeral roots of any age may be
present at various depths in the soil profile. Thus, sampling of whole plants
makes it difficult to draw conclusions about the influence of root senescence on
fungal behaviour, because the age and history of individual roots cannot be
determined.
The tube system described in Chapter 5 allows the observation of
individual roots. In this section it is used to investigate the effect of root

senescence on population levels of rhizosphere fungi. All findings are
interpreted with respect to observations in the field.

6. 2. Materials and Methods
6. 2. 1. Packing of tubes
Fourty-five polyethylene tubes were filled with a 1:1 (v/v) mixture of perlite and
field soil (King's Buildings experimental plot, pH = 5.3) which was air-dried
and sieved through a 4 mm sieve prior to mixing. The packing procedure was
the same as described in Chapter 5.

6. 2.2. Sowing and plant maintenance
Thirty of the 45 tubes were sown with untreated seeds of groundnut cv. JL 24 as
described in Chapter 5. The only modification was that the seeds were covered
with 1 cm of the soil mixture only. Then, 2 cm sand was added to prevent the
perlite from floating upwards during watering. Fifteen non-planted tubes served
as controls.

6. 2. 3. Inoculation
Spore suspensions of A. flavus and the fungicide-tolerant mutants of A. niger, F.
oxysporum and I. bolleyi were produced by flooding PDA plates with SDW
containing 1 drop of Tween 80 per 100 ml. M hiemalis was cultured in PDB
tubes, centrifuged at 2000 G for 2 mm, washed twice with SDW at 1127 G for
2 min and resuspended in SDW plus Tween. The spore suspensions were
adjusted to 2.48 x 106 spores ml-1 and 0.4 ml (10 spores) were inoculated with
a 1 ml syringe onto selected roots through the polyethylene walls of the tubes
and the pre-drilled holes in the corrugated supports (Figure 6. 1).
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Figure 6. 1. Inoculation of selected roots with spore suspension through predrilled holes in supporting corrugated sheet.

Figure 6. 2. At harvest roots were matched with root charts and collected
together with rhizosphere soil.

Four weeks after sowing, two young root laterals (< 1 week) and two
older roots (3-4 weeks) were inoculated with the spore suspensions of two fungi
in each of the 30 tubes. One fungus was inoculated onto one young root and one
old root in each tube, another fungus onto the remaining two roots. The design
was structured and each fungus was inoculated onto a total of 12, roots of each
age group and all possible combinations of fungi were included in the different
tubes. Control roots of the same age groups positioned above the inoculated
ones received 0.4 ml SDW containing Tween. The non-planted tubes were
inoculated in the same manner, in regions 0-10 cm and 40-50 cm down the
tubes; these positions corresponded to those where older and younger roots,
respectively, had been inoculated, to investigate whether the position within the
tubes had any effect on population levels, because all young roots were
positioned in the lower part of the tubes whereas all older ones were in the
upper regions. Fifteen of the planted tubes were turned through 180°
immediately after inoculation so that the existing roots were not lying against
the lower surface of the tubes where water would be expected to flow more than
on the upper face.

6. 2. 4. Harvest and fungal enumeration
The inoculated tubes were incubated on the frames for 3 weeks and the fate of
the roots was recorded. After the incubation period, the tubes were removed
from the scaffold and inoculated roots and rhizosphere soil were retrieved by
matching the tubes with the tracings of roots made on them and cutting windows
into the tubes at the appropriate sampling sites (Figure 6. 2). Roots were gently
freed from loosely adhering soil and plated onto selective medium (CDA
containing streptomycin, penicillin and rose Bengal as described in Chapter 2)
for A. f7avus; for A. niger, F. oxyspolum and I. bolleyi 20 jig ml-1 benomyl was
added to this medium, and for M. hiemalis PDA containing 20 pg ml-1 pimaricin
was used. Fungal population levels in rhizosphere soil were determined by
dilution plating, except for M hiemalis where 0.25 g air-dried soil was
inoculated into McCartney bottles (see Chapter 4) to enrich for this fungus
which sporulates abundantly in this system. Sequential sampling of these tubes
and haemocytometer counts of spores resembling M hiemalis were used to
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construct growth curves of M. hiemalis. To confirm the identity of the mutant
strain, a loop-full from each bottle was streaked onto PDA containing
20 .g ml-1 pimaricin. For this fungus, the results are expressed as final spore
level (Gompertz parameter C ± SEM) of the resistant strain (total Mucor
spores minus wild-type Mucor spp.). Preliminary tests had shown that high initial
inocula result in high final spore levels in non-sterile soil after enrichment, but
no simple, quantitative relationship could be identified (data not shown).
Details of the computer analysis for dilution plating are presented in
Appendix 3.

6.2. 5. Fungistasis assay
Seventy-two glass Petri dishes (diameter 10 cm) were filled with soil collected in
Field NR2 (pH = 5.3) at CARS, Malawi. The plot was planted with groundnut
and had been under maize in the previous season. The soil was watered to water
holding capacity and the surface smoothed with a spatula. Half of the soil plates
were autoclaved for 30 min on two consecutive days in sealed metal containers.
All plates were sealed individually in plastic bags and allowed to equilibrate for
3 days. Conidia of the wild-types of either A. flavus or A. niger were brushed
onto the soil surface at two different locations 5 cm apart. Uniform adventitious
groundnut roots (cv. JL 24) were produced with the detached leaf culture
method (Chapter 3), but in non-sterile conditions. Three roots (2 cm) were
harvested from each leaf and one was placed onto one of the inoculated spots in
each dish, ensuring a uniform soil/root contact. The design was completely
randomized. The Petri dishes were sealed in polyethylene bags for incubation at
ambient temperature (25-30°C) in the dark. Three replicate dishes were
sampled for each treatment after 0, 2, 4, 6, 8 and 10 days as follows.
Germination was interrupted by killing the spores with several drops of 0.1 %
cotton blue in lactophenol. Molten water agar (3 %, ca 50°C) was poured as a
thin layer over the stained spots and allowed to dry (ca 48 h). The agar could
then be peeled off with spores, root and soil debris attached. This method was
previously reported not to discriminate between germinated and ungerminated
spores (Lingappa & Lockwood, 1963). The agar stips were mounted upsidedown onto a microscope slide, remoistened and covered with a coverslip.

90

Percentage spore germination was assessed by counting 500 spores under 400 x
magnification. A spore was considered to have germinated if the germ-tube
length was at least half the spore diameter. The maximum assessment distance
from the root, if present, was 0.3 mm. Spores in contact with other spores or the
cut ends of the roots were avoided. The sigmoid curves of germination over
time were regressed using the Gompertz function on GENSTAT 5.

6. 2. 6. Pathogenicity test
Sand (515 g) was mixed with oatmeal ('Jungle', South Africa) at 3 % (w/w),
added to each of four 11 conical flasks, moistened with 150 ml distilled water
and autoclaved for 30 minutes. Fungal inoculum was added as 10 ml spore
suspension (106 spores mF1 ). The inoculated flasks, and a non-inoculated
control, were incubated for 10 days at ambient temperature in the dark.
Fifty plastic plant pots (1.5 1) were filled with 11 soil collected in
Field NR2 at CARS. The sand/oatmeal inoculum was added to each of the ten
replicate pots at 5 % (v/v) and thoroughly worked into the soil. Five seeds (cv.
JL 24) were planted in each pot. The pots were kept under a glass roof outdoors
and watered as required. Disease symptoms and mortalities were recorded for
50 days. Then, the remaining plants were uprooted and their root systems were
screened for pathogenic attack.

6.2. 7. Relationship of plant health to fungal populations in the rhizosphere
Soil was sampled 56 days after sowing in Field I at CARS, Malawi, in the
1991/92 growing season. The plot was under groundnut (cv. JL 24) for the
second year. Neither fungicides nor fertilizer had been applied. Five randomly
chosen healthy, vigorous plants and five stunted, sick plants without clear
disease symptoms were uprooted, but not from border rows. They were shaken
vigorously and soil adhering to the root at a depth of ca 10 cm was collected as
the rhizosphere fraction. Non-rhizosphere soil was sampled at five random
inter-row locations at corresponding depth. The five subsamples were pooled in
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paper bags to avoid condensation. Fungi were enumerated by dilution plating
the same day.

6.2. 8. Effect of crop rotation on the groundnut mycoflora
Three fields with different cropping history were chosen at CARS in the
1991/92 season: Field I which was under groundnut for the 81h year, Field ER
which was cropped to groundnut for the second time after maize and Field EL
which had been converted from maize to groundnut in only that season.
Thiram-treated seeds (cv. Malimba) were used to establish 3 x 6 m experimental
plots in each field. Five replicate soil and rhizosphere samples were collected at
82 and 102 days after sowing and processed as described in Section 6. 2. 7.
Additionally, an inter-row soil sample from a maize crop in Field I was included
at the second sampling date.

6. 3. Results
6. 3. 1. Effect of inoculation on roots in tubes
Table 6. 1 shows the reactions of roots to inoculation. Roots were classified as
either healthy or impaired, which included any evidence of halted growth,
browning and decomposition. It was necessary to pool these three types of
reactions to form one category in order to obtain the minimum acceptable
expectation level of five for X2-analysis (Hewlett & Plackett, 1979). The
assessment method is, therefore, different to that in Chapter 5, where the
cumulative length of brown roots was measured. In the non-inoculated control,
significantly (x2 = 3.89, P < 0.05) more old roots than young ones were
impaired, which can be ascribed to the fact that some old roots had already
reached their final length at the time of inoculation or shortly afterwards.
However, the proportion of these roots and these categories could be used as
the basis of 'expected' frequencies in

x2-analysis of the effects of fungal

inoculation. On this basis, for the pooled results of all inoculated fungi, it was
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found that significant variations

(x2

= 9.56, P < 0.01) existed between

inoculation treatments for young, healthy roots, but not for old, healthy roots

(x2 = 3.55). Owing to the small number (12) of roots of each age category
inoculated with individual fungi, it was not possible to do individual X2-tests - the
number of roots in each category (healthy or impaired) did not equal five. But
inspection of Table 6. 1 shows that M hiemalis and I. bolleyi caused little or no
impairment of groundnut roots, whereas A. flavus, A. niger and F. oxysporum
caused more impairment, especially of young roots than would have been
expected in non-inoculated controls.

Table 6. 1. Number of roots (max 60; 12 for each fungus) inoculated with fungi
when either young or old, which remained healthy or were impaired
(stoppage of growth and/or discolouration) during a 3-week
incubation period.
Inoculated
young

Inoculated
old

IIIUCUIdIIL

funis

Healthy

Impaired

Healthy

Impaired

Aspergillus
flavus

5

7

4

8

Asp ergillus
niger

4

8

8

4

Fusarium
oxysporum

5

7

6

6

11

1

10

2

9

3

7

5

Total

34

26

35

25

Control

52

80

42

180

Expected'

10.4

1.6

Idriella
bolleyi
Mucor
hiemalis

o

8.4

significantly different from each other (X2 = 3.89, P < 0.05).
1 Expected frequency of healthy or impaired roots for each inoculant fungus.
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6. 3. 2. Colonisation of inoculated roots

No inoculated strain was ever recovered from control roots. The numbers of
inoculated root segments yielding each test fungus after the incubation period
are presented in Table 6. 2. Not all root segments could be retrieved due to
decomposition. Old and young roots differed neither in their retrievability, nor
in total colonisation, for the pooled inoculation treatments - a total 18 colonized
roots from young, inoculated roots as opposed to 22 colonized ones from older,
inoculated roots, whereas the x2 expected for equal colonisation would be 20 in
each case. However, there was evidence of different degrees of colonisation by
different inoculated fungi when the data for young and old root were combined
(x2 = 35.25, P < 0.001). The most notable features were that A. flavus, a
common component of the groundnut root mycoflora, colonized all the
inoculated roots that could be retreived whereas, at the other extreme, A. niger
colonized none of the roots and I. bolleyi colonized very few roots.

Table 6. 2. Number of roots (max. 60; 12 for each fungus) retrieved from tubes
after inoculation when either young or old, which were colonized by
the inoculant fungus after 3 weeks incubation period in tubes.
Inoculated
young

Inoculated
old

Total
Roots
Roots
Roots
Roots
roots
retrieved colonized retrieved colonized colonized
Aspergillus
flaws

11

11

10

10

21

Aspergillus
niger

10

0

12

0

0

Fusarium
axysporum

11

2

11

4

6

Idriella
bolleyi

12

1

12

1

2

Mucor
hiemalis

12

4

11

7

11

Total

56

18

56

22

40

Expected

20

20
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6. 3. 3. Effect of turning of tubes on fungal populations

Final population levels were enumerated in rhizosphere soil of inoculated and
control roots in the tube system after a 3-week incubation period. Half of the
planting tubes had been incubated in the normal position, the other half had
been turned through 1800. None of the test fungi was ever detected on the noninoculated control roots. A. niger and F. oxysporum were not retrieved by
dilution plating. Their spore levels on roots, therefore, were below the detection
limit of 100 spores g 1 soil for any treatment. The population levels of the other
fungi were compared by analysis of deviance (A. flavus and I. bolleyi) and

Table 6. 3. Effect of turning of planted tubes on fungal populations in tubes.
Composite data: number of colony-forming units (x 10 g-1 soil) (A.
flavus, A. niger, F. oxysporum, I. bolleyi) and final spore level after
enrichment (x 104 ml-1 ) (M. hiemalis).
Normal
Bottom
Aspergillus
flavus

224.3 ± 13.36a

Turned
Top

Bottom

74.1 ± 768b

298.0 ± 15.40c

Top
63.9 ± 713b

LSDo.00i
58.35

Aspergillus
niger

<0.1

<0.1

<0.1

<0.1

na

Fusarium
oxysporum

<0.1

<0.1

<0.1

<0.1

na

Idriella
bolleyi

13.7 ± 2.27a

1.1 ± 0•64b

Mucor
hiemalis

53.8 ± 1.90a

4.7 ± 122b

a, b, C

na

1.3 ± 0•70b

23.42

8.8 ± 1.66c9.9 ± 0.24'

7.16

22.6 ± 2.92c

Values within a row followed by the same letter do not differ from each other at P = 0.05.
not applicable.
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ANOVA (M hiemalis). Table 6. 3 presents the results. The LSD values are
given at the 99.9 % level, whereas values within a row followed by the same
letter do not differ at P = 0.05. For A. flavus and I. bolleyi significantly
(P < 0.001 and P < 0.05, respectively) larger spore numbers were detected in
the bottom region of the tube. The turning treatment had no effect at those
significance levels on A. flavus (F = 7.7) nor I. bolleyi (F = 5.7). For
M. hiemalis, in the normal position significantly (P < 0.001) higher numbers
were measured in the bottom region than on top. No difference between the top
and the bottom existed in turned tubes. It is concluded that watering might have
increased the abundance of M hiemalis spores in the bottom region of the
tubes, but not of the other fungi.

6. 3. 4. Effect of root age on fungal populations

After a 3-week incubation period in the tube system, fungal population levels in
rhizosphere soil of groundnut roots which had been inoculated when they were
either < 1 week (young) or 3-4 weeks (old) of age were enumerated as
described in Section 6. 3. 3. Again, no test strains were recovered from any
control, nor were A. niger or F. oxysponim retrieved using the chosen dilution. A.
flavus showed a significant (P < 0.05) preference for the better aerated, drier
top position of the non-planted tubes (Table 6. 4). This effect, however, was
reversed in the presence of a root system, where the population level on young
roots (bottom position) was significantly (P < 0.001) higher, than on older roots
or in any position in non-planted tubes. I. bolleyi, also, showed a significantly
(P < 0.001) higher population on young roots. In fact, old roots were no better
than none. Neither I. bolleyi nor M hiemalis showed a preference for the
position within non-planted tubes. M. hiemalis was more abundant on young
roots than on old ones (P < 0.001). But in contrast to I. bolleyi, where old roots
supported the same population levels as non-planted soil, spore number of
M. hiemalis on old roots were significantly (P < 0.001) lower than in the same
(top) position in non-planted tubes, which might have been caused by an
increased downwards water movement in continuous water films along the
root/polyethylene interface.

It is concluded that A. flavus and I. bolleyi benefit more from young
roots than from Old ones. Although M. hiemalis was more abundant on young
roots in the normal position, no such preference was observed in tubes which
were turned through 180°C. Colonisation of young roots might have been
caused by passive spore movement rather than a predilection for roots of a
certain age.
An attempt was made to observe the response to enhanced
senescence in the field without artificial inoculation. Groundnut plants (cv.
JL 24) were established in Field I at CARS. Half of them were decapitated 15
days after sowing. Soil and rhizosphere samples of five replicate plants were
analysed by dilution plating in two day intervals for 22 days. After an initial
burst of total populations (2-6 days) on decapitated plants, rhizosphere
populations of intact plants increased more rapidly than of decapitated plants
until day 22. No significant trend was observed for individual fungi.

Table 6. 4. Effect of root age on fungal populations. Composite data: number of
colony-forming units (x 10 g 1 soil) (A. flavus, A. niger, F. oxysporum,
I. bolleyi) and final spore level after enrichment (x 104 nil-i)
(M hiemalis).
Groundnut
Young
Aspergillus
flavus

224.3 ± 13.36a

Non-planted
Old

Bottom

74.1 ± 7.68b

0.2 ± 0.20c

Top
26.7 ± 237d

LSDo.00i
397

Aspergillus
niger

<0.1

<0.1

<0.1

<0.1

na

Fusarium
oxysporum

<0.1

<0.1

<0.1

<0.1

na

Idriella
bolleyi

13.7 ± 1.74a

1.1 ± 049b

1.7 ± 061b

1.2 ± 052b

5.03

Mucor
hiemalis

53.8 ± 1.90a

4•7 ± 1.22b

22.6 ± 4.64c

24.2 ± 0.34C

14.07

a, b, C, (I Values within a row followed by the same letter do not differ from each other at
P = 0.05.
na
not applicable.
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6. 3. 5. Fungistatic effect
The aim of the experiment was to compare the inoculant fungi with respect to
their sensitivity to fungistasis. This was of interest, because the two Aspegillus
spp. behaved very differently in the previous section. In particular, A. niger was
not detected by dilution plating of rhizosphere soil from tubes, although it was
possible to isolate that fungus from natural soils after 1 week incubation by the
same methods in preliminary pot experiments (data not shown). Spore
germination was assessed on natural and autoclaved soil in the presence and
absence of detached groundnut roots. In preliminary experiments, F. oxyspoium
and M. hiemalis germinated rapidly in response to detached roots, but spore
walls disintegrated after germination and no meaningful counts of germinated
spores could be obtained even after 2 days. Additionally, dense mycelium
obscured observations. Germination levels of aspergilli were generally low
(<20 %) and germtubes were short in the absence of roots. Only near the root
did they continue to elongate and hyphae proliferate with increased incubation
periods, but no quantitative data for germtube lengths could be recorded,
because hyphae soon invaded the roots which stained dark blue as did the
hyphae. Occasionally indigenous Alternaria or Fusarium spores were present,
but this was rare and interference by indigenous fungi was assumed to be
statistically irrelevant. Percentage spore germination was compared by
regression for sigmoid curves. The final level of spores germinated (Gompertz
parameter C) was expressed as mean ± SEM. The estimation of SEMs was
legitimate, despite the fact that percentages were computed, because at the
observed low germination levels, the analysis was not affected by the restriction
that values must not exceed 100. The means ± SEM were subsequently
subjected to two-way ANOVA for each of the two Aspergillus spp. The results
are presented in Table 6. 5.
For both fungi there were significant interactions between soil
sterilisation and the presence of the root (F = 68.0, P < 0.001 for A. fiavus;
F = 47.8, P < 0.001 for A. niger). Soil sterilization invariably caused an increase
in germination. For A. flavus this was not significant (F = 3.39) owing to the
large standard errors in autoclaved soil. Spore germination of A. niger was
significantly increased in sterile soil (F = 25.45, P < 0.001). The presence of the
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root did not have a significant effect on spore germination of A. flavus
(F = 5.3 x 10 ) nor A. niger (F = 0.76).

Table 6. 5. Final percentage (mean ± SEM) of spores germinated on natural or
autoclaved soil in the presence or absence of a groundnut root.

Aspergillus
flavus

No root
Root

Natural
7.1 ± 1.09a
8.6 ± 0.68a

Aspergillus
niger

No root
Root

6.6 ± 0.41a
8.1 ± 1.05a

Fungus

Treatment

Sterile
16.2 ± 7.18a
14.1 ± 2.59a I
14.1 ± 1.59b
15.1 ± 1.16b

LSDO.o5
10.95
3.21

a, b Values followed by the same letter do not significantly different from each other for each
fungus at P = 0.05.

6. 3. 6. Pathogenicity test
The pathogenicity of the inoculant fungi was tested on groundnut cv. JL 24 in a
pot experiment by infesting field soil with a sand/oatmeal inoculum of the
various fungi. The data were analyzed by

x2-test for five categories, including

the non-inoculated control. Table 6. 6 shows the number of dead and diseased
plants at 50 days after sowing. The largest number of plants had died after
inoculation with A. niger and F. oxysporum. Differences in number of dead
plants between treatments were significant

(x2

= 15.4; P < 0.01). But these

fungi affected the seedling stage, because few/none of the remaining plants
bore evident lesions on the roots. Mortality caused by A. flavus was low, but
many plants were stunted and exhibited the typical aflaroot symptoms when
uprooted. The total number of plants affected after inoculation with any weak
pathogen, especially A. flavus, was higher than the control. No disease
symptoms and a low mortality - less than in the non-inoculated control - were
found after inoculation with M. hiemalis (total x2 = 10.4, P < 0.05).

Table 6. 6. Number of plants (max. 50 for each inoculation treatment) showing
disease symptoms 50 days after sowing in pathogen-infested field
soil.
Reaction
Dead

Inoculum

Diseased

Total

Asp ergillusfiavus

2

19

21

Aspergillus niger

16

0

16

Fusarium nxv.cnorum
r

15

2

17

5

0

5

11

1

12

4.4

14.2

- --- ------- -

---d -

- -- -

Mucorhiemalic
Control
Expected

9.8

-

6. 3. 7. Relationship between plant health and root mycoflora
Table 6. 7 summarizes the relationship between plant health and fungal
population in the groundnut rhizosphere for a comparison of soils collected
from roots of stunted and vigorous groundnut plants and inter-row soil in
Field I, CARS. Stunting could not be related to any particular fungal or viral
disorder. Field I, however, was under groundnut for the 8th year and cropspecific fungi and nematodes might have built up. Total rhizosphere counts
were higher on sick plants than on healthy plants and higher on these than in
bare soil. The counts for A. flavu.c, A. niger and F. oxysporum did not reflect the
same patterns, however. No significant difference was detected for A. niger nor
F. oxysporum across the soil samples. A. flavus was most abundant on roots of
healthy plants (P < 0.05). Its level on sick plants was intermediate, but not
significantly higher than in bare soil. M hiemalis was isolated by enrichment in
liquid culture. At that stage, no attempt was made to quantify population levels
of M. hiema1i. It was only detected on roots of healthy plants. A more
comprehensive list of fungi isolated from roots of healthy and sick groundnut
roots is given in Appendix 4.
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Table 6. 7. Number of colony-forming units (x 10 g-1 soil) in the rhizosphere of
healthy and sick field-grown plants, and in inter-row soil.
Bare
soil
30.7 ± 1.55a

Rhizosphere
healthy
40.7 ± 1.79b

Rhizosphere
sick
47.2 ± 1.92c

Aspergillus
fiavus

0.7 ± 0.3a

2.8 ± 0.63b

1.4 ± 0.45a

1.39

Aspergillus
niger

Oa

0.1 ± 0.06a

0.1 ± 0.06a

nsd

0.6 ± 0.25a

0.5 ± 0.23a

0.5 ± 0.23a

nsd

absent

present

absent

na

Fungus
Total

Fusai'ium
oxysporum
Mucor
hiemalis
a, b,
nsd
na

C

LSDo.os
6.25

Values within a row followed by the same letter do not differ significantly at P = 0.05.
not significantly different
not applicable

6. 3. 8. Effect of crop rotation on the groundnut mycoflora
Table 6. 8 shows the number of colony-forming units in the rhizosphere and in
inter-row soil in three groundnut fields which differed in their previous
cropping. Assessment was made 82 days after sowing. Total rhizosphere
populations did not differ between fields. In Fields I and ER, total inter-row
counts were significantly lower than in Field EL where groundnut followed
maize. In Field EL there was no significant difference between rhizosphere and
inter-row soil populations. A. flavus was most abundant in the rhizosphere of
groundnut in continuous culture (Field I), but still represented a very low
proportion of the total count of fungal propagules. It could not be detected in
the rhizosphere of groundnut following maize (Field EL). A. niger was only
detected in soil which had been cropped to groundnut for at least two years, but
was not detected in the rhizosphere of groundnut. The only significant
difference for F. oxysporum was a higher inter-row soil count in Field ER than
in any other field.
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Table 6. 8. Number of colony-forming units (x 10 g4 soil) in groundnut fields
under different rotation at 82 days after sowing.

Fungus

Field

Total

I
ER
EL

Asp ergillus
flavus

I
ER
EL

Aspergillus
niger
Fusarium
oxysporum

a, b
1

Inter-row
soil
12.9 ± 1.37a
13.3 ± 1.39a
20.5 ± 1.73b

Rhizosphere
18.7 ± 1.65"
20.0 ±1.75"
22.2 ± 1.80b

I
ER
EL

0.3 ± 0. 15ab
0.3 ±0. lSab
0.2 ± 0.12a
0.3 ± 0.1Oa
0.3 ±0.lOa
0.0 ±0.Ob

0.7 ± 0.22b
0.4 ± 0. 17ab
0.0 ± 0.Oa
0.0 ± 0.Ob
0.0 ±0.Ob
0.0 ±0.Ob

I
ER
EL

0.2 ±0.10a
0.5 ±0. 15b
0.2 ±0.lOa

0.1 ±0.07a
0.0 ± 0.Oa
0.0 ±0.Oa

LSDo.os
4.571

J
0.43

5
0.16

5
0.25

5

Values within a block (i. e. A. flavus) followed by the same letter do not differ significantly
at = 0.05.
LSD between any two means within the block shown (soil or rhizosphere).

At 102 days after sowing (Table 6. 9) a similar trend was observed
for total counts as at 82 days: the longer groundnut had been cropped in a field,
the lower was the detectable fungal population level. Again, it was noticable
that Field EL had a high non-rhizosphere soil population so that there was no
significant rhizosphere effect. Counts from the adjacent maize field were higher
than from any other sampled field, although a statistical comparison of maize
values with the others is illegitimate, because the generalized linear model
cannot handle unbalanced data. Soil levels of A. flavus were significantly lower
in Field EL than in the other two fields, and again A. flavus could not be found
in the rhizosphere of the first groundnut crop (Field EL). The highest count was
found in rhizosphere soil of the second groundnut crop (Field ER). That sample
also had the highest A. niger and F. oxysporum levels. All three pathogens had
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Table 6. 9. Number of colony-forming units (x 10 g-1 soil) in groundnut fields
under different rotation at 102 days after sowing.

Fungus

I
ER
EL
Maize

Total

Aspergillus
flavus

Aspergillus
niger

Fusarium
oxysporum

a, b
1

Field

Inter-row
soil
26.0 ±2.86a
32.1 ±3.18a
63.8 ± 4.48c
85.2 ±9.56

Rhizosphere
46.4 ±3.85b
57.2 ±4.25bc
58.8 ±4.31c

I
ER
EL
Maize

1.2 ± 0.34bc
1.1 ±0.33bc
0.2 ±0. 14a
0.6 ± 0.24

0.5 ± 0.22ab
1.8 ±0.42c

I
ER
EL
Maize

0.0 ±0.Oa
0.1 ± 0.06a
0.0 ± 0.Oa
0.0 ±0.0

0.0 ±0.Oa
0.7 ±0. 17b
0.2 ± 009a

I
ER
EL
Maize

0.2 ± 0.13a
0.2 ±0.13a
0.2 ±0.13a
0.5 ±0.21

0.6 ± 0.23ab
0.9 ±0.29b
0.5 ±0.21ab

0.0 ± 0.Oa

LSDo.os
10.931
)

0.7943
)

0.23
J

0.56

Values within a block (i. e. A. flavus) followed by the same letter do not differ significantly
at = 0.05.
LSD between any two means within the block shown (soil or rhizosphere), excluding
maize.

increased in that rhizosphere sample in comparison with the 82-day count.
However, there was no significant difference between fields for A. niger nor F.
orysporum.

6. 4. Discussion
The tube system provided an ideal means of studying the behaviour of soilborne fungi on roots. The age and history of individual roots was known and
their fate could be observed. However, because of the possibility of spread of
fungal spore inoculum down the tubes in percolating water, it was possibly only

103

to inoculate a few roots in each tube to follow the effects of inoculation and this
severely limited statistical comparisons.
All fungi retrieved were most abundant on young roots. This was not
a preference for the position of inoculation within the tube, but a response to
nutrients derived from young groundnut roots, as indicated by the population
levels in non-planted tubes. Certain fungi prefer roots of a certain age.
Successions have been described on roots of beans (Dix, 1964; Parkinson et al.,
1962), barley and cabbage (Parkinson et al., 1962), lucerne (Richard, 1981) and
groundnut (Subrahmanyam & Rao, 1977b). Since young roots in this study were
one week old at inoculation they went through the peak of senescence
(Chapter 5) during the 3 week incubation period, whereas old roots had already
passed it. The fungi, therefore, presumably made use of the nutrients becoming
available during the early stages of root senescence.
Inoculation of roots with three potential pathogens of groundnut (A.
flavus, A. niger and F. oxysporum) had a stronger effect on young roots than on
old ones. Inoculation with two harmless fungi (I. bolleyi and M hiemalis) had no
effect on root growth. All potential pathogens damaged young roots, but only A.
flavus did so to old roots.
On rapidly senescing wheat roots, more vascular damage was caused
by inoculation of young roots than of older ones with G. graminis var. tritici. In
barley which exhibits a lower rate of RCD, older roots were more susceptible
(Deacon & Henry, 1980). It was concluded that the pathogen benefits mostly
from early RCD in the corresponding region. G. grwninis is a poor saprophytic
competitor (Deacon, 1987) and, therefore, unlikely to achieve considerable
population levels on dead material. The ability to infect roots at the onset of
senescence - at a stage where host resistance is already impaired, but before
true saprophytes invade - can be interpreted as a successful 'substrate capture
mechanism' which helps to avoid competition. A similar effect seems to be
operative for the weak pathogens investigated in this chapter. It was observed
when roots in the tube system were inoculated with a relatively high number of
spores, but not when natural population levels were used in combination with
an attempt to enhance root senescence by decapitation of field-grown plants.
Severe leaf pruning of lucerne led to increased populations of Fusarium spp.
and Mucor spp. on roots (O'Rouke & Millar, 1966). In cereals, root amputation
enhanced RCD, but less so if root segments were larger (Kirk & Deacon, 1986)
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and leaf pruning alone had no effect (Lascaris & Deacon, 1991c). The
groundnut root systems in this experiment were several times larger than the
excised pieces of cereal roots used by Kirk & Deacon (1986).
However, in an undisturbed plot of poor crop health in Field I,
support for the hypothesis that weak pathogens exploit the early stages of
senescence was found. A. fiavus was most abundant on roots of symptomless
groundnut plants in the field. These healthy plants were growing more
vigorously than their sick neighbours and probably contributed more senescing
root material than the former, because root turnover rates are correlated with
root production rates (Chapter 5). Once the plants were visibly diseased,
population levels of the three pathogens investigated were not significantly
higher than in bare soil. The high total fungal counts on sick plants are likely to
represent secondary invaders, i. e. saprophytes which decompose dead material.
A similar increase of total fungal populations at the expense of bacterial counts
was observed in the rhizosphere of faba beans when F. oxysporum and/or K
solani were present (AbdEl-Monlim et al., 1993).
High levels of saprophytic fungi can suppress pathogenic ones. This
phenomenon was exploited in the rotation trial. Maize immediately preceeding
groundnut increased total fungal counts and decreased the inciden&of A. flavus.
Picasso (1987) has shown that soil carbon is increased in an annual
maize/groundnut rotation in comparison with a groundnut monoculture. Maize
is known to release high amounts of C which can be utilized by the soil biomass
more efficiently than for instance wheat carbon (Merckx et al., 1987) or C from
other legumes (Patra et al., 1992). Rotation systems in general have a reputation
for increasing biomass C (Buchanan & King, 1992). Since readily utilizable
organic carbon is usually limiting for fungal activity in soil (Newman, 1985), the
results suggest that crop residues of maize serve as carbon source for fungal
growth. The populations fostered by such dead material are likely to be
predominantly saprophytic strains. In Israel, Penicillium species on groundnut
kernels were fostered in fields converted from fallow, whereas A. niger
populations were unaltered (Joffe & Lisker, 1970). Penidilhia are mostly
saprophytic and responded to crop residues better than to the growing crop. In
contrast, aspergilli responded equally well to the crop and its residues, although
this effect depended on the types of crop (Williams & Schmitthenner, 1960).
The data presented in this chapter suggest that a narrow groundnut/maize
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rotation can shift the ecological balance towards an equilibrium more
favourable for saprophytes. It might be worthwhile combining rotation practices
with biocontrol, because this could keep the disease pressure at a manageable
level.
Despite the damage done to young roots by

A. niger and F.

oxysporum in the polyethylene tube system, their populations were below the
detection limit of 100 cfu g-1 soil for any treatment. Even at such low inoculum
levels they could cause significant damage to young seedling roots. In
preliminary pot experiments, all mutant strains could be retrieved from natural
soil after 7 days incubation (data not shown). In the main experiment in the
planting tubes, the incubation period was three weeks. A. niger was not retrieved
at all and F. oxysporum only from roots. Conidia of F. oxysporum are short-lived
in soil and seedling disease by this fungus could be reproduced in the absence of
other microorganisms, but not in natural soils (Porter et aL, 1984). Although
frequently A. niger is more damaging than A. flavus in the field and has been
reported to respond stronger to the groundnut rhizosphere (Joffe, 1968), bunch-

A. niger than are runners
(PANS, 1973; Porter et aL, 1984). Additionally, the A. niger strain used here
showed a more consistent sensitivity to fungistasis than A. flavus. A. niger spores
have a diameter of ca 2.9 Am whereas A. flavus spores measure 4.7 Am. The
type cultivars, such as IL 24, are more tolerant of

latter are able to store more nutrients and are therefore less sensitive to
fungistasis. A significant correlation between spore size and fungistatic
sensitivity was described by Steiner & Lockwood (1969) for a wide range of
unrelated fungi. All experiments in this section were carried out in natural soils
which might have suppressed

A. niger selectively. Neither A. niger nor F.

oxysporum showed a significant response to groundnut roots in Field I. The
decrease of spore levels during the incubation period in the tube system is,
therefore, not necessarily surprising. In the pathogenicity test carried out in
natural soil, again on cv. IL 24, A. flavus caused the highest damage, confirming
this interpretation. It was also the pathogen most frequently isolated from fieldgrown plants in that season, but there a mixture of strains is likely to have been
assessed.
In cereals, cortical senescence did not only foster inoculum build-up
of the pathogen G. graininis, but also supported the growth of Phialophora
graminicola and I. bolleyi which were unable to invade intact cortices or the
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vascular system. Their establishment on roots followed cortical cell death
(Deacon & Lewis, 1986; Kirk & Deacon, 1987b). Both fungi are weak parasites,
but not pathogens. If they were the first to occupy the senescing roots, they
conferred protection against take-all (Kirk & Deacon, 1987a). The success of
biocontrol depended strongly on the ratio of the competing fungi (Kirk &
Deacon, 1987a). In my experiment involving groundnut roots, I. bolleyi behaved
as it does on cereal roots, exploiting senescing tissue. This seems to be a rather
unspecific response to the plant's developmental pattern, because I. bolleyi is
not normally an inhabitant of the groundnut rhizosphere. A similar non-hostspecific reaction was reported by Keay & Brown (1990) for
Psiocybe semilanceata. For M. hiemalis, a harmless commensal on groundnut
roots, preference for roots of a certain age could not be detected. Richard
(1981) found an unidentified Mucor sp. to be one of the earliest colonizers of
young lucerne roots, but isolated it equally frequently from roots of plants
between the age of one month to two years, when a sudden increase occurred.
The health status of the root had no effect. M. hiemalis in this experiment was
isolated from healthy roots only. It was abundant on young roots in the bottom
position of the tubes, possibly accumulated there by passive transport with
irrigation water.
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CHAPTER 7
MOVEMENT OF SPORES OF MUCOR
HIEMALlS IN NATURAL SOIL CONDITIONS
7. 1. Introduction
Movement of microbial propagules in the root zone of plants has a great impact
on root colonisation by pathogenic and beneficial microorganisms. It is relevant
to the spread of pathogens down roots from seeds and also to the spread of
seed-applied biocontrol agents.
Population dynamics of seed-applied bacteria in the rhizosphere
have received appreciable attention (e. g. Van Elsas & Heijnen, 1990;
Gammack et al., 1992). Knowledge of fungal spore movement in natural soil is
scarce. Early work involved the application of large amounts of water to
artificial systems such as soil or sand columns. Measured transport rates were
not necessarily representative for field conditions. In a critical study, Hepple
(1960) reconstructed a Cheshire podsol profile and monitored the fate of spores
of Mucor ramannianus under realistic rainfall regimes. She found that spores
freely passed through the sandy A horizon, but were unable to penetrate the
more compacted B1 horizon. Very little information is available on the
influence of a root system on fungal spore movement. Trichoderma harzianum,
applied to seeds as spores, failed to colonize roots of pea grown in humid
chambers, but was detected on roots in soil (Chao et al., 1986). Because the soil
was not watered during the experiment, the results suggests vertical spore
movement in soil where there are growing roots.
Tropical soils lack the structural horizons typical of soils in the
temperate zone (Lowole & Banda, 1986). Additionally, rainfall during the
cropping season exceeds precipitations in the UK and other temperate regions.
Therefore, higher potential transport rates of propagules should be expected.
The present study investigates the movement of M hiemalis spores in a ferric
luvisol in Malawi and the influence of the root-soil interface on the transport
process. It was conducted in an undisturbed profile, because sieving and
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repacking of soil disrupts the continuity of natural channels and increases the
surface area available to entrap organisms (White, 1985). M hiemalis was used
to model the behaviour of an inoculant biocontrol agent, because one
interpretation of its behaviour in Chapter 6 is that spore inoculum applied to
roots in non-turned tubes was washed down the roots in percolating water. A
natural field site was chosen to avoid the artificiality of continuous surfaces
along which spore movement could occur rapidly. Soil physical data were
recorded to re-interpret published hypotheses on propagule transport.

7. 2. Materials and Methods
7. 2. 1. Site description
Field I at the eastern boundary of Chitedze Agricultural Research Station was
chosen. The soil is a ferric luvisol (FAO nomenclature), oxic Rhodustaif (US
taxonomy) or ferruginous soil (older Malawian literature). In field I, two soil
series have been described, but only tentatively mapped: the Lilongwe series
and the Ngongonda series (Billing, 1978). Both are closely related and differ
only in their clay content and concomitant structure and water availability.

7. 2. 2. Soil preparation and planting
In November 1992, before the onset of the season's rains, the soil was tilled with
a mouldboard plough to a depth of 15 cm and then disk harrowed. Fertilizer
was applied as P205 (50 kg ha-1 ).
A trench 6 m by 0.5 m and 1 m in depth was dug and protected
against flooding by a small dam (Figure 7. 1). Planting ridges were constructed
on either side of the trench at 60 cm inter-row spacing using hoes and boxed
alternately at 1 m intervals to ensure uniform water percolation and to prevent
erosion.
In December 1992, after the onset of rains, 31 untreated groundnut
seeds (cv. JL 24) were sown manually at 5 cm depth and 10 cm intervals on each
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Figure 7. 1. Cross section of trench
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Dam and boxes

side of the trench; the remaining space on the ridges was used as non-planted
control.
A rain gauge was installed beside the trench at a height of 90 cm. All
other weather data were obtained from Chitedze Meteorological Station on the
experimental site.

7. 2. 3. Inoculation
The pimaricin-resistant strain of M. hiemalis (JRH R1.2) was grown in shaken
potato-sucrose broth (PSB), producing spores of 13.3 Am diameter. After 3 d at
ambient temperature (25°C-35°C), these spores were collected by centrifugation
(2000 x G for 2 mm) and washed three times by resuspension and centrifugation
in SDW (1127 x G for 2 mm). Final spore concentration was measured with a
haemocytometer.
Twelve days after sowing, 18 seedlings had fully emerged on either
side of the trench. Twelve of them were inoculated by adding 3 ml of the spore
suspension (total 0.5 x 107 spores). Six seedlings received 3 ml SDW as a
control. Late emerging seedlings were ignored. Inoculum was applied
immediately below the cotyledons on the hypocotyl which was in the soil surface
layer or up to 1 cm below soil level. The surface layer of non-planted soil
positions was inoculated similarly. In order to relocate inoculated plants and
soil patches, these were marked with plastic pegs. The pattern of inoculation
(Figure 7. 2) was a compromise between the need for randomization and the
need to excavate root systems systematically commencing from each end of the
trench to minimize soil disturbance in the test areas and to provide space for the
deposition of large amounts of soil which were moved during destructive
sampling.

7.2.4. Samplin
To create a sampling profile, soil from the trench wall was removed
with a hoe in an upward direction to avoid carrying spores downwards on the
implement. Four cm before a marker peg was reached, the profile was
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smoothed using a scoop. Soil cores were taken with a NQ 4 cork-borer (diameter
8 mm) vertically below the inoculation point. Starting from the bottom of the
profile, sampling proceeded in 2 cm or occasionally 4 cm increments. At each
sampling, a single set of cores was collected from each of two inoculated
replicate plants and below each of two inoculated points in non-planted soil. A
single non-inoculated plant and soil served as control each time. Additionally,
two 'run-off controls were taken from the trench floor at opposing ends to
check whether spore-containing water had diverged from the vertical plane of
percolation as a result of decreased resistance caused by the trench.
After soil coring, the plants were carefully excavated and the tap root
was cut into 2 cm segments, again starting from below. Lateral roots were
severed at 1 cm distance from the tap root and collected separately.
Occasionally the tap root had been cut during coring, but this was infrequent
enough to retrieve its entire length. A diagrammatic representation of the
sampling procedure is given in Figure 7. 3. All samples were placed into sterile
McCartney bottles. Ridges, boxes and the dam were reconstructed immediately
after sampling to ensure uniform water percolation in the remainder of the plot.

7.2. 5. Fungal detection
Samples were air-dried in the laboratory. The pimaricin-resistant M hiemalis
strain does not sporulate in liquid culture containing pimaricin. Therefore, root
pieces or ca 0.25 g of soil were placed in McCartney bottles with 16 ml PSB
containing 40 tig ml-' penicillin and 50 gg ml-' streptomycin. The tubes were
incubated for 3 d on a rotary shaker at ambient temperature, then 100 til
samples were subcultured to the same medium and incubated for a further 3 d.
The enriched cultures were streaked onto potato-dextrose agar containing
40 g ml-1 penicillin, 50 gg ml-1 streptomycin and 20 gg ml-1 pimaricin and
incubated at 25°C.
Usually, this procedure gave clear results, M. hiemalis being readily
detectable by visual observation after 3 d on agar. Occasionally, a naturally
pimaricin-resistant Rhizopus sp. with faster growth than that of M hiemalis
complicated the detection. In such cases, a small piece of agar was reinoculated
into PSB and subjected to another two enrichment steps in shaken liquid
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Figure 7. 3. A, Summary representation of occurrence (solid symbol) and non-detection (open symbol) of inoculant strain at
different sampling depths in plot: a, non-planted soil; b, planted soil; c, tap root; d, lateral roots. B. Exposed root system
in trench; cork-borer (for sampling) arrowed.
A

B

Soil
level

culture, which selects against Rhizopus. For recording, if the fungus was
detected on the root piece 58-60 cm, for example, it was recorded as having
reached 58 cm depth.

7. 2. 6. Soil moisture content
Soil moisture content in the top 10 cm of the plot was determined usually every
second day. Five replicates (200 g each) were oven-dried at 105°C overnight and
the weight loss measured.

7. 2. 7. Soil physical analysis
7. 2. 7. 1. Texture
Air-dried soil (25 g) from the top 10 cm was mixed with 75 ml dispersing
solution (8 g NaOH and 20 g Na6P6O18 1-1 water) and 75 ml tap water and stirred
for 5 mm. The mixture was transferred to a 500 ml measuring cylinder and the
volume made up to 500 ml with tap water. Foam on top of the column was
removed with three drops of amyl alcohol. A blank control, lacking soil, was
prepared in the same manner. The columns were stirred vigorously with a
plunger. Readings against the control were taken with a hydrometer after 5 mm
(sand settled) and after 5 h (silt settled). Organic matter was determined by
weight loss after combustion at 450°C for 4 h.
7. 2. 7. 2. Hydraulic conductivity
Undisturbed soil cores were collected from the profile at one end of the trench,
using 6 cm long metal sleeves (diam 5.5 cm) with a cutting edge at 15 cm
intervals. In the laboratory, the lower surface of each core was covered with
muslin cloth and the cores were placed in a tray filled with water where they
were allowed to saturate for 24 h. A 1 cm high plastic ring was sealed with
vaseline around the upper edge of each core and a filter paper disk put on the
soil surface. The cores were attached to Buchner funnels and the plastic ring
was filled with water from a drip inlet above the funnels. Drip rate was adjusted
to match the outflow. After a steady state was obtained, the outflow was
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collected quantitatively in 25 ml measuring cylinders for appropriate time
intervals (4 replicate readings). The outflow rate divided by the core surface
area yielded the hydraulic conductivity of saturated cores.
7. 2. 7. 3. Bulk density
The cores were transferred to an oven and dried at 105°C overnight. Porosity
was calculated from bulk density and particle density in a known soil volume, as
follows. Soil samples were ground to pass a 0.02 mm mesh. Particle density was
measured by weighing 50 g oven-dried soil into pre-weighed 100 ml volumetric
flasks and making up to 100 ml volume with water. Air was eliminated by
boiling until frothing stopped, then the lost water was replenished with preboiled water. The flasks were weighed, the contents discarded and the density of
water determined by refilling the dried flasks with boiled, cooled water and reweighing them.
7. 2. 7. 4.12H measurement and net charge
Soil was mixed with either distilled water or 1M KC1 solution in a 1:2
(soil:solution, v/v) ratio. Both pH values were measured. Net negative charge
on the soil particles was detected as lower recorded pH in KC1 solution than in
water, because K ions displace H from the soil particles. The spore
suspension (0.17 x 107 spores ml-1 ) used as inoculum was treated similarly.
7. 2. 7. 5. Anion exchange capacity
Air-dried soil (4 g) from the top 10 cm of the plot was packed into a 5 ml
syringe (2 replicates) and equilibrated with 35 ml of 2mM NH4C1 solution,
which had the same pH as the soil, until the effluent had 2 meq chloride
concentration. The columns were rinsed with 5 ml distilled water and
exchangable chloride was expelled with 20mM KNO3. Chloride concentrations
were measured with a millivolt meter against a standard curve.
7. 2. 7. 6. Water release characteristic
The water release characteristic of soil was determined with a ceramic plate
extractor (Soil Moisture Equipment Co, Santa Barbara, California) between
suctions of 10 and 150 kPa. The value for 1500 kPa was taken from Billing
(1978), because facilities did not enable direct assessment of suctions beyond
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200 kPa. Three replicates (25 g each) were removed from the extractor at each
matric potential.

7. 3. Results
7. 3. 1. Spore movement in the profile
Pimaricin-resistant M. hiemalis was never recovered from non-inoculated
control positions, nor from the trench floor. In all enriched rhizosphere samples
examined by microscopy, Mucor-type spores were observed, but were found only
occasionally in bulk soil.
The highest transport rates of the marked strain were observed along
the tap root (Figure 7. 4). Upper regions of the root system exhibited the
highest abundance of the fungus. In younger regions, detectable colonisation
was patchy, but even 41 d after inoculation M. hiemalis was detected on the
apical segment of one tap root. The greatest depth of recovery of the inoculant
fungus was 58-60 cm at 51 days after inoculation (Figure 7. 4).
Compared with movement down the taproot (Figure 7. 5), the fungus
was detected at lesser depths in soil adjacent to treated plants at each sampling
time (to a max. final depth of 22 cm) and was transported poorly in non-planted
soil. It was also recorded at only shallow depths on the root laterals of
inoculated plants. Daily and cumulative rainfall during the study period
(Figure 7. 6) in 1992-3 was close to the 42 y average (1949-1990), excluding the
two preceding drought years.
Colonisation of lateral roots was poor in comparison with the tap
root. The greatest depth recorded was 9 cm at 18 d. At later sampling dates, the
first-order laterals in the upper regions of the root system had largely senesced
and decomposed. Younger laterals were formed further down the profile, but
M hiemalis was not found on them at 32 and 41 d. At 51 d the fungus was
recovered from laterals at 7 cm depth, the same as in non-planted soil.
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Figure 7. 4. Distribution of recoverable pimaricin-resistant Mucor hiemalis (dark
areas) in successive 2 cm lengths of groundnut tap root retrieved at
different times from the field plot. Vertical bars in the diagram show
the actual tap root lengths of two replicate plants at each time.
Values below histogram show furthest extent (%) of root length
colonized.
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7. 3.2. Soil physical analysis
Texture analysis revealed 21.2% clay, 11.9% silt, 60.6% sand and 6.3% organic
matter, typical of a sandy clay loam of the Ngongonda series. It is characterized
as non-stony, very deep and well drained. A detailed profile description is given
in Appendix 5. Its physical properties are presented in Table 7. 1.
The pH measured in KC1 was consistently lower than in water
indicating a net negative particle charge (Table 7. 1). The pH of the spore
suspension was 5.78 in water and 5.43 in KC1, indicating that the spores also
carried net negative charge.
The anion exchange capacity as estimated by Cl exchange was
below the detection limit of 0.035 meq 100 g-' soil. To confirm this result, nitrate
was replaced by an aliquot of 200 mM NH4C1 and the NO3 concentration in the
effluent was measured with an autoanalyzer according to Henriksen & Selmer-
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Figure 7. 5. Tap root length and detection of pimaricin-resistant Mucor hiemalis
at maximum distances down the roots or in soil in planted and nonplanted inoculation sites. Each data point is the mean of 2 replicates
for roots or root-free soil.
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Figure 7. 6. Daily (bars) and cumulative (solid line) rainfall during the 1992-3
cropping season in comparison with the 42-year average (dotted
line).
400
E
-

300

qU
II-

250

'-

200

40

350
30

20

150
3

10

100
50

0
5 10 15 20 25 30 35 40 45 50 55 60 65

Days after inoculation

118

Olsen (1970). The result was in a similar range (0.045 meq 100 g' soil). For
comparison, the cation exchange capacity of the top 10 cm soil layer has been
reported as 11.5 meq 100 g-1 soil (Billing, 1978).

Table 7. 1. Physical properties of soil profile.

Depth
(cm)
0-15
15-30
30-45
45-60
60-75
75-90
90-105

Hydraulic
conductivity
(mm mm -1)

Bulk
density
(g cm-3)

2.09
0.38
0.74

1.13
1.24

(%)

55.3
50.5
48.9

1.29

0.37
4.54

0.99
1.03
1.13

2.70

0.96

6.63

Porosity

61.1
59.7
56.3
62.5

pH

pH

(H20) (KCI) ApW

5.26
5.10

4.68
4.60

5.03
5.01
4.95
4.97

4.55
4.63
4.67
4.61

-0.38
-0.28
-0.36

5.05

4.85

-0.20

-0.58
-0.50

-0.48

Difference obtained by substracting pH(H20) from pH(KCI).

The hydraulic conductivity of saturated soil varied considerably at
different depths, with no identifiable trend. Since bulk density and porosity were
relatively uniform throughout the profile, the differences in hydraulic
conductivity can be ascribed to differences in pore size distribution (White,
1985). Macropores were visible in the 45-60 cm and 75-90 cm cores. Some
termite activity was observed beside the trench, but not near the inoculation
sites. In non-saturated soils, the minimum depth (D) of the wetting front can be
obtained from: D = Re/OFC, where Re is the excess rainfall (rainfall minus
evaporation) and 8FC the volumetric water content at field capacity, which was
20.06 %. Relevant meteorological data and the calculated water front in
comparison with tap root length are given in Table 7. 2.
The high daily average radiation of 21.7 MJ m 2 caused 60 % of the
rainfall to be lost by evaporation. Nevertheless, the calculated wetting front,
after an initial lag phase, caught up with the tip of the tap root and exceeded it
at 51 d.
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Volumetric soil moisture content (Figure 7. 7) ranged from 24.2 % to
16.6 % v/v, with daily average of 20.3 % v/v, higher than the field capacity
(20.1 % v/v). The drying curve of the soil water characteristic (Figure 7. 8)
represents the volume of water-filled pores at any water potential () which lies
behind necks with a radius smaller than r1,. This radius is related to the matric
potential by: 0 = -2/r 0 (Marshall and Holmes, 1988), where y is the surface
tension of the soil-water interface. In a typical soil at 30°C, y = 71.2 g -2
(Kaye and Laby, 1973). The diameter of M hiemalis spores was 13.3 Lm.
Therefore, the critical neck radius rcr for their passage is 6.65 jim. The resulting
critical water potential O r was -21.4 kPa (21.0 % v/v) (Figure 7. 8). It was
exceeded by the soil moisture content on 25 of the 51 days (Figure 7. 7).

Table 7. 2. Meteorological data and water front in comparison with tap root
length.
Days
Cumulative
after
radiation
inoculation (MJ m-2 )

Cumulative Cumulative
evaporation rainfall
(mm)
(mm)

0

27.2

7.1

0.0

4

104.7

32.5

6

136.4

18

Depth of
waterfront
(cm)

Tap root
length
(cm)

na1

11

34.0

0.75

18

39.2

60.0

10.37

20

369.8

85.8

159.0

36.50

32

32

687.3

146.5

225.0

39.14

38

41

910.0

182.5

259.3

38.29

40

51

1128.7

220.4

362.7

70.95

66

22.1

4.3

7.1

na

na

Daily
mean
na, not applicable.
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Figure 7. 7. Soil water content (% v/v); data points are means ± SEM of 5
replicates.
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7. 4. Discussion
Because the isolate of M. hiemalis in this work was originally isolated from
groundnut roots in the same field as used in this experiment it can be assumed
to be well adapted to the site and crop, although it was necessary to produce a
pimaricin-resistant mutant of it, of unknown environmental fitness, for studies
on transport of an inoculant strain. Dimorphism has been reported for several
Mucor species (Bartnicki-Garcia, 1968; Stewart & Rogers, 1983). In general,
these fungi grow in a yeast-like budding form in submerged liquid culture, and
this was exploited in the present work, both to produce inoculum and to enrich
for the inoculant strain for detection on roots or in soil. The yeast-like phase is
believed to be the predominant form in soil (Dobbs & Hinson, 1960).
Mucor spp. typically inhabit the root surface and are regarded as pioneer
colonizers (Dix, 1967). They were found to be among the earliest colonizers of
young faba bean (Waid, 1974) and lucerne (Richard, 1981) roots. The evident
rhizosphere competence of such a fungus made Mucor an ideal test organism for
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Figure 7. 8. Water release characteristic of sandy clay loam
(Ngongonda series)
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study of transport in soil water. It was also detected in apical segments in this
study, so the possibility of preferential establishment on aging roots is unlikely
to have biased the measurements concerning transport in soil water.
Despite the lack of structural horizons in the study site and the
relatively high precipitation of 363 mm during the investigation, movement of
the inoculant fungus in non-planted soil was low. Even the lowest recorded
hydraulic conductivity of 0.37 mm min-' at 60-75 cm depth was unlikely to be
limiting to water movement: the highest daily rainfall was 36 mm which could,
under saturated conditions, drain in less than 2 h, the approximate duration of
that rain. This estimation, however, is idealized because the hydraulic
conductivity of non-saturated soils decreases as the moisture content is lowered
(Gustafson, 1990). But even the wetting front calculated from excess rainfall in
non-saturated soils reached far beyond the depth at which the fungus was
detected. A similar lag behind the wetting front has been reported for zoospores
and cysts of Phytophthora megasperma and for the bacterium Serratia marcescens
when cores of dry soil were infiltrated with water (Wilkinson et al., 1981).
Although spores of the Mucorales are water-dispersed (Dobbs, 1942), water
movement was not efficient in carrying the spores through the soil matrix.
Instead, the retentive properties of soil must be linked to its chemical and
physical characteristics.
Generally, the two main retention mechanisms are believed to be
electrostatic interactions between clay particles and spores, and mechanical
retention by filtration or entrapment (Gammack et al., 1992). Coulombic forces
are unlikely to be responsible in Field I, because the overall charge of the soil as
well as the spores was negative. However, net negative charges do not preclude
the existence of localized positive charges at low pH values (Gammack et al.,
1992). Chitedze soils are moderately acidic and the net charge values of the
Ngongonda series are relatively low in comparison to other series (Billing,
1978). The measured anion exchange capacity, however, rules out the
significance of positive charges in this soil.
The radius of the spores - and therefore the critical neck radius re,. of
water-filled pores - was 6.65 Am and corresponds with a critical water potential
of -21.4 kPa, or 21.0 % moisture content. In drier conditions, necks large
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enough to allow the passage of the organism will have been drained already.
The average soil moisture content during the study was 20.31 % or -28.5 kPa
and, therefore, inadequate for transport. The effect of this is illustrated in
Figure 7. 9.
Wilkinson et al. (1981) could not relate the critical neck radius rcr to
size of the organisms in their study on water-infiltration of propagules. From the
moisture release characteristic and the porosity of the top layer (55.34 %) in
Chitedze it is calculated that 62.0 % of all pores had necks wider than re,, = 6.65
m. Wilkinson et al. (1981) termed the proportion of pores with necks wider
than r.r which were filled with water at any particular matric potential the
available pore space (APS). They concluded that it greatly overestimates the
potential for soil infiltration of cells and that propagule movement is not a
function of size. In my experiment, sufficiently high soil moisture levels
(>21.0 %) existed for 25 of the 51 days. Naturally, they were the wetter days
and 97.4 mm of the total 142.3 mm excess rain fell during these 25 days, which
seems to support the hypothesis of Wilkinson et al. (1981) that APS is poorly
correlated with propagule movement and overestimates potential for transport.
However, an alternative interpretation of APS is possible, as explained below.
Due to hysteresis, the matric potential required for water to enter
air-filled pores with radii .5 r7 has to be less negative than 07 on the drying curve
(Shaw, 1980). This so-called 'ink-bottle effect' is illustrated in Figure 7. 10. This
will be the rarer event, because

0,, is already less negative than the average

water content. Another portion of the spores might follow the water mainstream
through channels significantly larger than rer and be rapidly washed to depths far
beyond the considered range. This phenomenon has been reported for several
faecal organisms and is of concern in groundwater purification (reviewed by
McDowell-Boyer et al., 1986). High hydraulic conductivities measured in the 4560 cm and 75-90 cm regions were caused by macropores, possibly created by
termites. Although macropores, on average, only contribute 1% of the total
pore volume (Ailmaras & Logsdon, 1990), termites can have a profound effect
on the drainage properties of soil through the formation of channels to
considerably greater depths than earthworms (Anderson, 1988). Their activities,
however, are inconsistent and their overall influence is complex. Termite
mounds have a finer texture and lower hydraulic conductivities than
surrounding soil, due to the selection of clay particles from the subsoil by the
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Figure 7. 9. As the soil dries from (a) to (b) the largest necks are the first to be
drained [after Griffin, D. M., 1972].

(b)

001 cm

Figure 7. 10. The 'ink-bottle effect' determining the equilibrium height of water
in irregularly shaped pores in response to the same suction [after
Reeve & Carter, 1991].
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insects, in contrast to earthworms which incorporate organic matter into the soil
matrix (Anderson, 1988). Additionally, co-transport of microbes in the gut or on
external surfaces of the soil mesofauna has been suggested (Gammack et al.,
1992). Such rapid movement down to several meters in macropores, although
plausible, would have been overlooked by the sampling method here and would
be of little relevance to soil colonisation in terms of agricultural management.
Some spores that entered the pores with neck radii close to re.,, may
have been entrapped in them for a considerable time. A parallel is found in gelfiltration chromatography: the larger molecules are washed out first, whereas
smaller ones are delayed in the much larger pore space available to them
(Stryer, 1975) (Figure 7. 11). This interpretaion agrees with the findings of
Wilkinson et al. (1981) that propagules moved least in finer textured soils which
have the largest APS. Available pore space is in fact a measure of trapping
potential.
M. hiemalis spores are denser than water. During a long enough
entrapment period, they will sediment (McDowell-Boyer et al., 1986). Once in
contact with the solid matrix, normally weak interactions such as hydrogen
bonds and Van der Waals forces would gain increasing importance (Stryer,
1975). Re-suspension would be required if spores are to leave the pores,
because available necks are more likely to be positioned above the spores than
below. This, also, is in accord with the observation of Wilkinson et al. (1981)
who found that motile zoospores travelled further than their non-motile cysts of
the same size when soil cores were infiltrated with water.
High clay and organic matter contents increase sorption through Van
der Waals attraction, whereas high soil temperature and moisture levels
decrease it (Fisher & Briggs, 1988). The clay content of tropical soils is easily
underestimated, unless analyzed in the laboratory, because microaggregation is
particularly important in the more weathered soils, even if the macrostructure is
weak (Ahn, 1979). As particle size decreases, the tendency of water to adhere to
individual particles increases, because the ratio between surface area and
particle mass is an exponential function of particle size (Huck & Hoogenboom,
1990). It is conceivable that 21.2 % clay and 6.3 % organic matter can facilitate
such sorption. So it is suggested that spore movement in bulk soil was impeded
by textural constraints.
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Figure 7. 11. Principle of gel-filtration chromatography
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In contrast to bulk soil, depths of fungal spore movement in the
rhizosphere in this study exceeded those previously reported by an order of
magnitude. Water films surrounding the root cortex are believed to be of
primary importance for the mobility of microbes (Parke et al., 1986; Bahme &
Schroth, 1987; Gammack, 1992). Chao et al. (1986) observed 7'. harzianum
spores on pea roots 5 cm below the inoculated seed if percolating water was
present, but only at 2 cm below the seed if plants were grown in a humid
chamber in the absence of water flow. It has been suggested that, under field
conditions, the rate of root growth often exceeds the movement of water films in
unsaturated soils (Huck & Hoogenboom, 1990). The groundnut tap root can
grow at rates greater than 3 cm day-' (Chapter 5). Under conditions of tropical
rainfalls in this experiment, however, the calculated minimum water front soon
caught up with the advancing root apex. Even under drier soil moisture regimes,
the formation of water films on roots at night has been reported (Huck et al.,
1970). Root channels can be envisaged as one type of macropore. It seems likely
that waterfiow within these channels mediated transport along the tap root and
in rhizosphere soil.
High evapotranspiration rates during hot and dry spells may cause
the roots to contract. Changes in root diameter during high transpirational
demands have been demonstrated for sunflower (Faiz & Weatherly, 1982) and
cotton (Huck et al., 1970), two crops of the semi-arid tropics. On the hottest
August day on an Alabama research station, when 14.58 MJ rn-2 radiation was
received, the diameter of cotton roots shrank to 60 % of maximum (Huck et al.,
1970). The average daily radiation during the experiment reported here was
21.7 MJ rn-2. It is conceivable that the resulting turgor loss led to root
contraction and thus gap formation at the root-soil interface, especially since
groundnuts are virtually free from root hairs (Yarbrough, 1949; Chandler, 1978)
which could bridge gaps (Tinker, 1976). Such voids can readily be flushed with
the next rain. High radiation rates and high precipitation are by no means
mutually exclusive: the maximum radiation measured during this study was
27.9 MJ rn-2 on day 44 and was followed by 32 mm rain in the same evening.
Thus, under tropical conditions water-dispersed spores could effectively be
transported along root channels.
In my experiment, it was assumed fungal spread was primarily due to
spore transport, because hyphal extension rates, even in the presence of root-

derived nutrients, would be far below the observed rate of movement. M.
hiemalis was only detected on a proportion of tap root segments and the
colonisation of laterals was poor. Competition has been held responsible for the
lack of root (Chao et al., 1986) and soil (Wilkinson et al., 1981) colonisation by
fungi and bacteria in columns packed with non-sterile soil. Transport rates in
autoclaved soil were consistently higher. However, this was perhaps due to a
failure of the organisms to establish measurable population levels, rather than a
lack of transport. The same might have been true for root segments on which M
hiemalis was not detected, although it must have passed them. Progressive
dilution of the populations of the inoculant organism would contribute to this
difficulty. With increasing depth, Bahme & Schroth (1987) observed a lognormal decline of bacterial populations in the rhizosphere of potato after
irrigation. Furthermore, Mucor spp. on roots of field-grown lucerne showed a
natural, age-independent preference for the upper layers of the soil profile
(Richard, 1981). This was explained by a general lag of colonization of younger
roots behind the older regions: closer to the root apex establishment of all fungi
was increasingly patchier (Stenton, 1958). The observed distribution here is
therefore no surprise. The test strain in the present study proved to be a rapid
and relatively competitive colonizer of the tap root. Its ability to colonize root
laterals, once established on them, remains unknown, because its presence on
laterals was only assessed in terms of depth in the profile. The ability of the
fungus to colonize laterals horizontally thus merits further study, because it
would give a more complete picture as to whether a biological inoculum can
keep pace with the rapid development of an entire root system.
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CHAPTER 8
ENRICHMENT FOR RHIZOSPHERECOMPETENT FUNGI
8. 1. Introduction
Three factors are important, if not essential, for an ecologically fit biocontrol
agent (BCA) of root pathogens: it must be rhizosphere competent, establish
early in the growing season and be able to be produced cheaply and efficiently
by inoculum suppliers. Upadhyay & Rai (1988) stated that virtually no viable
protocol existed for culturing filamentous fungi in liquid culture for biocontrol
purposes. Since then, many researches have addressed that problem for two
reasons: (1) fermentation technology is the cheapest way to produce a BCA on
a commercial scale (Upadhyay & Rai, 1988); and (2) sporulation in liquid
culture is believed to mimic qualities of ecological significance (Deacon, 1991).
Blastospore production of entomopathogens is thought to simulate the budding
phase in their insect hosts (Kleespies & Zimmermann, 1992). Microcyclic
conidiation of I. bolleyi, a biocontrol fungus which sporulates readily in liquid
culture (Jadubansa et al., 1993; Lascaris & Deacon, 1994), might aid its ability
to colonize young roots from seeds and spread in water films along roots
(Lascaris & Deacon, 1991a).
These considerations form the basis of the work in this chapter,
which was designed to investigate the ability of fungi to sporulate in submerged
liquid culture, in the expectation that such fungi would be rhizospherecompetent, if they have also been isolated from roots originally.

130

8. 2. Materials and Method

8. 2. 1. Isolation of fungi that proliferate in submerged liquid culture
Rhizosphere soil (soil adhering firmly to the roots after vigorous shaking) was
collected as described in Section 6. 2. 7. Samples were taken from (1) young and
old roots of spring wheat at tillering and grain-filling stage at Roslin,
Midlothian, (2) strawberry plants, at the onset of flowering, which had been
transplanted from a nursery one week before, and from young strawberry
runners near Boghall Farm, Midlothian (3) young spring barley roots (tillering
stage) at Carrington, Midlothian and (4) young groundnut roots at CARS,
Nkopola (Mangochi District), Machinga and Dedza, in Malawi. Five replicate
subsamples were taken at all Scottish sites and at CARS, but only three
subsamples were collected at the other Malawian sites, which were farmers'
fields, to minimize crop losses. All samples were air-dried and 0.25 g
subsamples were used to inoculate McCartney bottles containing 16 ml of
molasses medium (MM). The bottles were incubated at 25°C on a roll-tube
shaker and subcultured every 7 days by transfering 100,41 into fresh bottles of
MM. Samples of the medium and cells were withdrawn during the first and the
fifth subcultures and used to isolate and identify the predominant fungi in the
tubes.
The samples contained a mixture of bacteria, fungi (filamentous
forms and yeasts) and protozoa, because no antibiotics were used. To isolate
filamentous fungi, 100 gI of the culture was placed in a Van Tiegham ring
embedded in PDA. Bacteria and unicellular organisms were thus trapped within
the ring, whereas hyphae grew through the agar underneath and could be
subcultured in pure form (Figure 8).
Wheat seeds (cv. Galahad) were immersed in 95 % ethanol for 5
seconds and then surface-sterilized in 10 % sodium hypochiorite solution for
15 mm. They were rinsed thoroughly with SDW and germinated on sterile moist
filter paper in Petri dishes. Fungal isolates obtained from the rhizosphere of
cereals by the above method were inoculated onto roots as agar blocks
(diameter 4 mm) and incubated at 25°C in the dark for 16 days.

131

Figure 8. Roll-tube isolation method.
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8. 2.2. Effects of isolation medium and number of subcultures
Rhizosphere and inter-row soil was collected from spring wheat at tillering stage
(Roslin) and similarly from oilseed rape at flowering stage (Rosewell,
Midlothian) as in Section 8. 2. 1. After air-drying, soil samples were transferred
to McCartney tubes, but Czapek-Dox medium (CDM), MM and potatodextrose broth (PDB) were used to compare fungal growth in different media.
Subcultures were transferred weekly, and samples from the first to the fifth
cultures were plated into Van Tiegham rings in agar plates containing the same
media as used in the tubes. Additionally, the suspensions were streaked onto
quarter-strength tryptone-soya agar (TSA) and the most common soil bacteria
that developed were isolated into pure culture.

8. 2. 3. Effect of aeration on fungal proliferation in submerged culture
Spore suspension (100 ,41, 5 x 106 spores ml-i) of a pure culture of Mucor sp.
which was isolated from CDM in Section 8. 2. 2 in the roll-tube system, and a
similar suspension of a stock culture of I. bolleyi (strain T560) were separately
added to four replicate McCartney bottles containing CDM, MM or PDB. To
two replicate bottles 10 ig ml-1 antimycin A (Sigma) was added; the other two
replicates rece/ved no addition. The bottles were incubated for 1 week on a
rotating-drum shaker and then the presence of the test fungi was assessed by
plating the suspension onto the corresponding media without antimycin A.

8. 2. 4. Effect of soil bacteria on fungal growth on agar
The most common soil bacteria isolated in the experiment in Section 8. 2. 2
were inoculated as peripheral semi-circles onto three replicate plates of each of
CDA,, MA and PDA. The plates were then inoculated centrally with agar discs
(diameter 4 mm) from various fungi and the hyphal extension rates towards and
away from the bacterial colonies were measured along three marked lines on
the base of the Petri dishes. The values away from the bacterial colonies were
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pooled for all bacteria to obtain one control for each fungus on each medium.
The growth rates were analyzed using three-way ANOVA for unbalanced data
(12 controls for any 3 replicate treatments) on GENSTAT 5. Details of the
analysis are given in Appendix 6. The fungi used were: Gymnoascu-like fungus;
two Mucor isolates, one from CDM, the other from PDB in the roll-tube system;
I. bolleyi, and G. graminis var. tritici. Although G. graminis does not sporulate in
culture, it was included in this experiment, because it can be controlled by
I. bolleyi and their relative competitiveness was of interest.

8. 2. 5. Interaction of Serratia marcescens with rhizosyhere fungi in soil
Inter-row soil (0.75 g) from spring wheat (see Section 8. 2. 2) was added to each
of 12 McCartney bottles. Six of them were autoclaved for 30 min on two
consecutive days. The others were stored at room temperature. Each set of
bottles was inoculated with suspensions as follows: (1) 100 Ml of I. bolleyi
(5 x 106 spores m14 in SDW) and 100 Ml sterile saline (0.8 %), (2) Mucor sp.
(from CDM, 5 x106 spores ml-1 in SDW) and 100 Al sterile saline, (3) S.
marcescens (8.8 x 107 cells ml-1 in 0.8 % sterile saline) and 100 Ml SDW, (4)
100 Al of I. bolleyi (5 x 106 spores ml-1 in SDW) and 100 Ml S. marcescens
(8.8 x 107 cells ml-1 in 0.8 % sterile saline), (5) Mucor sp. (from CDM, 5 x 106
spores niP in SDW) and S. marcescens (8.8 x 107 cells m14 in 0.8 % sterile
saline), and (6) 100 Ml SDW and 100 Al sterile saline.
All soils were then air-dried for 24 h, before 0.25 g samples were
added to each of three replicate McCartney bottles containing 16 ml CDM, MM
or PDB. The bottles were incubated on a rotating-drum shaker for one week
and samples then plated into Van Tiegham rings. The first subculture was
incubated for a second week and treated similarly.
An identical experiment was done, but the inoculated soil tubes were
incubated static for 1 week at 25°C prior to enrichment in liquid culture as
described above. The purpose of this second experiment was to see whether the
interaction, if any, between S. marcescens and rhizosphere fungi occurred in soil
or in the enrichment culture.
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8. 3. Results
8. 3. 1. Fungal isolation in submerged culture
The fungi isolated from roll-tubes inoculated with soil from different crops are
shown in Table 8. 1. Microscopic examination revealed that yeasts were the first
fungi to proliferate in shaken bottles (first culture), but no attempt was made to
identify the yeasts. They occurred in every soil from every source. The species
isolated depended on the age of the roots, as evidenced by different species
predominating from older compared with younger roots from both, wheat and
strawberry. For both these crops the predominant fungi in roll-tube culture were
Mucor spp. and budding yeasts from soil around young roots. Groundnut roots
from four different locations in Malawi yielded Mucor spp. (mostly M. hiemalis)
and budding yeast exclusively. None of the fungi that originated from cereal soil
was pathogenic to wheat after 16 days of incubation on sterile germllngs. All the
inoculated fungi could be retrieved when 1 cm root segments from these plants
were added to roll-tubes, incubated for 7 days and then the roll-tube medium
was plated onto agar.
When rhizosphere samples from wheat (Table 8. 2) and rape
(Table 8. 3) were enriched in three different media, again Mucor spp. and
budding yeasts occurred most frequently. Additionally, Cephalosporium sp.,
Fusarium sp., a Gymnoascus-like fungus, Penicillium sp., Phoma sp.,
Pseudorotium bakerii and Trichoderma harzianum occurred occasionally in interrow soil, but only Phoma sp., P. bakerii and T harzianum were detected from
roll-tube culture of rhizosphere samples, and then only once in the first or
second cultures. There was a general trend that the number of different species
isolated decreased with increasing number of subcultures and usually one
organism dominated from the third culture onwards. This, however, failed to
reach significance (X2-test) for the pooled data of wheat and rape to achieve the
minimum expectation of five in rhizosphere soil (x2 = 2.67) and inter-row soil
(x2 = 6.42). The medium used also had no significant effect on the number of
different isolates from the wheat rhizosphere (x2 = 0.42), the rape rhizosphere
(x2 = 1.6), the pooled rhizosphere data of both crops (x2 = 0.62), and the
pooled data for inter-row soil (x2 = 1.75).The most common bacteria in the
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enrichment cultures were Bacillus mycoides, a yellow Bacillus sp., a Gramnegative, non-sporing rod which was not a fluorescent pseudomonad, and
Serratia marcescens. B. mycoides was isolated from MM only and S. marcescens
from CDM only. The yellow Bacillus occurred in CDM and PDB and the Gramnegative rod in MM and PDB. They could, however, grow on every medium to
some extent when subcultured onto agar.

Table 8. 1. Fungi isolated from the rhizosphere of different crops in shaken,
liquid culture.
Crop

Origin

Fungi

Wheat

Young roots

Cylindrocladium/Cylindrocarpon spp
Fusarium sporotrichiodes
Mucor sp.
Trichoderma sp.
Budding yeast
Aureobasidium/Toiula spp
Penicillium sp.
Trichoderma viride
Budding yeast
Cylindrocarpon spp
Fusarium sp. (micro- & macroconidia)
Fusarium sp. (macroconidia only)
Mucor sp.
Trichoderma spp
Trichoderma viiide
Budding yeast
Mucor sp.
Scropulariopsis brevicaulis
Trichoderma harzianum
T. viride

Old roots
(later sampling,
same site)
Barley

Young roots

Strawberry*

Young roots
(runner)

Groundnut

Old roots
(fresh transplants,
same site, same date)
Young roots

Mucor hiemalis (IMI 354603)
Mucor sp.
Budding yeast

* Data from first culture only.
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Table 8. 2. Wheat: fungal species isolated from rhizosphere and inter-row soil in
roll-tubes. Detection of each fungus in each replicate bottle (max. 3)
is indicated by +.
Successive
enrichment
cycles
Medium
1

2

3

Fungus
GymnoascusSample like fungus Mucor sp. Yeast Other
CDM Rhizosphere
Soil
+
Rhiz
MM Rhizosphere
Soil
+
PDB
Rhizosphere
+
++
Soil
Clad
CDM
Rhizosphere
++
+
Soil
+
MM
Rhizosphere
Soil
+
PDB
Rhizosphere
++
Pho
Soil
+
- Pho, Peni

CDM
MM
PDB

4

CDM
MM
PDB

5

CDM
MM
PDB

1

Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil

-

++

-

-

++

-

+
+

-

-

+

Ceph

+

-

++
+++

++
+
+

-

++

-

-

-

-

-

++

-

+

-

+

Ceph

-

Ceph, Cephalosporium sp.; Clad, Cladosporium sp.; Peni, Penicillium sp.; Pho, Phoma sp.;
RhiL, Rhizopus sp.

137

Table 8. 3. Rape: fungal species isolated from rhizosphere and inter-row soil in
roll-tubes. Detection of each fungus in each replicate bottle (max. 3)
is indicated by +.
Successive
enrichment
cycles
Medium
CDM
MM
PDB
2

CDM
MM
PDB

3

CDM
MM
PDB

4

CDM
MM
PDB

5

CDM
MM
PDB

Fungus
GymnociscusSample
like fungus Mucor sp. Yeast Other
Rhizosphere
++
Soil
+
Rhizosphere
+ + + T. harz.
Soil
+
Rhizosphere
+
P. bak.
Soil
P. bak.
Rhizosphere
+++
++
Soil
Rhizosphere
+
+++
Soil
+
+
Rhizosphere
Soil
+
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil
Rhizosphere
Soil

-

+

-

+

-

- Fus., Ceph.
+
-

-

-

+

+

-

++

-

++

-

-

++
+

-

Pho

-

Ceph, Cephalosporium sp.; Fus, Fusarium sp.; Pho, Phoma sp.; P. bak, Pseudorotium bakerii;
T. harz., Trichoderma harzianum.

The addition of the respiritory inhibitor antimycin A to pure fungal
cultures decreased the growth rate of Mucor sp. (data not shown), but did not
prevent its growth. I. bolleyi was only retrieved from bottles without
antimycin A. The medium used had no effect on growth of these fungi.

8. 3. 2. Effect of soil bacteria on root fungi
The bacteria isolated in Section 8. 3. 1 were tested for their inhibitory effect on
Mucor spp. from CDM and PDB, the Gymnoczscus-like fungus, I. bolleyi and G.
graminis var. tritici, on agar plates. The mean growth rates with and without
bacteria are presented in Table 8. 4. Standard errors are omitted for clarity and
statistical details are given in Appendix 6. All main effects as well as
interactions were significant.
Although in three cases fungal growth stimulation in response to
bacterial inoculation occurred, there was an overall significant reduction of
hyphal extension rates effected by the bacteria (P < 0.05 for the Gymnoascuslike fungus, P < 0.001 for all others). S. marcescens was the most inhibitory
bacterium (P < 0.001) followed by the Gram-negative rod (P < 0.001), the
yellow Bacillus (P < 0.001) and then B. mycoides (P < 0.05). Inhibition by all
bacteria was greatest on CDA (P < 0.001 for B. mycoides, P < 0.05 for all
others). For B. mycoides this was followed by PDA and then MA (P < 0.001).
For the other bacteria there was no significant difference between inhibition on
PDA and MA. Fungal inhibition by soil bacteria on agar plates does, therefore,
not correspond with the medium the bacterium was originally isolated on. The
most inhibitory bacterium, S. marcescens, was chosen to investigate the effect of
bacterial antagonism on fungal isolation from soil using submerged culture.
When bacteria and/or fungi were added to soil, Mucor sp. was
retrieved from all bottles it had been added to, whether isolation happened
immediately or one week later. I. bolleyi was never recovered using the roll-tube
method, not even from previously autoclaved soil. S. marcescens was isolated
consistently from CDM when inoculated alone or with I. bolleyi. Additionally, it
was found three time in MM when it was the sole inoculum. Soil sterilization
had no effect on these isolations, nor did the one-week additional incubation in
soil influence the result. When co-inoculated with Mucor sp., S. marcescens was
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Table 8. 4. Radial growth rates (mm day-') of fungi with or without co-inoculated bacteria on different media (means of three
replicates, except controls).

Fungus

Medium

Control
(n = 12)

Bacillus
mycoides

Bacillus
(yellow)

Gram
negative
rod

Seiratia
marcescens

Gaeumannomyces CDM
graminis
MM
PDB

4.69
5.69
6.29

4.71
5.92
4.56 ***

3.28 **
6.17
6.45

4.39
4.90
3.38

4.53
5.43
4.40

Idriella
bolleyi

CDM
MM
PDB

5.42
5.22
5.24

4.48
5.75
4.48

5.65
5.49
5.65

5.23
6.23
5.24

2.25
2.55
2.25

Mucor
(from CDM)

CDM
MM
PDB

10.82
11.76
13.25

9.45 **
11.65
12.97

11.70
11.69
13.36

9.09
10.82 *
8.78

8.46 ***
10.82 *
12.25 *

Mucor
(from PDB)

CDM
MM
PDB

11.61
11.71
11.67

10.20 *
10.94
11.17

11.72
11.33
12.12

10.07 **
10.68 *
10.19 **

9.26 ***
11.20
11.47

Gymnoascus
like

CDM
MM
PDB

2.31
4.89
2.85

2.15
3.87
2.39

3.28 0
3.45 **
3.14

1.32 *
2.59 **
1.44 **

2.05
8.07 000
3.15

Significantly smaller than control at P = 0.05 (*), P = 0.01 (**) and P = 0.001 (***)
Significantly larger than control at P = 0.05 (°), P = 0.01 (°°) and P = 0.001 (°°°)

retreived from all media using autoclaved soil, but only from CDM with natural
soil. It is possible that the fungus stimulates the bacterium, because S.
marcescens was rarely detected on media other than CDM when it was the sole
inoculum and competition by other microbes in natural soil is unlikely to be of
significant importance. On agar plates, Mucor sp. was significantly inhibited by
S. marcescens on all media, especially CDA (Table 8.4). This was not
parallelled by its occurrence in roll-tubes. Interactions between bacteria and
fungi in soil and in roll-tubes, therefore, are markedly different to interactions
on agar plates.

8. 4. Discussion
Preliminary experiments were promising, as it was possible to select and rapidly
multiply sporulating fungi in liquid culture. Only non-pathogenic fungi were
obtained from cereals and some of them could be potential biocontrol agents.
The ability to colonize roots, at least under axenic conditions, was confirmed by
the reisolation from roots from the pathogenicity test.
The changes of the mycoflora with the age of roots corresponded
with findings of other workers who used solid media for the isolation (Parkinson
et al., 1962). This was a useful control initially, but was no longer necessary in
later isolations, because only early root colonizers can pre-empt infection sites
of pathogens effectively. M. hiemalis, an exellent colonizer of roots of groundnut
seedlings which was detected on roots of healthy plantlets only, was readily
isolated using the roll-tube method. From a practical point of view, the lowest
number of subcultures and shortest incubation period are desirable for the
isolation of BCAs. Together with budding yeasts, Mucor spp. constituted the
most frequently isolated taxonomic groups. One of them usually dominated
from the third subculture onwards. Both can metabolize carbon sources under
anaerobic conditions. In contrast, I. bolleyi lacks that ability and was completely
suppressed by the respiratory toxin. Competition for oxygen might be one
reason why the fungus was not isolated from natural soils by the roll-tube
method, although it sporulates readily in pure liquid culture. The possible role
of oxygen deprivation would not have been discovered in agar plate assays.
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Since isolation also failed when I. bolleyi was the sole organism in autoclaved
soil, it is likely that in addition a soil factor, possibly formed during sterilization,
inhibited sporulation.
The mechanical 'clean-up' step in Van Tiegham rings overcomes the
need to use antibiotics. This might be useful for countries where they are not
easily available or storable. Clean mycelium could usually be obtained
immediately or after one more subculture.
Although soil bacteria were present in the shaken culture and had a
marked inhibitory effect on agar plates depending on the medium chosen,
neither they nor the medium seemed to influence the types of fungi isolated
from natural soils in the roll-tube culture. The method, therefore, is rather
robust. Co-inoculation of soil with the most inhibitory bacterium, S. marcescens,
and Mucor sp. had no detrimental effect on the fungus which soon dominated,
whether the soils had previously been autoclaved or not.
Physiological studies to optimize inoculum production have recently
received increased attention (i. e. Kleespies & Zimmermann, 1992; Jadubansa
et aL, 1993; Lascaris & Deacon, 1994). They are a pre-requisite for industrial
development of a BCA. For a small scale production, however, an agricultural
waste product, such as molasses, is sufficient and cheap. The proposed roll-tube
method, although still rather tentative, could be promising for the isolation of
potential BCAS. More research, however, is needed to understand its
mechanism, especially why a proven BCA, I. bolleyi, which sporulates well in
pure culture, could not be enriched for by this method.
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CHAPTER 9
CONCLUDING DISCUSSION
Root senescence has been most intensively researched in the Gramineae, fruit
trees and forest trees. Root cortical death has been observed in many cereals
and grasses. It is an essentially different phenomenon from root turnover. In the
former, only the cortex dies while the stele remains functional along its entire
length. In the latter, whole root fascicles are rejected. This difference might be
related to the different architecture of the respective root systems of the
Gramineae and dicotyledonous plants.
Dicotyledons form a geotropic tap root, from which relatively short
laterals reach into the surrounding soil. These laterals can be rejected and new
soil can be exploited by laterals newly formed from the tap root. This is in
agreement with the observation that turnover was almost entirely restricted to
laterals in my work. In contrast, members of the Gramineae form few seminal
roots. The bulk of their root mass is formed by adventitious roots which
originate above the seminal node. Although branching can occur on all of them,
no single main root exists. As a result, a high number of roots has to be
maintained to exploit the same volume of soil. Perhaps this is why only part of
each (the cortex) can be rejected.
These two general trends, however, are not mutually exclusive.
Groundnuts shed their entire cortex just behind the apex. Apical death in maize
was developmentally controlled (Varney & McCully, 1990). A spatial turnover
of maize roots was observed in response to drought: whole fascicles died in the
upper regions where soil dried out first and profuse branching occurred further
down the profile until irrigation was resumed (Smucker et at, 1991). Even in the
absence of stress factors, root density fluctuations throughout the profile were
qualitatively similar in cotton (Huisman, 1982), grassland (Smucker, 1990), and
maize, sugarbeet and soyabean (Snider et at, 1992): up to approximately 90
days after sowing, root numbers increased in the upper layers of the profile. At
later stages new roots were formed at greater depth whereas roots died in the
upper soil regions.
Jacques & Schwass (1956) went even further and described seasonal
fluctuations of root activity in pasture grasses. Soil temperature as well as the
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duration of the life-cycle of the plant had an effect. Root growth rates were
highest after germination and again in autumn. Vigorous tillering coincided with
high root production rates. Both rates were higher in the short-season Italian
ryegrass than in perennial ryegrass. Although dead roots were not quantified
directly, the authors hypothesized that 100 % of roots produced per season were
turned over in Italian ryegrass, but only 60 % in perennial ryegrass during a
similar period of time. In a subsequent paper (Jacques, 1956), the seasonal
pattern was linked to a change in functional requirements. In spring, while
water is available, young roots passed through the upper layers of the soil where
most of the nutrients were found. In summer these roots had extended to
greater depth and served as water suppliers. Uptake functions (and probably
water loss as well) were impeded by the collapsed cortex in the seminal region
of the root where the soil dried out first. In autumn, these roots were replaced
by new, shorter roots in the fertile top soil when water became abundant again.
Under normal climatic conditions, this seasonal root turnover presumably
ensures maximum utilisation of available water and nutrients.
Singh & Coleman (1974) found photoassimilates to be partitioned in
a similar seasonal manner in roots of blue grama (Bouteloua gracilis) and
buffalo grass (Buchloë dactyloides), suggesting that fluctuations in root density
and activity are the plant's means of carbon budgeting. The researchers
proposed that considerable carbon reserves are stored in the retained upper
part of the root system during the adverse winter season and are remobilized at
the onset of spring to initiate shoot and root growth. In young plants of tea, a
dicotyledon where the photosynthetic tissue is harvested, assimilates were
stored in the thick tap root. At the onset of the growing season, fine rootlets and
foliage were produced at its expense (Hakamata, 1983). Mature tea plants
always maintained a constant root/shoot ratio, irrespective of the pruning
technique (Visser, 1969). In forage crops where the photosynthetic tissue is
harvested, roots are deprived of assimilates. Heavy pruning enhanced
senescence and impeded regeneration of roots in forage grasses (Jacques &
Edmond, 1952) and Arachis glabrata, a perennial, tropical forage legume
(Saldivar et at, 1992).
It has widely been postulated that photoassimilate starvation is a
major reason for root senescence (Habeshaw & Heyes, 1971; Gillespie, 1986;
Van der Vlugt, 1990a; Lascaris & Deacon, 1991c). It is, however, not the only
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hypothesis. Inter alia, predetermined life-spans, availability of soil moisture and
mineral nutrients, mineral toxicity, mycorrhizal association (MacLeod et al.
1986; Gillespie & Deacon, 1988; Lascaris & Deacon, 1991c; Vogt & Bloomfield,
1991), and autotoxicity (Van der Vlugt, 1990b) have also been implicated. The
different mechanisms, however, are not mutually exclusive: one might dominate
in one circumstance and another in a different circumstance. The carbon sink
hypothesis appears to be the most widely accepted and, under most growing
conditions, CO2-fixation is the limiting factor of plant growth (Richter, 1982).
In a paper concerned with forestry, Vogt & Bloomfield (1991) stated that
seedling roots are particularly sensitive to carbohydrate deficiencies. Due to the
lack of storage organs, annual crops such as groundnut could be expected to
react similarly at later stages as well. From the evidence presented here, it
seems likely that the total root activity of the plant - including the concomitant
turnover - is linked to the vegetative growth, whereas longevity of individual
roots is limited to a relatively short, constant period even under optimum
growth conditions. Both may be under genetic control. In my work both the time
when functional root length peaked and the lag-phase of high death rates
behind high production rates were larger in Virginia (long- duration) than in
Spanish (short-duration) cultivars of groundnut. However, the slopes of the
correlations as well as the half-lives of individual roots were almost the same.
A second peak of root growth during the pod-filling stage of
groundnut was described by Orgias (1951) and is believed to be a response to
increased nutritional requirements. In my work, it was weakly expressed only in
cvs. JL 24, \TL GBON and 57-313. This was to be expected, because the
dimensions of the tube system did not allow the development of more than two
or three pods. Those two phases of high root production in the field, however,
preceeded the times of highest fungal populations (Subrahmanyam & Rao,
1977b) by approximately three to four weeks - the time span of maximum root
senescence following production. In a paper by Subrahmanyam & Rao (1977b)
the first peak of fungal counts was linked to the high metabolic activity of
groundnut roots during early phases of plant growth, whereas the second one
was attributed to senescence. However, qualitative differences in fungal species
depended on soil moisture and temperature rather than growth stage. These
observations failed to support the suggestion of different origins of substrate
effecting the two peaks. In the light of the findings presented here, the results of
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Subrahmanyam & Rao (1977b) might be reinterpreted: both peaks are a result
of senescence which, in both cases, accompanied periods of previously high root
production. As a consequence, the more vigorously the crop grows, the higher is
its contribution of senescent material to the soil. Taking the root dry weights of
field-grown plants and a total root turnover of 73 - 83 % (Chapter 5) and
assuming 40 % carbon in the root dry matter (Whipps, 1990), it can be
estimated that with normal field spacing (10 x 60 cm and 15 x 60 cm for Spanish
and Virginia types, respectively) ca 88 kg C ha-1 are made available to the soil
microflora, by non-pathogenic, non-stress-related root turnover alone. Because
of the link to vigorous growth, root turnover is a feature which cannot be
selected against in breeding programmes; rather the vice has to be turned into a
virtue when managing soil-borne pathogens.
Parkinson et al. (1962) suggested that root colonization by weak
pathogens is initiated by their establishment on lateral roots rather than on the
fast-growing tap root. In my work, this principle was exploited in the experiment
on inoculation of roots of different ages. All fungi, except A. niger and F.
oxysporum which were not recoverable, increased their populations most when
inoculated onto 1-week-old laterals. The nutrient release which accompanies
the process of rapid senescence during the following three weeks incubation
period was probably responsible for overcoming the natural fungistasis of the
spore inoculum. Spores are more sensitive to fungistasis than hyphae (Steiner &
Lockwood, 1969). They were used as inoculum because, at least for aspergilli,
they are the survival structures during the dry season in the semi-arid tropics. F.
oxysporum persists as chlamydospores (Porter et al., 1984) and was not retrieved
by dilution plating. The failure to detect A. niger can possibly be explained by its
higher sensitivity to competition, which is in agreement with the smaller size of
conidia. Furthermore, percentage germination in natural soils is generally low
(Steiner & Lockwood, 1969). Fungistasis is an adaptive strategy. Spores which
are independent of external nutrients, i. e. rust spores, germinate when no
suitable substrate is available. Their viability in soil is restricted to a few weeks.
It is possible that the nutrient release by single senescent roots was insufficient
to support F. oxysporum and A. niger to a measurable extent - at least in
competition with other microorganisms. But even these low population levels
caused visible damage on young roots. In the field, relatively high levels of A.
flavus developed on healthy roots, before they showed disease symptoms or
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senesced. M hiemalis was only detected on healthy roots. Clearly, there is a
need to exploit the early stages of the developing, healthy crop for the
establishment of a biocontrol system. BCAS do not eliminate the pathogen from
the habitat. Rather, as the result of an equilibrium, they suppress disease
outbreaks. They should, therefore, form an integral part of crop management
including cultural practices (Upadhyay & Rai, 1988).
Groundnuts are frequently grown in rotation with cereals, in
particular maize. This rotation system has been shown to reduce diseases of
groundnuts caused by Cylindrocladium crotolariae (Sidebottom & Beute, 1987)
and Cercospora arachidicola (Subrahmanyam, 1992). Rotation of groundnuts
with cotton has been reported to decrease disease caused by Scierotium rolfsii
and the nematode Meliodogyne arenaria (Rodriguez-Kábana et al., 1991). In
India, propagule counts of A. flavus in the rhizosphere of groundnut and in nonrhizosphere soil were higher in fields previously planted with groundnut than in
fields under rice or vegetables in the preceding season. The rhizosphere effect
for other fungi was partly masked by increased populations in non-rhizosphere
soil in fields continuously cropped to groundnut (Subrahmanyam & Rao,
1974b). In my field trial in Malawi, non-rhizosphere counts of saprophytes were
not increased in the monoculture, but declined steadily with prolonged
groundnut cultivation. Maize preceeding groundnut was associated with a
marked increase of saprophytes which, together with the lack of a suitable host,
might have reduced the A. flavus population. The suppression only occurred in
the first year after maize. A similar transient control of the groundnut leaf-spot
pathogen C. arachidicola was observed by rotation with maize (Subrahmanyam,
1992). However, more time would have been needed to investigate the effect of
rotation in a larger number of fields.
Most research on the cereal/legume rotations concentrates on the
beneficial effect of the legume on the nitrogen status of the soil. In terms of
disease management of soil-borne pathogens, however, the impact of the cereal
on the carbon balance in soil has not yet recieved due attention. Part of the
problem is the difficulty of tracing the origins of organic carbon (Whipps, 1990).
An intruiging method to overcome this has been developed by Balesdent &
Balabane (1992). They exploited the fact that the regulatory enzymes of carbon
fixation in C3- and C4-plants discriminate to a different extent between 12C and
the carbon isotope 13C which is naturally present in the atmosphere at 1.11 %.
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The phosphoenolpyruvate-carboxyla.se of C4-plants is less substrate-specific than
the ribulosebisphosphate-carboxylase of C3-plants and incorporates a higher
percentage of 13C (Richter, 1982). The organic matter derived from maize (a C4plant) in a natural soil could be estimated with great accuracy by the 13C
determination method (Balesdent & Balabane, 1992).
Continuous labelling with 14CO2 in combination with soil fumigation
is often employed to estimate the total carbon turnover of the biomass, but
respiration by roots is difficult to separate from that by microorganisms (Merckx
et aL, 1985). Cheng et al. (1993) proposed a method to overcome this problem.
The idea is based on a biochemical technique, the so-called isotope-trapping: if
B is an intermediate of the reaction from A to C and the reaction medium
contains radiolabelled A and unlabelled B, then labelled and unlabelled B will
be incorporated into C. Due to the equilibrium nature of enzymatic reactions,
labelled B will be found in the medium at the end. This principle was applied to
pulse-labelled plants (A), root exudates were the proposed B in a growth
medium with an excess of unlabelled glucose, and C was measured as the 14CO2
produced by roots and soil microflora. The authors postulated that solving two
equations with two unknowns will result in the relative contribution of root
respiration in comparison with total soil respiration. As interesting as the idea
might appear, its logic was flawed. Behaviour of plants and microbes does not
follow the same simple kinetics that enzymatic reactions do, and the
assumptions made in the paper were poorly supported by experimental
evidence. Nevertheless, the authors believed that carbon is not limiting to
microbial activity in the rhizosphere.
The response of a particular fungus to any soil or crop treatment is
often difficult to assess. Unless molecular or immunological techniques are
used, individual strains of fungi cannot be identified. Such an approach,
however, is often too expensive and labour-intensive in the field. Dilution
plating, although it yields quantitative results for individual species, mostly
registers heavily sporulating fungi. By counting colony-forming units, the
number of viable resting structures rather than fungal activity is assessed. It is
rarely possible to distinguish different strains or pathovars of the same species.
This also created problems in the present study, because several strains of A.
flavus coexisted in field soil.

.
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To monitor the fate of any particular microorganism in a natural
habitat, a reliable marker system is necessary. The production of fungicidetolerant mutants proved to be a useful tool in the polyethylene tube system
using natural soils. However, no benomyl-tolerant mutant of A. flavus could be
obtained, and this was the fungus which showed the most pronounced response
to crop health and management in the field. Furthermore, the use of benomylresistance as a marker has been criticized by Andrews (1986), because it is still a
widely used agrochemical. In CARS, chiorothalonil is routinely used to control
groundnut leaf-spot and thiram to coat the seeds. However, it would have been
unwise to introduce into nature a pathogen with tolerance to any fungicide used
in local agriculture. Pimaricin is only used for laboratory research in
industrialized countries and, in some cases, to replace nystatin in medical
treatments. It was, therefore, decided only to release the pimaricin-tolerant,
non-pathogenic M. hiemalis strain back into the original habitat of its parent
strain.
M. hiemalis was used to model the behaviour of an inoculant BCA,
even though it has not been shown directly to control plant pathogens. It was
chosen because it combined several desirable qualities of a potential BCA: it
was a common rhizosphere component of healthy groundnut plants in the study
site, and it sporulated rapidly in liquid culture, facilitating its production, root
colonisation, and the enrichment of low population levels prior to detection on
selective medium.
In the polyethylene tube system, M. hiemalis was most abundant on
young roots and was not influenced by the position within the tubes, but this is
unlikely to be a preference for a particular root age. Its spores are significantly
larger than those of most other fungi and probably relatively insensitive to
fungistasis. They might germinate whenever moisture is available near a root.
The spores were transported down the root system with water. In the confined
space of the tube system, this led to increased populations on laterals in the
lower part of the root system. Even in this artificially packed growth medium, no
water-facilitated transport was detected in non-planted tubes. In a natural soil
profile, water movement failed to transport spores through bulk soil despite a
tilled top layer, the lack of structural horizons below the ploughed layer and the
high rainfalls under tropical conditions. A soil physical analysis and a reinterpretation of literature reports led to the conclusion that soil colonization
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from a surface-applied inoculum is unlikely to be successful in non-planted soil.
The potential for entrapment in non-rhizosphere soil is too great.
In contrast to bulk soil, fungal movement in the rhizosphere of fieldgrown groundnut was considerable and exceeded that previously reported by an
order of magnitude. Water movement along root channels (Gammack et al.,
1992) or even the physical carriage of spores on underground plant organs (Van
den Boogert, 1989) can mediate such transport. However, the fungus was still
more abundant in the upper regions of the root system. This pattern of root
colonisation by Mucor spp. occurs naturally and is not particular to surface
applied inoculum. It has been shown to be independent of root age (Richard,
1991). Instead, it is likely to be due to natural dilution. A log-normal
distribution of an inoculant bacterium following irrigation was also observed by
Bahme & Schroth (1987). Whereas establishment on older roots involves the
lateral spread of colonies until they are checked by the presence of others,
apical colonisation is always patchier and lags behind that of upper regions of
the root (Stenton, 1958). This 'ecological vacuum' allows fungi to colonize roots
from soil (Peterson, 1959). Fungi with low fungistatic sensitivity, such as
M. hiemalis, are often pioneer colonizers, compete better for already colonized
material and are found on the root surface (Dix, 1967). Mucor sp. was detected
on the surface of pea roots, but not if they had been thoroughly washed
(Stenton, 1958). In contrast, fungi highly sensitive to fungistasis are the ones
which invade moribund tissue (Dix, 1967).
M. hiemalis is an ubiquitous and highly competitive fungus. In an
agricultural soil, even at inoculum ratios as unfavourable as 1:60 it could preempt colonization of soil and substrates by, and replace, T. harzianum, a fungus
often cited for its biocontrol potential (Wardle et al., 1993). The ability of M.
hiemalis to become established in soil when supplied with a food base merits
further study. Spores of M. hiemalis dried onto seeds remained viable for over
three weeks at room temperature (data not presented). Mucor spp. have been
found to be part of the natural mycoflora on groundnut kernels in Gabon
(Ndzoumba et al., 1990), India (Subrahmanyam & Rao, 1977a), Malawi (Mercer
& Kisyombe, 1978), Senegal (Pettit, 1983) and Texas (Norton et al.,1956).
Coating of spores onto seeds could provide a nutrient boost to the fungus during
seed germination. Furrow application of the inoculum into the planting hole,
however, has the advantage that the agent is not removed from soil or the
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rhizosphere when the cotyledons emerge (Windels et al., 1983) or the testa is
shed. Both methods would be compatible with agronomic practice in Malawi.
Currently, ca 5 cm deep furrows are opened along the top of planting ridges
with a wooden stick. The introduction of planting sticks to drill seeds directly is
in discussion with the aim to improve uniformity of planting depth. Superficial
planting exposes the sensitive seed to an increased risk of desiccation during
germination, whereas deeper placement leads to etiolated seedlings highly
susceptible to soil-borne diseases.
Using surface-sterilized cereal seeds, Lascaris & Deacon (1991a)
provided evidence that seed-derived nutrients and early establishment in root
regions close to the seed facilitate root colonisation by the biocontrol fungus
Idriella bolleyi. In contrast to their investigation, the inoculant fungus in this
study was exposed to the natural soil flora and, by inoculating the hypocotyl at
twelve days after sowing, was deprived of seed exudates which are highest after
48 h (Subrahmanyam et al., 1983). Nevertheless, M hiemalis was able to
colonize proximal regions of the root system and spread downwards along the
tap root. This is likely to be at least partly due to secondary sporulation
(Windels et al., 1983; Lascaris & Deacon, 1991a). Thus, rhizosphere
competence might be linked to the ability to sporulate rapidly in water films
surrounding roots. The chosen isolation technique - enrichment in liquid
culture - was expected to mimic this and could be a promising tool for the
selective isolation of biocontrol candidates. It marries potential ecological
significance with the advantages of fermentation technology for the mass
production of biological crop inoculants.
Natural biocontrol is operative in many sites: it is evidenced by
suppressive soils (Alabouvette, 1989) and the fact that aggressive mycoparasites
could be isolated from most arable fields (Foley & Deacon, 1985). Attempts to
use BCAs in the field, however, have often failed, and one reason for this is that
the amount of inoculum needed to achieve significant control was uneconomical
(Deacon, 1988; Adams, 1990). In addition, the ecology of BCAS has often been
disregarded, and selection of potential BCAS has frequently been based on
antagonism on nutrient-rich agar plates. Such agar plate assays have a history of
poor success. In my study, agar plate interactions between bacteria and fungi
were different from those in liquid culture media of the same compositions.
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The aim of this project was to provide the basis for the development
of a biocontrol strategy which is based on niche exclusion. Steps towards its
achievement were (1) the description of a suitable niche - naturally senescing,
young roots; (2) the relationship between root senescence and fungal
establishment on roots, both by pathogens and potential BCAs; and (3) the
development of an ecological approach for selection of biocontrol candidates.
The proposed enrichment of rhizosphere-competent fungi in liquid culture still
requires further work. One obvious problem is the use of extremely nutrientrich media in the enrichment procedure. They might favour fungi that thrive
under these conditions, whereas other species could have the competitive edge
over these isolates in less nutrient-rich rhizosphere soil. In work with various
plants, the frequent isolation of fast-growing yeasts and mucoraceous fungi,
rather than slow-growing Cylindrocarpon spp. and Cylindrocladium spp. or I.
bolleyi (from cereals) suggests that this is a weak point of the procedure. A
possible approach would be to provide the natural substrate - roots. The
development of a method to propagate groundnut roots in axenic culture
renders such experiments technically possible. In particular, the detached leaf
culture offers scope, because uniform roots are produced in a medium without
organic carbon source, so no residual sugars would be introduced into rolltubes. Unfortunately the development of a suitable propagation-system was
successful only late in the project, so its potential could not be explored further.
A further point requiring study is the ideal level of aeration and the
number of subcultures needed to yield the desired product in roll-tubes. Usually
one organism dominated from the third subculture onwards whereas a variety of
fungi could be isolated from the first two cultures. Deacon (1994) proposed that
no single BCA with a narrow window of opportunity will be able to control soilborne pathogens at all stages of crop growth and under all conditions. It is
suggested instead, that combinations of BCAs might be used, each adapted to
particular sites and stages of root development. For example, flourescent
pseudomonads might be able to protect the root tip of wheat, whereas I. bolleyi
is suited to colonize the senescing cortex to ward off take-all infection (Deacon,
1994). A mixture of organisms or at least strains might thus give more consistent
biocontrol. Synergism of fluorescent pseudomonads and non-pathogenic F.
oxysporum strains is thought to be responsible for fusarium wilt-suppressiveness
(Alabouvette, 1989). Two major potentials of the roll-tube method are (1) the
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possibility to choose the niche to which a BCA is adapted, and (2) to select for
combinations of compatible microorganisms. In addition, enrichment in liquid
culture per se might yield a higher genetic diversity than solid media. The reason
why this should be so is unclear but single strains of several Colletotrichum spp.
maintained a higher degree of heterokaryosis in liquid culture than on agar
plates (Te Beest et al., 1989). Heterokaryosis is not only important in parasexual
interactions between strains of imperfect fungi, but can also aid the adaptation
of a single strain to different environmental conditions. Different heterokaryons
of Fusarium moniliforme were isolated from sorghum plants at different growth
stages (Sidhu, 1983). A selection method yielding a diverse range of potential
BCAs would be required in the semi-arid tropics, where the growing period is so
short that the isolation of BCAs would have to be made in the season
preceeding the one in which they are to be used, and one season might differ
considerably from another.
Despite many open questions about the roll-tube enrichment system,
it consistently yielded fast-growing, rhizosphere-competent organisms. One of
them, M hiemalis was shown to combine several features that are desirable in a
potential BCA. M hiemalis was desiccation-tolerant as evidenced by air-drying
of soil prior to inoculation of McCartney bottles and its ability to survive being
coated onto seeds. This would be essential for treating a directly sown crop such
as groundnut. It would also be advantageous for storage of inoculum. M
hiemalis lends itself to inoculum production in fermenters. Its rhizosphere
competence was comfirmed by its ability to colonize the root system from
inoculum applied to the hypocotyl in natural field conditions. The fungus was
non-pathogenic and, in preliminary pot experiments, decreased seedling
mortality in comparison with the non-treated control. Biocontrol effectiveness,
however, would have to be tested in comparison with chemical treatment on a
larger scale in the field. Fungi isolated from cereals using the roll-tube method
were all non-pathogenic to wheat, could colonize seedling roots under
gnotobiotic conditions and be reisolated using the roll-tube method.
A potential strategy for isolation and development of a biocontrol
agent is summarized in Figure 9. It is fundamentally different from the common
approach to screen a vast number of random isolates for antagonistic action. It
is based on competition under conditions that might simulate some of those
likely to occur in nature rather than antagonism mediated by antibiotic
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Figure 9. Strategy for the isolation of potential biocontrol agents.
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production in nutrient-rich laboratory media, or mycoparasitism of a plant
pathogen. The BCA organism is selected by a purpose-targeted, sequential
process of elimination. In summary, the idea behind this biocontrol strategy can
be described as a sequence of selective steps with the aim to narrow down a
choice of existing, indigenous organisms to a small population possessing an
array of desired qualities. A similar approach has successfully been used by
plant breeders to obtain durable disease-resistant cotton cultivars which showed
an overall high performance under many different circumstances, but which had
not been selected for highly specific disease-resistance traits (Bird, 1982).
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APPENDICES

Meteorological Data for Chitedze Agricultural Research Station
1991/92 cropping season: meteorological data (daily averages) measured by Chitedze
Meteorological Station.

Month
November
December
January
February
March

Temperature (°C)
Min
Max
29.7
27.0
27.4
29.5
28.5

17.5
17.7
17.6
16.7
17.4

Relative
Humidity
(%)
59
73
75
63
71

Evaporation
(mm)

Sunshine
(h)

7.1
4.8
4.6
>8.8
5.4

7.2
6.6
6.3
9.1
7.2

RadiationRainfall
(MJ/m 2)
(mm)
23.3
23.0
22.8
24.8
21.8

3.6
5.7
4.2
0.7
4.4

up to 25/03/92 inclusive.

1992/93 cropping season: meteorological data (daily averages) measured by Chitedze
Meteorological Station.

Month
November
December
January
February
March

Temperature (°C)
Max
Min
30.0
28.2
26.3
26.5
263

17.7
18.5
18.0
17.9
17.6

Relative
Humidity
(%)
53
66
76
79
79

Evaporation
(mm)

Sunshine
(h)

Radiation
(MJ/m 2)

Rainfall
(mm)

83
6.0
4.4
3.5
3.4

7.6
6.0
5.4
5.5
5.3

23.5
20.5
20.5
21.9
20.8

5.0
6.0
6.9
9.0
12.5

* up to 15/03/93 inclusive.
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APPENDIX 2
Sigmoid Regression: Example of GENSTAT 5 Programme
Experiment:

Growth of Idriella bolleyi T560 in liquid culture

Programme ifie
UNITS [12]
OPEN 'T560.GDT'; CHAN=3
READ [CHAN=3; PRINT DATA, ERRORS] TIME, SPORES
MODEL SPORES; RESID=R; FIT=F
FITCURVE [CURVE =GOMP; CONSTANT =O] TIME
RKEEP FITTED VALUES = FV
PRINT TIME, FV
GRAPH SPORES, F; TIME; METHOD= P, L; SYMBOL=* , 'F'
GRAPH R; TIME
CALC RLAG1 =CIRCULATE (R; 1)
CORR [PRINT=CORR] R, RLAG1

APPENDIX 3
Analysis of Deviance: Example of GENSTAT 5 Programme
Experiment:

Effect of root age on A. fiavus

Regression analysis from generalized linear model
Response variate: cfus
Distribution:
Poisson
Link function:
Log
Fitted terms:
Constant + planting + age + planting * age
Programme file
UNIT [40]
OPEN 'AFLPOIS.GDT'; CHAN=3; FILE= INPUT
FACTOR [LABELS =!T (PLANT, NOPLANT); VALUE=20(1 ... 2)] PLANTING
FACTOR [LABELS =!T (YOUNG, OLD); VALUE= 10(1 ... 2)2] AGE
FACTOR [LEVELS = 10; VALUES = (1...10)4] REPS
READ [PRINT =DATA, SUMMARY; CHAN=3; SERIAL =Y] CFUS
MODEL [DIST=P; DISP= ] CFUS
TERMS PLANTING *AGE
FIT PLANTING
ADD AGE
ADD PLANTING *AGE
& [PRINT =ACC] PLANTING-AGE
PREDICT [P,SE] PLANTING, AGE
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Analysis of Deviance: Tables of Analysis
Experiment:

Effect of turning treatment on A. flavus

Summary of analysis
Regression
Residual
Total

DOF
3
36
39

Deviance
2495.9
286.6
2782.5

Mean deviance
831.96
7.96
71.35

Change
Position
Age
Position * Age
Residual
Total

DOF
1
1
1
36
39

Deviance
61.2
2384.0
50.7
286.6
2782.5

Mean deviance
61.16
2384.00
50.73
7.96
71.35

Experiment:

Mean deviance
ratio
7.68
299.45
6.37

Effect of turning treatment on I. bolleyi

Summary of analysis
Regression
Residual
Total

DOF
3
36
39

Deviance
378.8
135.6
514.4

Mean deviance
126.26
3.77
13.19

Change
Position
Age
Position * Age
Residual
Total

DOF
1
1
1
36
39

Deviance
21.6
356.6
0.6
135.7
514.4

Mean devaince
21.60
356.56
0.61
3.77
13.19

FL1

Mean deviance
ratio
5.73
94.63
0.16

Experiment:

Effect of root age on A. Jiavus

Summary of analysis
Regression
Residual
Total

DOF
3
36
39

Deviance
3794.5
75.7
3870.2

Mean deviance
1264.84
2.10
99.24

Change
Planting
Age
Planting * Age
Residual
Total

DOF
1
1
1
36
39

Deviance
2653.5
482.4
658.6
75.7
3870.2

Mean deviance
2653.47
482.44
658.60
2.10
99.24

Experiment:

Mean deviance
ratio
1261.96
229.44
313.22

Effect of root age on I. bolleyi

Summary of analysis
Regression
Residual
Total

DOF
3
36
39

Deviance
215.2
79.9
295.1

Mean deviance
71.73
2.22
7.57

Chance
Planting
Age
Planting * Age
Residual
Total

DOF
1
1
1
36
39

Deviance
87.5
108.6
19.1
79.9
295.1

Mean devaince
87.50
108.63
19.06
2.22
7.57
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Mean deviance
ratio
39.41
48.93
8.59

APPENDIX 4
Fungal species isolated from groundnut fields in Malawi
Samples were collected at Chitedze, Dedza and Nikopola. The abundance of individual species is
indicated on an arbitrary scale using: not detected (-), occasionally isolated (*), common (**)
and abundant (usually >103 cfu g4 soil)(***).

Species
Aspeigillus flavus Link ex Fries
Aspergillus fumigatus Fresen
Aspergillus niger Van Tieghem
Aspergillus ustus (Bainier) Thom & Church
Byssochiamys nivea Westling
Chaetomium globosum Kunze
Cladosporium o.xyspotum Berk. & M. A. Curtis
Cladosporium sp.
Cunninghamella sp.
Eupenicillium shearii Stolk & D. B. Scott
Fusarium oxysporum Schlecht
(Ii/ndnrni i,i,.,.ic ItA,1b...
T P 1-r1,larn,
3
.1. 1-.. .Jafl.alino

Soil

Roots
(healthy)

Roots
(sick)

**

**

**

**

**

*

**

**
**

**

***

**

***
***

**
*

*

**

**

**

**

**

**

*

*

*

*

*

*

*

**

**

**
**

**

***

-

*

*

*

*

*

*

**

**

**

**

**

***

**

***

Q, A A aPtJaLkL

ta i_S. CS.

Mucor hiemalis Wehmer
Penicillium chysogenum Thom
Penicillium citrinum Thom
Penicillium funiculoswn Thom
Penicillium paralli Bainier
Penicillium pinophilum Hedgc
Penicillium simplicissimum (Oudem.) Thom
Penicillium spinulosum Thom
Pe,'iconia sp.
Fythium sp.
Rhizopus sp.
Scierotium rolfsii Sacc
Syncephalastn4m sp.
Trichoderma aureoviride Rifai
Trichodenna hamatum (Bonorden) Bainier
Budding yeast
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APPENDIX 5
Profile Description of the Ngongonda Soil Series
The profile description was compiled from the literature using Billing (1978), Brown & Young
(1965) and Lorkeers & Venema (1991).

Ferric Luvisol (FAO Nomenclature)
Oxic Rhodustaif (US Taxonomy), marginal to Tropeptic and Typic
Eutrustox
Biotite gneiss in part garnetiferous, derived from Mid Tertiary
surfaces.
Precambrian and Cambrian hornblende-rich gneisses of intermediate
to basic composition
Upland plain
Ustic
Well drained
< 1%

Soil classification:

Parent material:
Basement rock:
Landform:
Moisture regime:
Drainage:
Slope:

Horizon

Depth
(cm)

A1

0-20

B1(t)

20-38

B21(t)

38-62

B(t)

62-104

Description
Reddish brown (5YR 3/4 moist) sandy loam, moderate
structure, breaking to medium and coarse granular; dry, hard;
moderately water absorbent; common, fine and very fine,
discontinuous, random, in ped, interstitial open, pores; clear,
smooth boundery:
Dark reddish brown (2.5YR 3/4 moist) fine sandy clay loam;
moderate structure, breaking to medium and coarse granular;
dry slightly hard; moderately water absorbent; few, patchy, very
thin, dark red (2.5YR 3/6 moist) argillans, associated with
macropores and root channels (some root channels filled with
micropeds); pores as for A1 but some closed and infilled;
common, medium and fine roots; clear, smooth boundary:
Dark reddish brown (2.5YR 3/4 moist) and red (2.5YR 4/6)
moist) fine sandy clay loam; weak structure, breaking to many
micropeds and fine granular; moist, friable; moderately water
absorbent; common patchy, very thin, dark red (2.5YR 3/6
moist) argillans (some root channels infilled micropeds); pores
as for B1(t); common, medium and fine roots; gradual, smooth
boundary
Red (2.5YR 4/6 moist, 5/8 dry) fine sandy clay loam; weak
structure, breaking to many micropeds and fine granular; moist,
very friable; rapidly water absorbent; few, patchy very thin, dark
red (2.5YR 3/6 moist) argillans (some root channels infilled
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B23(t)

104-147

B3(t)

147-200

with micropeds); pores as for B1(t); common fine roots; diffuse,
smooth boundary:
Red (2.5YR 4/6 moist) fine sandy clay loam; weak structure,
breaking to many micropeds and fine granular; moist, very
friable; rapidly water absorbent; few, patchy very thin, dark red
(2.5YR 3/6 moist) argillans (some root channels infilled with
micropeds); few inclusions of highly weathered biotite gneiss
(diameter 5 cm); pores as for B1(t), some tubular, continuous,
vertical; common fme roots; abrupt, wavy boundary:
Red (2.5YR 4/6) moist) gravelly sandy clay loam; weak
structure, breaking to many micropeds and fine granular; moist,
friable; rapidly water absorbent; patchy and continuous, thin
dark red (2.5YR 3/6 moist)argillans; very many, small
(diameter 0-5 mm), subrounded, quartz, gravels; pores as for
B23(t); few, very fine roots.
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APPENDIX 6
Three-Way Analysis of Variance for Unbalanced Data:
GENSTAT 5 Programme
Experiment:

Inhibition of rhizosphere fungi by soil bacteria

Programme file
UNITS [360]
OPEN 'AGAR.GDT'; CHAN=3; FILE= INPUT
FACTOR [LABELS=! T(MAIN, CONT); VALUE = 180(1 ... 2)] CONTR
FACTOR [LABELS=! T(PDA, MA., CDA); VALUE=60(1..3)2] MEDIUM
FACTOR [LABELS=! T(IB, GG, MP, MC, GA); VALUE = 12(1 ... 5)6] FUNGI
FACTOR [LABELS=! T(NR, BM, YB, SM); VALUE= 3(1 ... 4)30] BACTIS
FACTOR [LEVELS =3; VALUES =(1 ... 3)120] REPS
READ [PRINT= DATA, SUMMARY; CHAN=3; SERIAL =Y] GROWTH
TREAT FUNGI*MEDIUM*BACFIS*CONTR
ANOVA [FPROB=Y; FACTORIAL =4; PFACTOR=4] GROWTH
Summary of analysis
Source of variation
Fungi
Medium
Bactis
Contr
Fungi*medium
Fungi*bactis
Medium *bactis
Fungi*contr
Medium*contr
Bactis*contr
Fungi*medium*bactis
Fungi*medium*contr
Fungi*bactis*contr
Medium*bactis*contr
Fungi*medium*bactis*contr
Residual
Total

DOF
4
2
3
1
8
12
6
4
2
3
24
8
12
6
24
240
359

Sum of
squares
4283.66
81.34
46.01
45.01
88.23
79.29
20.00
533
5.06
31.45
74.64
10.27
24.90
11.65
20.99
41.48
4869.50

Mean
square
1070.91
40.67
15.34
45.21
11.03
6.61
3.33
133
253
10.48
3.11
1.28
2.07
1.94
0.87
0.17
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Variance
ratio
6196.36
235.32
88.73
261.60
63.81
38.23
19.29
7.72
14.63
60.66
17.99
7.43
12.00
11.23
5.06

SED
0.069
0.054
0.062
0.044
0.120
0.139
0.107
0.098
0.076
0.088
0.240
0.170
0.196
0.152
0.339
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