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Abstract 
Development of microbial herbicides is constrained by unreliability in the field where 

conditions are often sub-optimal for infection. Crucially, sufficient moisture, often dew, is required 
to establish infection. Two model systems, Colletotrichum dematium (Pers. ex Fr. ) Grove on 
Chenopodium album L. and Mycocentrospora acerina (Hartig) Deighton on Viola arvensis Murr., 
have been investigated and formulation requirements for each system identified, principally to 
reduce the dew period necessary for infection. 

Effects of adjuvants (surfactants, stickers and humectants) on spore germination and 
appressorium formation were investigated in vitro. Few were toxic and then, principally, at high 

concentration. The surfactants Tween 40,60 and 80 were compatible with both pathogens. 
Similarly, the stickers acacia, ghatti, guar, karaya, locust bean and xanthan gums and low viscosity 
alginic acid were all non-toxic as was the humectant glycerol. Each pathogen reacted differently 
to the adjuvants and any potential microbial herbicide will need individual matching of adjuvants 
to give an effective formulation. 

A working formulation (rapeseed oil-in-water (1: 10 v/v) emulsion using 0.1 % v/v Tween 
40 as the emulsifier) was found to reduce the dew period requirement of M. acerina from 36 to 
18 hours. The formulation protected spores from desiccation for 24 hours after application, or for 
16 hours following a sub-optimum dew period occurring immediately after application. 

Scanning electron microscopy showed that the applied spores, and the developing 

mycelium, were immersed in the oil deposit. Transmission electron microscopy of sections through 
formulation deposits on the leaf revealed that some inversion of the emulsion, to form a water-in- 
oil deposit, had occurred, suggesting a mechanism of protection against desiccation. The oil phase 
infiltrated the cortical intercellular spaces only when the leaf was infected. This intercellular oil 
contained more water than that on the leaf surface. 

Emulsion-formulation applied to run-off with an 'air brush', consistently gave significantly 
better weed control under sub-optimal dew conditions than a formulation of surfactant only. When 

applied with a conventional hydraulic nozzle at 400 1 ha" the emulsion was only occasionally 
superior to the surfactant alone. Such interactions require further in-depth investigation. 

The importance of correct inoculum placement for maximum effectiveness, independent 

of formulation type, was highlighted. Unless all meristems are killed, survivors quickly grow, 
despite the death of neighbouring leaves and petioles, and the weed suffers merely a growth check. 

Formulation as emulsion improved disease establishment and disease expression in the 
target weed only in some circumstances. Further research into spray application methods and their 
interactions with formulation, host and environment is clearly necessary. 
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1.4 OBJECTIVE OF THE THESIS 

1.1 WEEDS 

Weeds occur almost everywhere; in pastures, rangelands, grasslands, forests, 

agricultural land, roadsides, lakes or waterways, railway lines, recreation sites, sports turf 

or lawns, amenity plantings and waste land. 

Any plant species can become a weed, the same species being classified as a weed 

or as a desirable plant, depending on the intended use of the location. Even crop species 

can become serious weeds, if they persist in the following crops of a rotation. 
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A very flexible and broad definition of the term 'weed' is given by Dewey & Torell 
(1991): 'A weed is a plant that interferes with the management objectives for a given area 

of land (or body of water) at a given point in time. ' 

Weeds are prolific, invasive, competitive, harmful, destructive, or difficult to 

control. In the United States and Canada 500 weeds require management or control by 

either weed or seed laws (Lorenz & Dewey, 1988). In the United Kingdom only 5 plant 

species are listed in the Weeds Act (1959) and the main concern is to prevent their spread, 
in particular, onto productive agricultural land. These species are: Cirsium arvense 
(Creeping thistle), C. vulgare (Spear thistle), Rumex crispus (Curled dock), R. obtusifolia 
(Broad-leaved dock) and Senecio jacobaea (Common ragwort). 

Weeds can have various environmental and/or economic effects. On arable land, 

their presence causes an estimated annual loss of 10% in the yield of the major world 

crops (Zimdahl, 1980). Weeds compete strongly with the crop for light, moisture and 

nutrients, the severity of their impact on crop yield depending on the time of their 

emergence in relation to the emergence of the crop, and on the density of the weed 

population and its competitive vigour. Weeds can also cause a reduction in crop quality, 

resulting in lower market value of the produce, e. g. the deformation of root crops through 

weed competition or the contamination of seed grain with weed seeds. 

Some weeds can influence germination and growth of the crop through the 

production and release of a toxin (allelopathy). Allelopathic potential has been suggested 

in about 90 weed species (Putnam, 1986). Other weeds such as Pteridium aquilinum 

(Bracken) can be poisonous to livestock (Taylor, 1986). 

Weeds can interfere with agricultural operations, particularly harvesting, and this 

increases production costs and reduces the economic return. 

An indirect effect of weeds on crop production is via their role as intermediate 

hosts for many pest organisms (insects, nematodes, fungi, bacteria and viruses) between 

cropping seasons. Pest organisms can overwinter on these weeds and so can infect the crop 
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of the following season. On the other hand they act as sites for egg-laying and as food 

sources for many beneficial insects. 

Lacey & Olson (1991), in a review of the effects of weeds on rangeland, conclude 
that, in environmental terms, weeds have a detrimental effect on soil and water sources; 

reduce forage production for wildlife and livestock and reduce biodiversity. From the 

economical standpoint, weeds reduce the value of the land as well as the economic returns 
due to higher operational costs. 

In non-agricultural environments weeds are significant problems incurring great 

costs. For example in aquatic systems, weeds can cause flooding by blocking waterways 

and drainage ditches, and can restrict the recreational use of lakes. Weeds along 

riverbanks, like Heracleum mantegazzianum (Giant Hogweed) or Impatiens japonica 

(Japanese Knotweed) can prevent access to water through the formation of dense stands. 

60 million pounds are estimated to be spent annually in England and Wales on aquatic and 

bankside weed control (Barrett, LARS, personal communication). 

1.2 WEED CONTROL 

Good crop management and mechanical, chemical and biological control methods 

are the four main strategies of weed control. They are applied to control either a broad or 

a narrow spectrum of weed species. Their objectives are not necessarily the eradication 

of the weed, but the reduction of its competitiveness to levels which are economically 

acceptable. A cost effective way to achieve this objective is the combination of different 

control methods. This is realised in an integrated weed management programme (IWM) 

which can be part of the wider integrated pest management programme (IPM). 

A comprehensive overview of troublesome weeds and methods for their control in 

the UK is given in the Weed Control Handbook: Principles (Hance & Holly, 1990). 
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1.2.1 Crop management 

Management decisions, like the selection of fast growing crop or pasture species 

and of varieties which are well adapted to both the soil and the season, both of which give 

the crop a competitive advantage against weeds, are essential components of good weed 

control programmes. Good hygiene is required to avoid the introduction of weeds from 

contaminated machinery, or via contaminated crop seed, and to prevent spread from 

uncontrolled surrounding areas. 

Certain weeds are associated with specific crops. The use of crop rotation can 

diversify the weed composition and give individual weeds less opportunity to become 

dominant. It can also produce windows of opportunity for controlling the different weeds 

with a range of methods. 

1.2.2 Mechanical control methods 

Cultivation can be an effective method for the control of weed seedlings and annual 

weeds. The smaller the weed seedlings are at cultivation, the more rapidly, efficiently and 

cheaply they may be destroyed. However, this technique is dependant on many factors, 

such as suitable weather conditions, and can be difficult or inefficient. For example, 

uprooted weeds may re-root in moist soil and shallowly buried weeds can elongate and 

emerge from the soil again. Mowing can be used to prevent tall-growing annual and 

perennial weeds from seeding, but often only encourages the growth and flowering from 

the remaining parts of the plant. Labour intensive and costly hand weeding is still used for 

some difficult to control weeds, especially in developing countries or in specialised 

situations such as organic farms and horticultural holdings. 
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1.2.3 Chemical control methods 

Chemical control is generally more economical, more convenient and more 

effective than mechanical methods and can provide weed control even under difficult 

circumstances like waterlogged soil, dense crop growth or, if using aerial application, in 

inaccessible regions. Over 500 herbicides were either full or provisionally approved as 

professional products in the UK in 1995 under The Control of Pesticides Regulations, 1986 

(Anonymous, 1995). 

Around three million US dollars were spent in the US alone on chemical control 

of weeds in 1992. This is about 58 % of all chemical pesticides sales (Anonymous, 1994a). 

Herbicide use on 46 crops in the United States was estimated at 409 million pounds of 
herbicide active ingredients for 1989/1990 (Gianessi & Puffer, 1992). 

The effect of any herbicide depends upon the chemical-plant species interaction, 

which is determined by many factors such as the amount of herbicide applied, the method 

of application, the growth stage of the plant and the environmental conditions before, 

during and after application. 

Herbicides can be either selective or non-selective and many herbicides are 

selective at low rates but non-selective at higher rates. The selectivity of a herbicide can 

be altered by formulation of the active ingredient and by the method of application. 

Foliar applied herbicides can be either contact or translocated herbicides. Contact 

herbicides only affect those parts of the plant on which they are retained. They normally 

act rapidly and are mainly used to control annual weeds and seedlings of perennial weeds. 

Translocated herbicides move from the site of application throughout the plant, including 

stems, roots and underground parts, where they have slow and widespread effects. 

Soil applied herbicides, also known as residual herbicides, are translocated chemicals 

which persist for long periods and are taken up by germinating seedlings and established 

weeds. 
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The choice of the herbicide to be applied (selective or non selective, contact or 
translocated, soil or foliar applied) depends on many factors, especially the weed species 

and the growth stage of the crop. Herbicides can be applied to the crop at four stages of 

growth: before the crop has been sown (pre-sowing application), after the crop has been 

sown (pre-emergence application), after the crop seedlings have emerged (post-emergence 

application) and during the fallow period after the crop has been harvested (fallow 

application). 

Specific recommendations for the use of herbicides are given in the UK Pesticide 

Guide 1995 (Whitehead, 1995). 

Although the use of chemical herbicides can be said to have revolutionised crop 

production in the developed world, it has many problems associated with it. Chemical 

control is relatively expensive and is only feasible in areas of high economic return, such 

as cereal crops. Certainly, it is not generally applicable in the developing world where the 

demand for food often outstrips supply. Although herbicides are regular reviewed to ensure 

they are as safe as possible, there is still growing concern in the part of the general public 

about possible side effects to the environment and human health. For example, herbicides 

can drift to unwanted sites, can contaminate ground water or can affect wildlife, both 

animals and plants. There are also fears of herbicide residues in food. 

At a practical agricultural level a particular problem, of increasing importance, is 

that the use of herbicides can eliminate one group of weeds, and so promote another more 

herbicide-tolerant group. These may be more difficult to control than the original weeds. 

For example broad-leaved weeds are increasingly replaced by annual grasses such as wild 

oats (Avena fatua, A. sterilis, A. ludoviciania etc. ). Another increasing problem is the 

development of herbicide resistant weed biotypes, which is often caused through repeated 

use of a single herbicide (LeBaron & Gressel, 1982; Caseley et al., 1991). For example, 

in the UK, Alopecurus myosuroides (blackgrass) is resistant to the herbicide isoproturon. 
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1.2.4 Biological control methods 

Factors such as the increase of herbicide resistant weeds and the growing 

environmental awareness by the public have led to demands to minimise chemical inputs 

to the environment and, so, led to the consideration of alternative methods. A survey of 
by the Weed Science Society of America (Bridges & Anderson, 1992) estimated the 

average annual monetary loss caused by weeds for 46 crops in the United States with and 

without the use of herbicides. In the case of no herbicide use, the average annual monetary 
loss would have increased for the cropping years 1989 to 1991 by 4.9 fold, from US $ 4.1 

billion to US $ 19.6 billion. This shows clearly the importance of weed control and 

emphasises the need to develop alternative methods should chemical herbicides be 

unacceptable. Amongst these alternatives, biological control is seen by many as having, 

potentially, a very important role. 

Biological control is based on the fact that weeds are normally not a problem within 

plant communities in their place of origin due to the presence of controlling insects and/or 

controlling diseases. Its methods uses these natural occurring antagonists as agents to 

reduce or eradicate the weed population. Biological control agents can be herbivores, 

insects, nematodes, fungi, bacteria or viruses (Julien, 1992). 

Phytotoxic compounds produced by the biocontrol agents are evaluated in the 

natural product approach for their weed control potential. This is often referred to as 

biological control but is more correctly a chemical control strategy, there being no 

differences between a biologically-produced chemical and one manufactured by synthetic 

chemical methods. Bialaphos, a metabolite of Streptomyces viridochromogenes is a broad 

spectrum herbicide (Tachibana & Kaneko, 1986) produced by fermentation. Another 

example is the phytotoxin maculosin which is produced by a strain of Altemaria alternata. 

The toxin is host specific to Centaurea maculosa (spotted knapweed) (Strobel et al., 1990). 

Other phytotoxic compounds produced by microorganisms are reviewed by Hoagland 

(1990). A biological form of this approach is the use of pathogens which act solely through 

the production of a phytotoxin and not through parasitism. For example, the saprophytic, 

soilborne fungus Gliocladium virens produces, in a high nutrient substrate, the sterioidal 
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phytotoxin viridiol which is phytotoxic against a broad range of weeds (Jones et al., 1988). 

The fungus needs to be applied in order to produce viridol in vivo, because viridol itself 

is too unstable to be effective when applied as a purified compound (Howell & Stipanovic, 

1984). The natural product approach will not be considered further here, although many 

agrochemical companies are actually searching for biological sources of phytotoxic 

chemicals. 

There are two main biological control strategies, the classical strategy and the microbial 
herbicide strategy. 

1.2.4.1 Classical strategy 

The classical, or inoculative, strategy is an ecological response to a weed problem. 

One or more biotic agents are imported from their centre of origin and introduced into the 

problem area to self-perpetuate, to spread and to establish themselves as part of the 

ecosystem, eventually controlling the weed which itself is an exotic (imported) species 

(Evans, 1991). This is a long-term control method and is mainly applied in areas of low 

economic value, where weeds, often perennials, have spread rapidly over a large area and 

have produced dense infestations. It does not, indeed cannot, eradicate the target weed but 

aims to reduce the weed population to below the level where it causes a significant 

problem, ie. below the economic threshold. The necessary cost per unit area declines with 

size of the treated area (Auld, 1991). 

In the early stages of biological control, insects were the main biocontrol agents. 

One of the well-known early successes was the introduction of the pyralid moth 

Cactoblastis cactorum into Australia in 1926 (Dodd, 1927) for control of Opuntia stricta 

(common prickly pear). Another example is the introduction of the leaf eating beetle 

Chrysolina quadrigemina into Australia (Wilson, 1943) and later, in 1946, into United 

States (Huffaker & Kennett, 1959) for the control of Hypericum perforatum (St. John's 

wort) in 1939. 
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As efforts in classical biological control intensified, increasing interest was paid to 

fungi, especially rust fungi. Rust fungi are obligate pathogens and very host specific. This 

research fairly quickly resulted in what is now a classical example of biological control of 

a weed with a fungus. Puccinia chondrillina was introduced into Australia in 1971 (Cullen 

et al., 1973) to control Chondrilla juncea (Skeletonweed). The infestations of this weed 

have, as a result of this introduction, been reduced in pasture and arable crops by more 

than 99% and now exist at a density similar to that in Europe, from where the weed was 

introduced to Australia (Cullen & Hasan, 1988). 

Unfortunately, since that time, increasingly stringent quarantine regulations and 

extra guidelines for the import of exotic pathogens have largely prevented the further 

introductions of fungal biological control agents into Australia (Evans & Ellison, 1990). 

Nonetheless, much research into implementation of this strategy continues and 

introductions are being considered, or made in countries such as USA, Canada and South 

Africa. An excellent summary of the biological control agents released in the field 

throughout the world is given by Julien (1992). 

It is not the purpose of this introduction to go into detail of classical biological 

control. The interested reader is referred to reviews by Hasan (1980), Templeton (1982a), 

Schroeder (1983), Adams (1988), Schroeder (1990), Watson (1991), Bruckart & Hasan 

(1991). 

1.2.4.2 Microbial herbicide strategy 

The microbial herbicide, or inundative strategy, is a technological approach to the 

biological control of weeds which has been developed from knowledge of the biology and 

ecology of weeds and pathogens. Controlling agents, which are often already present as 

endemic diseases, are inundatively applied on the target area. The inundative application 

artificially increases the disease level rapidly to epidemic levels whereafter the agent is 

able to control the weed. Weeds only on the site of application are controlled and the 

applications have to be repeated every season, just like the application of chemical 
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herbicides (Templeton & Smith, 1977). 

The terminology of this strategy varies depending on the type of agent used. All 

of the terms used fall under the general term 'biopesticide' which includes any biological 

agent or biologically derived chemical to control pests. Some authors use the term 

'bioherbicide', which applies to any biological agent or any biologically derived chemical 

active against weeds. Here, the term 'microbial herbicide' is preferred. This refers 

specifically to living agents and includes fungal, bacterial or viral agents. Later, from 

section 1.3 onwards, the term 'mycoherbicide' is used. Again, this refers only to living 

organisms but is strictly applicable only to fungi as the controlling agents. 

Biological control methods in general are gaining in importance. The expected 
biopesticide sales figures for the next 5 years in the US reflect this tendency. A rise in 

sales of more than 100% is predicted for the period between 1992 and 1997 compared to 

only 25% for chemical sales figures in the same period (Anonymous, 1994a). However, 

most of this increase in sales is for insect control (Bacillus thuringensis) and weed control 

will remain low despite much research. The research base is strongest in United States 

where three products have been developed. In contrast, in the United Kingdom only three 

biological control projects against weeds were reported in 1986 (Burge, 1988). One of 

these is the control of the grassland weed Pteridium aquilinum (Bracken) using fungal 

pathogens (Burge & Irvine, 1985; Burge et al. 1986). The others are concerned with 

control of Senecio vulgaris (common groundsel) (Paul & Ayres, 1987), and control of 

several weeds of arable crops (Greaves, LARS, personal communication). At present no 
future product for use in agriculture in Europe can be identified, though a preparation of 

Chondrostereum purpureum is being developed for control of Prunus serotina (black 

cherry) in forestry (Scheepens & Hoogerbrugge, 1990; DeJong et al., 1990). The bulk of 

European research is concerned with isolation of suitable pathogens for introduction to 

countries with infestations of introduced European weeds. 

Section 1.3 considers in detail the microbial herbicide strategy using 

mycoherbicides. 
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1.2.5 Integrated weed management (IWM) 

Maximum crop protection, either through prevention, control or eradication of 

weeds at minimum cost, is the main objective of an integrated weed management system. 
Sufficient knowledge of the expected weeds and their interactions with the crop, both in 

the short and the long term, is essential for the achievement of this objective. An 

integrated weed management system combines the different available methods of weed 

control into one coordinated strategy. 

Crop management (selection of variety, timing of sowing etc. ), mechanical weed 

control and, especially, use of herbicides are the principal methods used in agricultural 
IWM systems at present. One beneficial interaction is that the rotation of crop normally 

requires the rotation of herbicides, which avoids the creation of new weed problems due 

to intensive use of the same herbicides. 

In the United States biological methods have been successfully implemented in 

IWM strategies for rice (Oryza sativa) using the microbial herbicide COLLEGO (Kierk 

et al., 1985; Smith, 1992). It can be applied tank mixed or in sequential treatments with 

a number of recommended chemicals. Adverse interactions between the biological and 

chemical methods have been prevented by a computerised, farmer-specific predication of 

optimal application time for fungus and chemicals (Huey, 1987). Other examples of 

biological agents which could be used in IWM strategies are the rust fungus Puccinia 

canaliculata (Dr. Biosedge) for the control of Cyperus esculentus (Yellow nutsedge) in 

USA (Callaway et al., 1987), and a preparation of Colletotrichum gloesporoides f. sp. 

malvae (BioMal) for control of Malva pusilla (Round-leaved mallow) in oilseed rape or 

lentils in Northern USA and Canada (Grant et al. 1990a, b). Reviews of the integration of 

biological control agents with chemical pesticides are given by Andres (1982), Quimby & 

Walker (1982) and Smith (1982 & 1991). 

In Western Europe, biological methods of weed control have not been considered 

as there is a total lack of appropriate products (Bigler et al., 1992). However, as the 

existing weed control methods do not control all weed problems, and as the extensive use 
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of chemicals within IWM can create new weed problems, such as an increase in grass 

weeds or the development of herbicide-resistant weeds, there is an increasing demand for 

alternative approaches. Certainly, the need for a more ecological concept of IWM is 

recognised by many European governments. A good example is the Dutch multi-year crop 

protection plan (Baerselman, 1992) which demands a significant 50 % reduction in the use 

of pesticides by the year 2000. Italy is also committed to a significant reduction in the 

application of crop protection chemicals (Imbroglini, 1992) and the UK government is 

supporting more research into sustainable farming systems which have less reliance on 

chemicals. In all these cases herbicides must be a major target for reduction as they form 

the largest part of total pesticide usage. Thus, there is an increasing, though still small, 

interest in the development of biological weed control methods in Europe. 

1.3 BIOLOGICAL CONTROL OF WEEDS USING MYCOHERBICIDES 

Mycoherbicides are mainly indigenous fungal plant pathogens which are applied in 

inundative quantities of inoculum to control indigenous weeds. The inoculum needs to be 

mass produced in vitro and the pathogen needs to be genetically stable. Mycoherbicides 

are applied in the same way as a chemical herbicide with conventional spray equipment 

(TeBeest & Templeton, 1985). The application needs to be timed to coincide with optimal 

climatic conditions and a susceptible growth stage of the target plant to achieve maximum 

weed control. Mycoherbicides do not normally persist at the site of application after the 

death of the target plants. Exotic, ie imported, fungi are included in the definition but are 

unlikely to find much application as the regulations concerning release of exotic organisms 

to the environment are extremely stringent. The use of genetically-manipulated organisms 

(Greaves et al., 1989) is similarly constrained. 

1.3.1 Development of mycoherbicides 

There are three phases, discovery, development and deployment, before a fungal 

pathogen is successfully registered and commercially available as a mycoherbicide 

(Templeton, 1982b). 
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1.3.1.1 Discovery phase 

In this phase the target weed or weeds are selected and a survey of potential plant 

pathogens is carried out and candidate pathogens isolated form several different sites where 
the weed host is present as a, preferably, dense infestation. 

1.3.1.1.1 Selection of target weeds 

The selection of suitable target weeds for microbial control is as much influenced 

by the commercial point of view as by the importance of the weed to the crop producer. 
In particular, the potential market size of the end product is all important. This depends 

strongly on the efficiency and economics of existing herbicides and to an increasing extent 

on the perceived environmental impact of existing herbicides. 

The most suitable targets are weeds which have developed resistance to the 

available chemical herbicides or those for which existing products have been withdrawn 

or restricted in their use by the approval agencies. Thus, weed species with no other 

methods available for their control, or where the existing methods are too expensive, are 

excellent target weeds for biological control methods. 

Agrochemical companies are only interested in this method of control if the 

potential market size for the end product is expected to bring acceptable profits. As 

mycoherbicides are, by definition, narrow spectrum in action, they cannot be expected to 

match the profits gained from the broad spectrum chemical herbicides. This is a major 

constraint on their commercial development for use in broad acre agriculture and will 

probably restrict the development of products, at least initially, to niche markets (water, 

forestry, urban such as lawn care and, increasingly, organic agriculture and horticulture). 

In general, weeds which are only a local problem, ie have only a niche market, will 

only be considered if the weed problem is severe enough to interest investors such as 

specific grower associations or the smaller biocompanies which specialise in biological 
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products. 

An analysis of target weeds in past and present mycoherbicide research projects 
(Charudattan, 1991) showed that mainly herbaceous weeds have been selected, either 

annuals or perennials. Not all of these were of economic significance. Furthermore, those 

weeds that were considered to be of considerable economic importance were often 

restricted to a relatively small geographical area such as the southern and western States 

of the USA. In the USA, weeds of aquatic sites have also been considered (Freeman & 

Charudattan, 1984; Charudattan et al., 1990). In Europe, the main focus has been on weed 

control in winter cereals followed by spring cereals, maize, sorghum, vines and other fruit 

(Schroeder et al., 1993). Thus, the following 10 weeds, ranked after their importance in 

European agriculture, were identified by Schroeder et al. (1993) as the principal target 

weeds for biological control in Europe: Chenopodium album, Stellaria media, Cirsium 

arvense, Polygonum aviculare, Poa annua, Echinochloa crus-galli, Agropyron repens, 

Convolvulus arvensis, Galium aparine and Polygonum persicaria. In particular, C. album 

and C. arvensis were identified as the two most suitable target weeds for biocontrol and 

these are now the subjects of a collaborative research programme (COST 816) in Europe. 

1.3.1.1.2 Selection of fungal pathogens 

Factors such as host specificity, place of origin, type of parasitism, culturing 

methods, sporulation behaviour or pathogenicity are the main criteria for selection of 

fungal pathogens as potential mycoherbicide candidates. Culturing methods and sporulation 

behaviour are important in the commercial mass production of a mycoherbicide. Daniel 

et al. (1973) define the essential criteria for mycoherbicidal fungi: they "must (a) be able 

to produce abundant and durable inoculum in artificial culture, (b) be genetically stable and 

specific for the target weed, and (c) be able to infect and kill the weed in environments 

of reasonably wide latitude". Fungi of the class of the Deuteromycetes (Hyphomycetes and 

Coelomycetes) fit most of these requirements and, in particular, species and subspecies of 

the genera Alternaria, Colletotrichum and Fusarium. There is a very strong literature 
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concerning these pathogens as major disease causing agents of higher plants, especially 

crops, and many are now being evaluated for use as mycoherbicides. Templeton (1992) 

reviews the Colletotrichum strains which have been or are still researched as 

mycoherbicides. 

Rust fungi, often used in the classical approach, are usually not suited as 

mycoherbicides due to their obligate nature, which does not allow in vitro mass production 

of the inoculum. An exception is Puccinia canaliculata, being developed until 1993/94 as 

the product Dr. Biosedge, to control Cyperus rotundus and C. esculentus (Purple and 
Yellow nutsedge). This agent, however, is produced by culturing in fields of the host plant 
followed by spore collection using a vacuum spore collector, a method with considerable 

economic penalty. 

The biology of the target weed can also influence the choice of the pathogen. 
Knowledge of where pathogens have to attack the target weed to cause maximum damage 

in a minimum time is important to achieve efficient weed control. For example soil-borne 

pathogens can be better suited than foliar pathogens in cases where foliage may be shielded 

from the sprayed inoculum. In some cases it may be sufficient to prevent flowering or 

seeding, in others total kill of the target weed is required. 

The main criteria for the initial collection of potential plant pathogens on the 

selected target weed are the place of origin and the type of parasitism. Further selection 

according to the other criteria of a good mycoherbicide will take place during the 

development phase. 

A different approach in the selection of potential mycoherbicides is taken by Sands 

and Miller (1993). Highly virulent plant pathogenic fungi with a broad host range spectrum 

are mutated to obtain strains that are still destructive, but at the same time biologically 

contained, e. g. in their host range or in their survival. The containment system can be a 

natural one or can be developed by deletion mutagenesis or can be genetically engineered. 

Two mutants of Sclerotium sclerotiorum, one auxotrophic mutant and one which is unable 

to produce sclerotia, are currently being tested in Environmental Protection Agency (EPA) 
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approved small scale field trials in the United States. S. sclerotiorum is normally a 
destructive pathogen of over 40 weeds and many crop species. 

1.3.1.2 Development phase 

The first step in the development phase is the re-establishment of the disease by the 

collected plant pathogens and its re-isolation (Koch's Postulate). After successful re- 
isolation of the pathogen, its sporulation characteristics and biology are determined. If 

spore production is sufficient, the optimal environmental conditions for infection of the 

target weed and its environmental tolerance, which is most important for good field 

performance, are determined. The most virulent fungi will be tested for their host 

specificity and for efficacy under field conditions. 

The main factors which can influence the performance are temperature, moisture 

and UV-radiation. They strongly affect the survival of an applied mycoherbicide, its 

germination rate and the number of infections which subsequently lead to successful 

disease development and control. Sufficient moisture and optimal temperatures for a 

certain period of time are required for good germination. Dew periods of 12 hours and 

more have often been reported for potential mycoherbicide candidates (TeBeest et al., 

1978; Cardina et al., 1986; Wymore et al., 1988; McRae & Auld, 1988). The pre- 

penetration phase after spore germination is the most vulnerable phase for loss of inoculum 

through desiccation, temperature extremes and UV-radiation. A mycoherbicide must be 

able to tolerate a wide range of environmental variation during the period from application 

to disease development. 

Other factors like spore dose, spore retention and location of spore retention are 

also crucial for good infection. Foliar pathogen often require thousands of spores per 

square centimeter of leaf surface. Spore doses between 105 - 107 spores per ml have been 

commonly reported for potential mycoherbicide candidates (Walker, 1981; Crawley et al., 

1985; Wymore et al., 1988; Ormeno-Nunez et al., 1988; If the spore dose or spore 

retention are insufficient, spore germination will be reduced and not enough spores will 
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infect and will produce enough disease expression to ensure effective weed control. If the 

spores are retained at places which are not crucial to control the weed, the weed can 
survive and can regrow. 

During the development phase individual constraints on infection by each pathogen 

are established. Several strategies can overcome certain constraints: 
(1) Strain and isolate selection can overcome the temperature requirements in the initial 

sampling phase of potential mycoherbicide candidates. 
(2) The right timing of the application considers the most susceptible growth stage of 

the target and the most likely time of natural formation of dew. 

(3) Different spray application techniques can improve both spore distribution and 

spore retention at susceptible position on the target. 

(4) Formulation can overcome moisture requirements and spore dose requirements as 
well as aid both distribution and retention of spores on the target. 

Compatibility with chemical pesticides is also evaluated in the development phase 

to determine wether an agent has good potential for integration in IWM. Mycoherbicides 

may be inhibited or stimulated by pesticides, responses which must be evaluated before 

the agent can be integrated into a crop protection system. If necessary, a resistant strain 

may have to be developed as was the case with COLLEGO where benomyl resistance was 

required in order to optimise the window of opportunity for spraying the target weed at 

its most susceptible stage (TeBeest, 1984). 

1.3.1.3 Deployment phase 

In the deployment phase, selected pathogens which have shown the appropriate 

potential in the development phase are developed for practical use. At this stage a patent 

is obtained either for the pathogenic strain or for the production or application process. 

The pathogen is mass produced and formulated as a product which must be stable, viable 

and effective for a reasonable amount of time. A shelf life of about 18 months is required 

in order to allow for packaging, distribution, storage at the point of sale and on the farm. 
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Large scale field trials are conducted with the formulated product in geographically 

different locations to assess the field performance of the pathogens in a variety of climates. 

For example, five states in the United States participated in regional field tests of 

Alternaria cassiae, a potential mycoherbicide of Cassia obtusifolia (sicklepod) (Charudattan 

et al., 1986). If the field performance is satisfactory, with regard to reliability of efficacy, 

the pathogen is registered a mycoherbicide and is sold commercially. 

1.3.2 Formulation of mycoherbicides 

One often cited reason for the discontinuation of the development of potential 

mycoherbicidal candidates is the pathogen's unreliable field performance, usually due to 

the inability to tolerate fluctuations in environmental conditions. Formulation is generally 

agreed to be an important way of protecting the agent from such fluctuations and ensuring 

reliable performance (Greaves, 1993). In the formulation process, active ingredients are 

blended with inert carriers in order to alter the physical characteristics to a more desirable 

form (Churchill, 1982). Formulation modifies the micro-environment around the infective 

structure and can, therefore, greatly influence its performance as a mycoherbicide. 

Most current formulation research focuses on maintaining of viability of 

mycoherbicides during storage and on the improvement of their efficacy. In this latter 

instances it must be effective throughout the period from application to completion of 

penetration. Once the mycoherbicide has penetrated the plant tissue it is protected from 

environmental constraints and only the target plant defence response or exposure to 

fungicide can stop further infection. 

The type of formulation varies with the method of application. For a soil applied 

mycoherbicide, a granular formulation based on, e. g., an alginate (Walker & Connick, 

1983) or wheat gluten (Connick et al., 1991a), is most suitable. Granules provide a buffer 

from the environment and can provide a source of nutrition, increasing the persistence of 

the product, and are less likely to be washed away. While the initial inoculum in the 

granule can cause the disease directly, more usually it grows away from the granule and 
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produces a second generation of spores which actually cause the disease. 

Foliar applied mycoherbicides require liquid-based formulations. Some of the 

possible formulation needs for a foliar applied mycoherbicides are: 

(1) before application 
* to keep the inoculum viable in the spray tank and in a uniform, stable 

suspension 

(2) during application 

* to allow effective distribution of the inoculum on the target 

(3) after application 
* to keep the inoculum on the target 

* to protect the inoculum against temperature extremes, UV-radiation damage 

and rapid moisture loss 

* to enhance spore germination and penetration of the target 

A range of adjuvants is available to achieve these aims including surfactants, 

stickers, humectants, nutrients, herbicides, plant growth regulators and various 

combinations of these. Adjuvants are defined by McWhorter (1982) as "materials that 

facilitate action of a herbicide or that facilitate or modify characteristics of formulations 

or spray solutions". This definition does not only apply to chemical herbicides, but it is 

also valid for microbial herbicides. 

In early research potential mycoherbicides were applied in an aqueous suspension. 

This was purely a delivery system. The first proper formulations were surfactant-based 

formulations, which were already widely used with chemical herbicides. Surfactant can 

disperse spores within the spray tank, increase wettability of the target and, thus, increase 

spore retention and give a more even spore distribution. They can alter the wax structure 

on the target, changing the protective properties of the plant, as shown for Triton X 100 
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(Wolter et al., 1988; Noga et al., 1991). Phytotoxic effects of surfactants have been 

reported by Falk et al., 1994. Sorbitan ester surfactants, particularly Tween 20 (Mitchell, 

1986 & 1988), Tween 80 (Andersen & Walker, 1985) and nonoxynol surfactants 
(Charudattan et al. 1986; Boyette, 1986) have been used in surfactant-based mycoherbicide 
formulations. 

Stickers, such as natural gums or alginate products, have been considered as 

suitable adjuvants for formulating mycoherbicides. They can improve spore retention on 
the target and, hence, lower the spore dose required for overall infection. The sodium 

alginate Manucol DM improved spore adhesion of Ascochyta pteridis and Phoma aquilina 

on Pteridium aquilinum under field conditions (McElwee et al., 1990). Stickers can also 

prolong the provision of extra moisture through their water-holding properties. For 

example, hydrophilic polymers have been studied for their effect on leaf wetness duration 

and for their consequent ability to promote germination and infection of two Alternaria 

species (Charudattan, University of Florida, Gainesville, USA, personal communication). 

Nutrients, mainly carbohydrates and/or nitrogen sources, can enhance germination, 

either through shortening the germination time or through increasing the germination rate. 
Other adjuvants, like surfactants, can also have nutritional effects. 

Humectants, stickers like alginate products which have humectant properties, oils, 

oil-in-water emulsions and water-in-oil emulsions can reduce or even abolish the need for 

moisture. The first emulsion used in mycoherbicidal formulation, an invert emulsion, was 
devised as an spore-free overspray to follow inoculation with spores of Alternaria cassiae 

to control Cassia obtusifolia (sicklepod) (Quimby et al., 1988). It contained paraffin wax, 

mineral paraffinic oil and soybean oil in its oil phase. Lecithin was used as the emulsifier. 

The water to oil ratio was 1: 1. It significantly reduced the dew period requirement of 

Alternaria cassiae. The emulsion provided a water source and retarded evaporation of this 

water long enough to allow spore germination and lead to sufficient infection to control 

the host plant. Disadvantages of this emulsion include its high viscosity, needing special 

spray equipment, and the two phase process of application. Daigle et al. (1990) improved 

the emulsion so that only one spray was needed incorporating the spores into the emulsion 
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itself. Connick et al. (1991b) developed an improved invert emulsion with low viscosity 

and, thus, better spray characteristics. This emulsion contained paraffin-wax, a paraffinic 

oil and an unsaturated monoglyceride emulsifier (Myverol 18-99) at a 1: 1 water to oil 

ratio. Other easily sprayable emulsions were developed to improve infection of Euphorbia 

esula (leafy spurge) by two Alternaria species (Yang et al., 1993), to improve the control 

of bracken using Ascochyta pteridis (Womack & Burge, 1993). An invert emulsion also 

improved the efficacy of Colletotrichum truncatum for the control of hemp sesbania 

(Boyette, et al., 1990). 

Another type of emulsion is the water-in-oil emulsion as used by Auld (1993) to 

control Xanthium spinosum (Bathurst burr) with Colletotrichum orbiculare. The reduction 

of the oil content in Auld's formulation makes the formulation more cost effective. 
Recently, unrefined cotton oil, emulsified without the addition of an emulsifier, has been 

used by Boyette (1994) to control hemp sesbania with Colletotrichum truncatum. 

Other adjuvants such as UV-protectants can prevent the loss of viable inoculum 

through UV-radiation. Herbicides and plant growth regulators (PGR), can weaken or 

damage the host plant and so increase its susceptibility. Additionally, PGR's can be used 

to modify the plant canopy to increase local humidity or the leaf surface and so aid 

inoculum germination and infection. This was achieved with thidiazuron which aids the 

control of Abutilon theoprasti (velvetleaf) by Colletotrichum coccodes (Wymore et al., 

1987). 

The need to determine possible detrimental effects of the adjuvants used in any 

formulation before in vivo studies are conducted have been pointed out by Daigle & Cotty 

(1991). 

Good reviews of experimental and commercial formulations of microbial agents are 

given by Boyette et al. (1991) or Daigle & Connick (1990). 
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All the recent published literature on mycoherbicide performance is unanimous in 

the view that the success of a mycoherbicide depends strongly on formulation to overcome 

major environmental constraints to germination, infection and, finally, disease 

development. 

1.3.3 Current status 

Worldwide, over 100 projects in 16 countries are currently evaluating fungal 

pathogens for their potential as mycoherbicides. Several reviews have been published 

(Wilson, 1969; Templeton, 1982a; Charudattan, 1991). The latest review (Charudattan, 

1991) assesses the progress of the last ten years of research and indicates the status of 

individual projects and their commercial prospects. 

A total of three fungal pathogens have been registered for commercial use as 

mycoherbicides during the last decade. All of these products target weeds which are 

difficult to control with conventional methods. They are: DeVine and COLLEGO in the 

United States and BioMal in Canada. Unfortunately, they have been withdrawn from 

development for 'commercial reasons'. Other pathogens such as Alternaria cassiae 

(CASST), Colletotrichum coccodes (VELGO), Cercospora rodmanii (ABG 5003) and 

Colletotrichum orbiculare have shown great potential, and although all were expected to 

be registered and marketed, their commercial development has been halted before the 

registration stage was reached. Advances in formulation technology, providing new 

development opportunities, might reverse these decisions. 

Details of the above mentioned products or pathogens are given below: 

DeVine 

DeVine, the first commercially available mycoherbicide (Kenney, 1986), was 

registered in 1981, about 10 years after its discovery (Burnett et al. 1974), despite some 

known susceptibility of non-target plants. It is a native strain of Phytophtora citrophthora 
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(P. palmivora) which controls seedlings and mature plants of Morrenia odorata 
(Stranglervine) in citrus groves in Florida (Ridings, 1986). 

It is sold as a liquid concentrate of chlamydospores which has a relative short shelf 
life of six weeks and requires custom preparation for each grower and refrigerated storage 
(Anonymous, 1981). It is applied to wet soil as a post-emergent direct spray at the rate of 
8x 104 chlamydospores per m2. Irrigation can aid infection. High levels of control (more 

than 90%) have been achieved and the initial application lasts for more than two years. A 

safety zone of 1.6 kilometer must be maintained between application sites and susceptible 

non-target plants. 

COLLEGO 

COLLEGO was registered in 1982, also about ten years after its discovery (Daniel 

et al., 1973). It is used to control seedlings and mature plants of A. virginica (Northern 

Jointvetch), a leguminous weed in rice (0. sativa) and in soybeans (G. max) in south- 

eastern US (Bowers, 1986; Smith, 1986). This anthracnose-causing pathogen achieves 

consistently more than 85 % control. It is marketed as wettable powder formulation which 

consists of 15 % viable, dry conidia of Colletotrichum gloesporioides f. sp. aeschynomene 

(C. g. a. ) and 85% inert ingredients (Anonymous, 1982). It spreads poorly and has a low 

survival rate (TeBeest, 1982). It is applied annually as a post-emergent spray and is 

compatible with other pesticides (Khodayari et al., 1987; Khodayari & Smith, 1988) and 

has been successfully integrated into IPM practises (Smith, 1982). 

BioMal 

BioMal is a strain of the anthracnose-disease causing Colletotrichum gloeosporioides 

f. sp. malvae (C. g. m. ) used to control Malva pusilla (round leaf mallow) in wheat 

(Triticum aestivum) and lentils (Lens culinaris) in Canada and the northern USA 

(Mortensen, 1988). It was first registered as commercial mycoherbicide in 1992 and was 
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temporarily available on the market, but commercialisation has been stopped by the 

company involved due to production costs which could not be recovered by the market 
(Boyetchko et al, 1994). 

Tank-mix applications of the fungus with selected herbicides can improve control of M. 

pusilla (Grant et al., 1990a). Spore germination of C. gloeosporioides f. sp. malvae can 

be significantly increased by adjuvants like Tween 20, starch, sucrose and ammonium 

sulfate (Grant et al., 1990b). 

A. cassiae (CASST) 

A. cassiae, which causes a foliar leaf blight, is being evaluated for the control of 

three economically important leguminous weeds; Cassia obtusifolia (sicklepod), C. 

occidentalis (coffee senna) and Crotalaria spectabilis (showy crotalaria) which are 

problems in soybeans (G. max) and peanuts (Arachis hypogaea) in the southern US 

(Walker, 1983; Boyette, 1988). It is applied at the rate of 1.1 kg/ha in 76.7 1 water with 

an oil-based adjuvant and has been considered for commercial development as a wettable 

powder (Bannon, 1988a, b; Bannon & Hudson, 1988). 

C. coccodes (VELGO) 

This agent was developed for the control of Abutilon theophrasti (velvet leaf) in 

corn (Zea mays) and soybean (G. max) in Canada and the US. Even when applied at a rate 

of 109 spores per m2, however, it caused only 50% control of weeds at the two to three 

leaf stage. Efforts have been made to improve its efficacy through application with reduced 

rates of chemical herbicides or plant growth regulators (Watson & Gotlieb, 1990). It has 

not yet been registered with the Canadian or US regulatory authorities. 
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C. rodmanii (ABG 5003) 

C. rodmanii was evaluated for the control of Eichhornia crassipes (waterhyacinth) 

(Conway, 1976; Freeman & Charudattan, 1984). It causes a debilitating leaf spot disease 

which severely reduces plant height and biomass production. Water hyacinth plants 

produce new leaves very quickly and can outgrow the disease under unfavourable 

conditions for disease establishment (Conway et al., 1978). Plant death only occurred 

under severe disease pressure. A wettable powder formulation was developed but C. 

rodmanii was never registered due to problems in assuring an efficient product and due to 

competition from other control methods. 

C. orbiculare 

This fungus was isolated and developed in Australia (Auld et al., 1988; 1990) for 

the control of Xanthium spinosa (Bathurst burr) a serious weed of grasslands which causes 

enormous losses in the wool production by contaminating the fleece with its spiny burrs. 

Commercial development was haltered due to unreliable performance in the often very dry 

conditions encountered in Australian grasslands. Attempts are being made to overcome this 

problem by formulation (Auld, Agricultural Research & Veterinary Centre, Orange, NSW, 

Australia, personal communication). 

Other fungal pathogens which are not commercially available but are in practical 

use include Colletotrichum gloeosporiodes f. sp. cuscutae (Luboa 1) (Wang, 1990), 

Colletotrichum gloeosporiodes f. sp. clidemiae (Trujillo et al., 1986) and Cephalosporium 

diospyri (Wilson, 1965). 
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1.3.4 Benefits - constraints - prospects 

Benefits 

The main benefit of the mycoherbicide strategy is its effectiveness without major 

side effects on the environment. Mycoherbicides do not damage non-target plants; are not 

toxic to mammals; do not contaminate ground water or cause residue problems in the crop. 
As their host specificity allows an earlier application than many conventional herbicides, 

this may increase crop yield (Auld, 1991). 

The development of resistance of a weed to mycoherbicide is lower than to a 
chemical herbicide because the mycoherbicide has co-evolved as an indigenous pathogen 

with the weed host. 

Mycoherbicides can supplement existing chemical control methods and, thus, 
broaden the spectrum of weed control. In addition, their use can retard the development 

of resistance to existing chemical herbicide by reducing the frequency of use of the 

chemical. Thus they can extend the life span of the chemical herbicide. Mycoherbicides 

can provide control in small niche markets where chemical herbicide development is 

considered to be too expensive by the agrochemical companies. They are cheap to 

produce. For example the development and registration costs for COLLEGO were two 

million US dollars whereas a chemical herbicide requires about 30 million US dollars 

(Auld, 1991). This can compensate for limited market potential. 

Constraints 

Some of the often cited constraints are that mycoherbicides are too specific and 

additional chemicals are required to control the weed spectrum present in the crops. The 

mixed application of two potential mycoherbicides of Colletotrichum gloesporoides f. sp. 

jussiaeae and C. g. f. sp. aeschynomene to control Jussiaea decurrens (winged 

waterprimrose) and Aeschynomene virginica (Northern jointvetch) has demonstrated the 

26 



possibility to using mixed mycoherbicides to increase the weed spectrum controlled 
(Boyette et al., 1979). In addition, some pathogens may give control of more than one 
weed, as with CASST (see page 24). A Phomopsis species is in process of being patented 
as an broad-spectrum bioherbicide for controlling several economic important Amaranthus 

species (pigweed) (Charudattan, personal communication). Growth formulation on/in plant 
extracts and pectin can broaden host range (Boyette & Abbas, 1994). 

Many conventional agrochemical companies consider that the market size for 

mycoherbicides is too small to maintain appropriate profit margins. But if the market size 
is too small for mycoherbicides, it is definitely too small for more costly chemical 
herbicides, which means no other method than mechanical control is available, which itself 
is very costly, especially in developed countries. 

The time taken to achieve weed control is generally longer for mycoherbicides than 
for chemical herbicides. This generates the need for users to be educated about the mode 

of actions, particularly to understand that the competitive vigour of the weed is removed 
long before death, in order to overcome sales resistance. 

The main limitation on mycoherbicides is the constraints on performance imposed 

by environmental variables. The field performance of mycoherbicides in different climatic 

conditions is still unreliable (Greaves, 1993). Research into formulation of mycoherbicides 
in order to ensure reliable infection and weed control under a wide range of climatic 

conditions, has increased in recent years (see section 1.3.2) and promise significant 

progress of overcoming these constraints. 

The difficulties of integration of a living agent into crop management practises is 

often cited as a constraint. Synergy between chemical and biological herbicides has been 

shown to enhance the activity of the mycoherbicide, possible due to reducing plant 

resistance to fungal attack (Sharon et al., 1992). The use of several herbicides and plant 

growth regulators in combination with plant pathogens of different genera (e. g. Alternaria 

cassiae, Colletotrichum coccodes, Colletotrichum truncatum and Fusarium lateritium) has 

been patented by Caulder et al. (1987). However, integration with chemical pesticide 
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application can also be accomplished successfully by varying the time of inoculation, 

number of inoculations, inoculum concentration or method of inoculation (Bruckart, 1991). 

The commercial mycoherbicide COLLEGO has been successfully integrated into the 

complex crop protection system for rice, which relies heavily on fungicides. The 

development of mycoherbicide strains resistant to pesticides, especially fungicide, will go 

a long way to removing this problem. The benomyl benR gene that encodes ß-tubulin 

proteins that are insensitive to benomyl has been used in fungal transformations (Bailey, 

1990) including transformation in C. g. a. (TeBeest, University of Arkansas, Fayetteville, 

USA, personal communication) and has paved the way for further development. 

Prospects 

The prospects for biological control of weeds are promising, especially in the 

context of increasing demands for a lower chemical input into the environment. The 

mycoherbicide strategy will play undoubtedly an important role as part of IWM or IPM 

systems, but only when the problems of unreliability of control have been overcome. 

Biological control is already economically profitable in European greenhouse crops 

(Van Lenteren et al., 1992). Better knowledge of the weeds and their biology is also 

necessary to underpin the development of suitable mycoherbicide. Once a product is 

developed, better education of the end-user and better marketing of the mycoherbicide 

product can increase the willingness to buy and apply mycoherbicides. 

So far the development and application of mycoherbicides has been aimed at the 

agricultural market, but great potential for mycoherbicide application exists in the non- 

professional market for lawn and garden care products. A successful product in this market 

would convince the layman of the benefits of the mycoherbicide strategy. The layman's 

acceptance of a mycoherbicide product could increase the pressure for a wider use in 

agriculture. 

28 



1.4 OBJECTIVE OF THE THESIS 

The objective of the work reported in this thesis is to investigate formulation as a 

method to overcome the constraints on pathogen infection of weeds, the key factor for 

more reliable and efficient mycoherbicide performance under field conditions. 

The requirements for successful formulations of the chosen pathogens are defined by 

studies of the target plants, the pathogens themselves and the interactions between target 

plant and pathogen (Chapters two to four). The effect of formulation of the chosen model 

systems and their single components is investigated in Chapters five and six. Special 

attention is given to oil-in-water emulsions as a method providing protection for the 

inoculum, increasing wetting and to provide water in order to reduce the dew period 

required for spore germination, infection and disease development. 
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2 HOST PLANT STUDIES 

2.1 INTRODUCTION 

2.1.1 Chenopodium album L. 

2.1.2 Viola arvensis Murr. 
2.1.3 Characteristics of the plant surface 

2.2 MATERIALS AND METHOD 

2.2.1 Plant growth 
2.2.2 Leaf surface 

2.3 RESULTS 

2.3.1 Leaf' surface 

2.3.1.1 C. album 
2.3.1.2 V. arvensis 

2.4 DISCUSSION 

2.4.1 C. album 
2.4.2 V. arvensis 

2.1 INTRODUCTION 

Two weeds of cultivated cropping systems, Chenopodium album L. and Viola 

arvensis Murr., were chosen as suitable target plants on the basis of the findings of a 

survey of European weeds suited to biological control (Schroeder et al., 1993). 

2.1.1 Chenopodium album L. 

C. album is commonly known as fat hen or common lambsquarters and belongs to 

the family of the Chenopodiaceae. Other species of the Chenopodiaceae include important 

vegetable crops such as spinach (Spinacia oleracea) and sugarbeet (Beta vulgaris). In the 

past C. album was also cultivated as a vegetable crop (Salisbury, 1961). 
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C. a(hrmt is an erect, annual. herbaceous plant (Figure 1) which can grow up to two 

meters high. 

Figure 1. C. ulhrun (mature plant grown under greenhouse conditions). 
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C. albuni has a very polymorphic appearance under different environmental 

conditions. A range of subspecies, varieties and forms of C. album have been reported 

(Aellen, 1960). Jüttersonke & Ant (1989) developed a key to identify subformae of C. 

album ssp. album var. album based on differences in inflorescence, branching and leaf 

shape. 

Seedlings are, initially mealy, white before developing the dark green colour of the 

mature plant. It has a short, much branched tap root system. Stems are angular, branched, 

light green with reddish ridges. Leaves are simple, alternate, dark green, shallow lobed, 

petioled, without stipules and mealy below. Their shape can vary from ovate to lanceolate. 
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Upper leaves can be linear and sessile whereas lower leaves can be goosefoot shaped. 
Leaves are often 1-5 times longer than wide. 

The inflorescence of C. album is a spiked panicle in leaf axils or at the end of 

stems and branches. Flowers are whitish green, mealy, inconspicuous and are borne in 

small dense clusters. Seeds are heteromorph, shiny, black or brown, lens-shaped with 

convex sides, two mm in diameter and have a marginal notch. 

C. album is reported as a native species of Eurasia, but has now reached a 

cosmopolitan distribution from latitude 70° North to latitude 50° South (Holm et al., 
1977). It is widespread throughout Europe and is very densely distributed in the British 

Isles, especially throughout England (Perring, 1976). 

C. album is one of the twelve most successful colonising species (Allard, 1965). 

It is drought tolerant and grows on all soil types including halophytic soils. It is usually 
found in dense patches in disturbed open habitats including construction sides and gravel 

pits. 

C. album flowers from July to September (Hanf, 1983). The flowers can be either 

self pollinated or cross pollinated. Individual plants can produce up to about 100,000 seeds 

which may be of two types. Black dormant seeds and brown non-dormant seeds can be 

produced depending on the photoperiod at the time of seed formation. The majority of C. 

album seeds are deposited next to the parent plant. They can be distributed as impurities 

in crop seeds, by animals, by soil movements or via water along drainage ditches. Seeds 

which can remain viable in the soil for at least 20 years (Lewis, 1973), germinate mainly 

in April to May, but a few can also germinate later in the season. Low temperatures and 

fluctuating temperatures increase the germination rate of the seeds (Cumming, 1963). 

The life cycle of C. album is usually completed in four months, but can vary with 

the photoperiod of the season or location. C. album is always propagated by seeds and is 

killed by frost. 
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C. album is a successful weed due to its wide ecological tolerance and its ability 

to complete its life cycle even under highly adverse conditions. It elongates rapidly and, 

therefore, has an advantage in crops with delayed vertical extension such as turnip 

(Brassica rapa), kale (Brassica oleracea) and cereals (Williams, 1964). It is most 

competitive in fertile, nitrogenous, heavy soils and can extract considerable amounts of 

water and nutrients from the soil (Doersch, 1970). 

C. album is one of the most prevalent weeds of cultivation in the warmer regions 

of the world. It is presently found in 40 crops in 47 countries (Holm et al., 1977). In the 

United States, it is one of the ten most economically damaging weeds in field crops 

(Doersch, 1970). In Europe, it is the most important weed in sugarbeet (B. vulgaris) and 

potatoes (Solanum tuberosum) and the second most important weed in four other crops, 

maize (Z. mays), sunflower (Helianthus annuus), soybeans (G. max) and vegetables 

(Schroeder et al., 1993). C. album is still ranked as the sixth important weed in spring 

cereals and in fruit crops. 

Dawson (1965) reported that C. album can reduce the yield of sugarbeet (B. 

vulgaris) by 94%. Similarly, C. album at four plants per m2 reduced the yield of corn (Z. 

mays) by 90% (Hartley, 1992) though this may have been due to non-competitive effects 

such as allelopathy (Caussanel, 1979). Allelopathic effects of C. album on tomato 

(Lycopersicon esculentum) have been claimed (Qasem & Hill, 1989). C. album is also 

competitive in other crops, such as beans (Phaseolus vulgaris) (Hartley, 1992), wheat 

(Triticum aestivum) (Bhaskar & Vyas, 1988), kale (Brassica oleracea) (Williams, 1964) 

and alfalfa (Medicago sativa) (Dawson & Rincker, 1982). 

In addition to damaging competitive effects on crops, large quantities of C. album 

can be poisonous to sheep and it is known as an alternate host of mosaic viruses. 

C. album can be chemically controlled both by soil- and foliar-applied herbicides. 

Prosulfocarb, phenoxy compounds such as MCPA and ureas such as linuron and 

methabenzthiazuron are recommended in cereal crops (Anonymous, 1994b; Whitehead, 

1995). Linuron, monolinuron, prosulfcarb and metribuzin can be used in potatoes 
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(Anonymous, 1994b; Whitehead, 1995). In sugarbeet or other beet crops, C. album can 
be controlled with the contact and residual triazinone metamitron (Whitehead, 1995). 

Resistance of C. album to chemical herbicides has been reported increasingly since 
1970. Biotypes of C. album have developed a chloroplastic resistance in response to long 

continuous use of triazines, especially in monocultures of maize. Resistant biotypes have 

also been found in orchards and nurseries (Van Oorschot, 1991). C. album has become 

the most widespread herbicide-resistant weed in the world. Triazine resistance is now 

reported from 20 states of the United States, from two Canadian provinces, from New 

Zealand and 15 European Countries including the United Kingdom (LeBaron, 1991). All 

triazine resistant C. album biotypes in eastern Germany belong to a taxon with a pseudo- 

umbelliferous inflorescence (Arlt & Jüttersonke, 1990). Resistance to other herbicides such 

as bromoxynil in Germany, choridazon in France, Germany and Hungary and to 
isoproturon in Hungary has also been reported. 

C. album can be controlled by shallow tillage (Doersch, 1970) and it does not 

survive cutting of the upper stem at the three leaf stage, leaving the lowermost pair of 
leaves (Bassett & Crompton, 1979). 

The extent of its resistance to triazine herbicides, its economic importance as a 

weed, widespread distribution and annual life cycle make C. album a good target weed for 

biological control with microbial herbicides. As a consequence, it has been selected as one 

of the four target weeds for the European COST research project " biological control of 

weed in crops" (Müller-Schärer, 1993). In Canada, the fungus Ascochyta hyalospora is 

under investigation as a potential mycoherbicide for C. album (Hallett, McGill University, 

Montreal, Canada, personal communication). Although in biological terms it is a good 

target for control by a microbial herbicide, commercialisation of any agent is more 

problematic. Most, if not all, agrochemical companies regard it as, principally, a weed of 

relatively small, niche situations. As such it does not offer commercial returns for a 

specific agent. 
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2.1.2 Viola arvensis Murr. 

V. arvensis, commonly known as field pansy, belongs to the family of the 

Violaceae which contains many important ornamental plants. Phenotypic variation of V. 

arvensis has been reported as a response to environmental conditions (Kakes, 1982). 

Hybrids between V. arvensis and V. tricolor are commonly found (Tutin et al., 1968). 

V. arvensis is an erect, diffusely branched, annual or overwintering, herbaceous 

plant (Figure 2). It can grow up to 80 cm high and has a fine, fibrous root system. 

Cotyledons are petiolate, ovate, 3-5 mm long and 3-4 mm wide. Young stems are 

acaulescent, bearing a rosette of leaves and become elongated with age. Mature stems are 

hollow and pubescent, sometimes entirely or, more often, only on the angles. 

Figure 2. V. arvensis (mature plant grown under greenhouse conditions). 
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V. arvensis has two types of leaves. They can be glabrous or have short scattered 
hairs on the veins and are often ciliate at the base. The basal, acaulescent leaves are 
alternate, long petioled, stipulate, orbicular to ovate, dentate and with blades 1-1.5 cm 
long and 1-1.5 cm wide. Upper cauline leaves are also alternate, short petiolated, stipulate 
and dentate, but oblong to lancelate in shape and 2-8 cm long and 1-2 cm broad. The 

stipules are enlarged, deeply pinnatified with linear segments and the terminal lobe is leaf- 

like. 

Flowers arise in the leaf axils and are borne solitary on slender, 2-4 cm long 

pedicels. They consist of five unequal large, usually yellowish white petals (one lower, 

two lateral, 2 upper) which can vary in size. The lower petal is spurred at the base and 
has a small conspicuous yellow spot at the throat. The two lateral petioles are distinctly 

bearded at the throat. Seeds are tan, reniform, 1.7 mm long and 1 mm wide. 

V. arvensis, a native species of Eurasia, is widespread throughout Europe and is 

now naturalised in most parts of Canada and the Eastern United States (Doohan & 

Monaco, 1992). It has also been found in New Zealand. V. arvensis occurs throughout 
England and is particularly common in the South (Perring, 1976; Makepeace, 1982). 

V. arvensis grows on most types of soil, but prefers light textured, sandy, neutral 

to alkaline soils and areas with plenty of light. It is less prevalent on poorly aerated and 

waterlogged ground (Hanf, 1983). It can tolerate drought and grows in a wide range of 

temperatures (Bachtaler et al., 1986). Extensive colonisation of heavier textured soils can 

occur during drought periods or when other weeds are controlled by herbicides. V. 

arvensis occurs in annually disturbed environments like arable fields. 

V. arvensis flowers principally from April to October, but sometimes all year round 
(Hanf, 1983). It is largely autogamous (Salisbury, 1961) and reproduces either by self- 

pollination or by cross pollination. Individual plants normally produce up to about 2500 

seeds (Bachthaler et al., 1986), but Doohan & Monaco (1992) reported up to 46000 seeds 
from individual plants in pure stands. Seeds are distributed from the capsule by an active 

propulsion mechanism which deposits the seeds up to 2 meters away from the mother plant 
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(Salisbury, 1961). Secondary dispersal can be by water, wind and animal foraging. Seeds 

germinate in both spring and autumn flushes (Chancellor, 1964), but often continue to 

germinate between the two seasons. Seed germination is stimulated by cultivation and 

diurnal fluctuating temperatures (Doohan et al., 1991). Spring germination of V. arvensis 
is induced by two weeks of daily maximum temperatures above 0°C and increased by 

darkness and high rainfall (Doohan & Monaco, 1992). Frost can increase the rate of 

germination. Spring germinating plants flower by late spring or early summer in cool 

temperate climates and the life cycle can be completed in 2-4 months under favourable 

conditions. Growth is initially slow, but accelerates under greenhouse conditions after the 

six leaf stage (Doohan & Monaco, 1992). 

Autumn germinating plants can overwinter as seedlings or as vegetative rosettes and 

flower the following spring. V. arvensis is indeterminate, therefore new flowers can 

develop on senescent plants. Flowering, growth and seed production can be increased by 

high levels of nitrogen in the soil (Franz et al., 1990) 

V. arvensis is a primary weed problem in spring or winter cereals, where unusually 

large plants have been reported (Hanf, 1983). In central southern England, it is one of the 

eight most frequent weeds in cereal crops (Chancellor & Froud-Williams, 1984). In 

Europe, V. arvensis is the third important weed in winter cereals (Schroeder et al., 1993). 

In Canada, Eastern United States, Germany and the Netherlands, it has become a serious 

problem in strawberry crops (Fragaria x ananassa) (Chase & Putnam, 1984; Clay, 1987; 

Monaco, 1987). 

V. arvensis is not a very competitive weed (Wilson & Wright, 1990) and usually 

does not effect crop yield or the quality of the crop. For example, 109 plants per m2 

reduced the yield by 2% (Wilson, 1989). However, heavy infestations can have a great 

impact on cultural practices and, in particular, can interfere with harvesting operations. 

Indeed, in Germany, V. arvensis is one of the most important species interfering with grain 

harvesting machinery (Bachthaler et al., 1986). Dense mats of tough twining stems of V. 

arvensis have led to premature abandonment of strawberry fields in the United States 

(Ahrens, 1988). 
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V. arvensis often occurs in non-cereals crops which are grown in rotation with 

cereals. Thus, it is a common weed in rape (Brassica napus), and in root crops such as 

sugar-beet (B. vulgaris) and sweet turnip (Brassica rapa). Infestations have also been 

reported in forage grasses, alfalfa (Medicago sativa) and vegetable crops (Bachthaler et al., 

1986). 

V. arvensis is difficult to control by chemical herbicides. Recommended herbicides 

can vary in their reliability to control V. arvensis (Smith, 1982). In winter wheat, pre- 

emergence herbicides controlled V. arvensis better than post emergence herbicides 

(Richardson & West, 1985a, b). As single herbicides often provide insufficient control, 

combinations of herbicides are mainly used against V. arvensis. Combinations such as 

bifenox plus isoproturon, metsulfuron-methyl plus thifensulfuron-methyl and triasulfuron 

plus isoproturon are currently recommended for the control of V. arvensis in winter cereals 

(Anonymous, 1994b; Whitehead, 1995). In sugarbeet and strawberries, metamitron can 

control V. arvensis and metribuzin can be used in potatoes (Anonymous, 1994b). 

Oxyfluorfen or acifluorfen can control established V. arvensis plants in strawberry crops. 

V. arvensis can tolerate many of the herbicides used in cereals and other crops, 

particularly growth regulator herbicides. Tolerance has been observed, amongst others, for 

ioxynil, chlorsulfuron, bentazone, pyridate, clopyralid, dicamba and fluroxpyr (Richardson 

& West, 1985b). In Canada, V. arvensis is classified as resistant against the phenoxy 

compounds 2,4-D and mecoprop (Ontario Weed Committee, 1988). 

Other methods of control can include an increase of the grain sowing rate or a decrease 

in the number of cultivations. 

The wide range of herbicide resistance or herbicide tolerance can increase the 

frequency of V. arvensis. It is normally not a competitive weed but it can become a severe 

problem, if other weeds are controlled by herbicide, through its interference with 

agricultural operations. Therefore, the lack of chemical methods for its control and its 

annual life cycle identify V. arvensis as having some potential as a target weed for 

biological control with microbial herbicides. As with C. album commercialisation of any 

potential microbial herbicide is doubtful as it forms only a minor niche market of doubtful 
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economic return. The selection of V. arvensis for study in this thesis is based more on its 

utility as a model system. 

2.1.3 Characteristics of the plant surface 

The surface of any higher plant is covered by a continuous, non-cellular, multi- 

layered cuticular membrane. It plays an important role in the effectiveness of any foliar 

applied crop protection agent, including mycoherbicides. Its physical and chemical 

properties influence greatly the wettability of the plant (Holloway, 1970). The wettability 

of plant surfaces, which can range from entirely wettable to highly water repellent, affects 

deposition, distribution and retention of chemicals and/or of mycoherbicides. The 

physicochemical properties also influence the penetration of the retained crop protection 

agent into the plant. 

The chemical properties are mainly determined by the cuticular membrane. Its 

thickness and composition are plant specific and vary with the plant age, the position on 

the plant and the environment (Martin & Juniper, 1970). Wax is one of main components 

of the cuticular membrane and is, either as epicuticular wax or cuticular wax, responsible 

for water resistance and/or water repellency. The amount of epicuticular wax on leaves 

ranges from less than 0.01 to 0.05 mg cm2 (Holloway & Baker, 1970). Chemically, 

epicuticular waxes are a combination of different classes of long chain aliphatic compounds 

(Baker, 1982). Their amounts and composition are plant specific and can change during 

leaf growth and differ between upper and lower surface of the same leaf. 

The physical properties of the plant surface are determined by the surface 

roughness. Factors such as venation, surface of the epidermal cells, cuticle surface, 

trichomes and surface wax influence the surface roughness (Holloway, 1970). Thus, the 

venation of a leaf can be either parallel, in monocotyledons, or reticulate, in dicotyledons. 

The topography of the surface is influenced by the shape and size of the underlying 

epidermal cells whose surfaces can be flat, convex or papillose. Trichomes are projections 

of the epidermis which are covered by the cuticular membrane. They can vary greatly in 
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shape, type, size, frequency and distribution. The number of trichomes, which are most 

abundant on the midrib and on veins, decreases as plants age. Epicuticular wax can be 

deposited in a variety of structures, such as tubes, ribbons, rodlets, filaments and plates 
(Baker, 1982). Maximum repellency of surface liquids occurs on surfaces with a well 
defined, microcrystalline structure which enables air films to be trapped between droplets 

and the cuticle. In addition, the orientation of the leaf surface at time of spray application 

can critically affect the wettability of the leaf surface. 

The plant surface also provides protection against adverse effects of the 

environment and, importantly in relation to microbial herbicides, can be a barrier against 
fungal penetration (Martin & Juniper, 1970). For example, differences in the epicuticular 

wax structures of the lower and upper leaf surface of Lolium spp were related to the 

apparent resistance of the lower surface to infection by Erysiphe graminis compared to the 

susceptible upper leaf surface (Carver et al., 1990). The physicochemical properties of the 

leaf surface can give signals to fungi which can either stimulate or inhibit fungal growth 

and/or the formation of the infection structures. 

Detailed information about biology, morphology and chemistry of the cuticular 

membrane is given by Martin & Juniper (1970) and by Cutler et al. (1982). 

In this chapter the leaf surface is studied under the light and scanning electron 

microscope. The properties of the leaf surface are discussed with regard to foliar 

application of mycoherbicides. Special attention is given to the degree and type of 

epicuticular wax and the presence, type and distribution of trichomes. This information is 

important in determining the behaviour of the microbial herbicide inoculum and, so in 

devising appropriate formulation. 
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2.2 MATERIALS AND METHODS 

2.2.1 Plant growth 

Plant material for all experiments was propagated as follows: 
Seeds of C. album and V. arvensis plants, both obtained from a commercial supplier 
(Herbiseed, Wokingham), were densely sown in seed trays and germinated in a high 

humidity glasshouse unit. At the cotyledon growth stage, the seedlings were transplanted 
into 10 cm/0.5 litre pots of Levington F2 compost (1 plant per pot, unless stated 
otherwise) and grown on under glasshouse conditions (18°C day / 15°C night, 16 hours 

photoperiod). When the natural light intensity was below 100 Watts, lighting was 
supplemented and extended using high pressure sodium lamps (400 Watts) which were 

switched off, when the natural light intensity reached 300 Watts. Leaves of V. arvensis are 

almost vertically oriented during periods of low light intensity. The relative humidity was 

maintained between 60-70% during the day and between 80-90% during the night. 
Irrigation was supplied, using sub-pot capillary matting. Any deformed or under sized 

plants were discarded. 

2.2.2 Leaf surface 

Fresh leaves of C. album (Leaf 4; four to five leaf stage) and V. arvensis (Leaf 3; 
four leaf stage) were examined for leaf surface characteristics using a stereo-zoom 

microscope (Zeiss) and a Philips 505 scanning electron microscope (SEM) fitted with a 
Hexland Cryo stage. For SEM examination, leaves were cut into small pieces, mounted 

on stubs using a liquid adhesive (adaxial surface uppermost) and slowly frozen on the cold 

pre-chamber stage of the Hexland Cryo Unit without pre-cooling. If necessary, any ice 

crystals were removed by transfering the specimen to the microscope chamber and raising 

the stage temperature. The sample was coated with gold for 3-5 minutes (1.0 kV / 20 

mA), using a E5000 Polaron sputter-coater. The specimen was then transferred for 

observation to the SEM specimen stage which is maintained at or near liquid nitrogen 

temperatures. The microscope was operated at an accelerating potential of 6 kV or 10 W. 

Micrographs were recorded on Ilford FP 120 mm roll film. 
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2.3 RESULTS 

2.3.1 Leaf surface 
2.3.1.1 C. album 

Under the dissecting microscope, glandomal trichomes were visible on both, upper 

and lower, surfaces of leaves of C. album, as well as in the stern region. The trichomes 

were less abundant on the upper surface. Surfaces of young leaves were almost completely 

covered with glandomal trichomes (Figure 3) which became more sparse with increasing 

leaf age. 

Figure 3. Light-coloured glandomal trichomes on C. album. 

Scanning electron micrographs of the upper and lower leaf surfaces of C. album 

show well developed epicuticular wax structures (Figure 4). The homogenous covering 

with surface waxes is only less abundant over the periclinal walls of the stomata's guard 

cells. On both leaf surfaces, periclinal walls of the underlying epidermal cells were raised 

and there were depressions above anticlinal cell walls. 
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Figure 4. Epicuticular wax structures on the upper leaf surface of C. album around 

the stomata region. 

J' r^ 

10 µm 

2.3.1.2 V. arvensis 

Figure 5 is a scanning electron micrograph of the upper leaf surface of V. arvensis 

around the stomata region. Both leaf surfaces of V. arvensis have no characteristic 

epicuticular wax structures. Periclinal cell walls are raised and there are depressions above 

anticlinal cell walls. 

Ordinary trichomes were found occasionally on the leaf surface, as well as on the stem of 

V. arvensis. 
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Figure 5. t Ipper leaf' surt'ace of V. un cýnsi. c around the stomata region. 
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2.4 DISCUSSION 

2.4.1 C. album 

In preliminary experiments, application of spores in water, without any adjuvants, 

onto C. album resulted in high repellency of the spray. Studies of the leaf surface showed 

two features, glandomal trichomes and well developed epicuticular wax structures, which 

greatly influence any foliar application. Glandomal trichomes, observed in high density on 

very young and unexpanded leaves, effectively protect a crucial site for efficient weed 

control by preventing contact between many of the spray droplets and the leaf surface. 

Although the glandomal trichomes collapse as the leaf ages, older leaves are still highly 

repellent to water due to the epicuticular wax structures. Chemically, epicuticular waxes 

of C. album are composed of 32% of non-polar components and 66% of polar components 

(Harr et al., 1991). Environmental conditions (temperature, light intensity, relative 

humidity and soil moisture) do not seem to affect epicuticular wax (chemical composition, 

44 



degree of deposition and ultrastructure) in C. album (Taylor, 1979). The surface tension 

for the application of water was measured at 72 mN m'' by Han et al. (1991). It can be 

concluded that the addition of a surfactant to any mycoherbicide intended for the control 

of C. album is essential to lower the high surface tension, to aid wetting and, 

subsequently, to increase the spore and spray retention. Hassell (1983) suggests that 

surface tension of aqueous sprays should not exceed 50 mN M-1 to ensure adequate spray 

retention. 

2.4.2 V. arvensis 

In contrast to C. album, V. arvensis leaves show no epicuticular wax structures 

which can negatively influence wettability. Indeed, plants of V. arvensis are readily 

wettable by water-based suspensions. The few, scattered, ordinary trichomes can trap 

spray droplets and, so, might increase retention on vertically orientated leaves. Overall, 

there is little or no need for special emphasis on surfactants in mycoherbicide formulations 

to be applied to V. arvensis. 

Table 1 summarises the main differences between C. album and V. arvensis. 

Table 1. Some characteristics of C. album and V. arvensis. 

CHARACTERISTICS C. album V. arvensis 

leaf not stipulate stipulate 

leaf surface 

stem 

herbicide resistance 

glandomal trichomes 
epicuticular wax 
highly water repellent 

no leaf rosette 

reported 

simple hairs 
no epicuticular wax 
readily wettable 

with leaf rosette 
before elongation 

not reported 
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The surface topography was similar for both plant species and can affect spray 
deposition and, in the case of a mycoherbicide application, the deposition of the spores. 
After successful spray retention, spores and/or spray deposit can accumulate in the 

depressions above the anticlinal cell walls, due to re-distribution from the raised periclinal 

cell walls. Depending on the germination behaviour of the spore, the locally increased 

spore density might stimulate germination or lead to self-inhibition of the spores. Spore 

re-distribution after impact on both, C. album and V. arvensis, may be prevented by 

adding a sticker to the mycoherbicide formulation. Vertical leaf orientation as found in 

periods of low light intensity for V. arvensis leaves, can effect spray deposition. Therefore, 

plants were transferred from the light controlled greenhouse only shortly before spray 

application to avoid vertical orientation of the leaves. Application of mycoherbicides in the 

field is often carried out later in the day (late afternoon), to reduce the time when 

desiccation might occur before dew formation occurs. At this time reduced light intensity 

might have induced a more vertical orientation of the leaves and spray retention may, 

therefore, be greatly reduced. 
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3 PATHOGEN STUDIES 

3.1 INTRODUCTION 
3.1.1 Colletotrichum dematium (Pers. ex Fr. ) Grove 

3.1.2 Mycocentrospora acerina (Hartig) Deighton 

3.2 MATERIALS AND METHODS 

3.2.1 Fungal growth 
3.2.2 Spore production 
3.2.3 Spore description 

3.2.4 Spore germination and appressorium formation 

3.3 RESULTS 

3.3.1 C. dematium 

3.3.1.1 Fungal growth 
3.3.1.2 Spore description 

3.3.1.3 Spore production 

3.3.1.4 Spore germination and appressorium formation 
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3.4 DISCUSSION 
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3.1 INTRODUCTION 

Two plant pathogenic fungi, Colletotrichum dematium (Pers. ex Fr. ) Grove, 

pathogenic on C. album, and Mycocentrospora acerina (Hartig) Deighton, pathogenic on 

V. arvensis, have been selected as model pathogens in this study of how to overcome 

constraints on pathogen infection of weeds through formulation. The isolates were 

collected from the chosen target plants during a pathogen survey on weeds of arable crops 
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in England (Williamson & Hoare, 1988; Williamson, 1989). Both isolates infect via 
appressorium formation, but differ especially in their spore characteristics. Table 2 

summarises the main characteristics of each isolate. 

Table 2. Main characteristics of C. dematium and M. acerina. 

CHARACTERISTICS C. dematlum M. acerina 

known pathogenicity low high 

potential as mycoherbicide* 

spore size 

spore septation 

spore with appendage 

spore types 

poor 
(host can outgrow symptoms) 

small 

aseptate 

no 

microconidia 

good 
(rapid infection at a range of 

growth stages) 

large 

multiseptate 

yes 

macroconidia 
chlamydospores 

* Williamson & Hoare (1988) 

In vitro fungal growth, spore production, conidial germination and, where 

appropriate, appressorium formation can be used to predict the potential of selected plant 

pathogens as mycoherbicides (Daniel et al., 1973). The ability to grow and to produce 

abundant, durable inoculum on artificial media is one of the first requirements of a 

mycoherbicide. The influence of temperature, humidity and ultraviolet light on the 

behaviour of a potential mycoherbicide, both in relation to growth and spore production 

as well as behaviour on the inoculated leaf, is of particular importance as is the time in 

which spore germination and appressorium formation takes place. Ultraviolet radiation will 

only be studied with regard to the initiation of spore production. Other important effects 

of ultraviolet radiation such as spore survival are not covered in this thesis. In this chapter, 

most attention is given to the effect of temperature on both germination and appressorium 

formation whereas the effect of humidity is studied under in vivo conditions in Chapter 

four. 
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The behaviour of the pathogen at temperatures corresponding to the temperatures 

at the time of application are especially important. Average night/day temperatures with 

minimum and maximum, averaged for the months of potential application of the years 
1989 to 1993, in the South-West England, are given in Figures 6a and b. 

Figure 6. Average night/day temperatures in South-West England for months of 

potential application (Source: weather station in Cheltenham). 
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3.1.1 Colletotrichum dematium (Pers. ex Fr. ) Grove 

C. dematium belongs to a species complex within the anamorph genus of 
Colletotrichum Corda (order: Melanconiales) which is a small, acervuli forming group of 
deuteromycetes. No teleomorph form has been reported. 

C. dematium has been collected from 118 different host genera in 37 different 

countries and is most common in the temperate region (Sutton, 1980). It is normally a 

saprophytic species on dead plant tissue, but can occasionally become parasitic, causing 
fruit rots, leaf spots, anthracnose and damping off (Domsch et al., 1980). 

Identification of C. dematium, as well as the whole concept of species in the genus 
Colletotrichum, is often uncertain, ambiguous and unreliable (Sutton, 1992). Identification 

keys are mainly based on spore shape, spore size and host specificity (Sutton, 1980; Von 

Arx, 1981) but, in particular the morphological characteristics can vary widely between 

isolates of the same species. Spore sizes reported in the literature for conidia of C. 

dematium differ from 20-30 µm x 3-5 µm by Von Arx (1981) to 19.5-24 µm x 2-2.5 (- 

3.5gm) by Sutton (1980) and 18-26 µm x 2-3 µm by Sutton (1992). 86 synonyms exist for 

C. dematium (von Arx, 1957). Von Arx (1957,1981) describes three host specific formae 

specialis of C. dematium: C. dematium f. sp. circinans, host specific on Allium; C. 

dematium f. sp. spinaciae, host specific on Spinacia and C. dematium f. sp. truncatum, 

host specific to legumes. Sutton (1992) accepts these formae specialis as the three separate 

taxa, C. circinans, C. spinaciae and C. truncatum. The lack of accuracy, even in 

authorative identification, reduces the value of published information about the species and 

can create problems e. g for the selection of adequate control strategies in case of important 

crop diseases, in the registration procedures of mycoherbicides or in the quarantine 

requirements for importation of classical biocontrol agents. 

Non morphological techniques, such as ribosomal DNA sequence analysis, have 

been used recently as an independent approach to either confirm the traditional taxonomy, 

based on morphology or host range, or to identify new species grouping for the genus 

Colletotrichum (Sheriff et al., 1994). Analysis of the isolate of C. dematium used here, 
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using the r-DNA sequencing technique, confirmed isolate CH 87.63 as a distinct species 

and, in particular, separate from C. truncatum and C. capsici (Bailey, LARS, personal 

communication). 

C. dematium and C. truncatum (synonym: C. dematium f. sp. or var. truncatum) 

have been reported worldwide on legume crops including grain legumes such as common 
bean (P. vulgaris), cowpea (Vigna unguiculata), groundnut (A. hypogaea), lentil (Lens 

culinaris) and pasture legumes such as lucerne (M. sativa) (Lenne, 1992). C. truncatum 

is a seed-borne pathogen and occurs frequently on soybean (G. max) where it can cause 

serious losses through pre-emergent and post-emergent seedling death. It can survive for 

10 years on infected seeds of G. max in storage. C. dematium has been reported as the 

anthracnose causing agent of fibre crops such as cotton (Gossypium herbaceum) and jute 

(Corchorus capsularis) (Waller, 1992). C. dematium is also reported to infect table beet 

(Beta vulgaris) (Gourley, 1966). 

Further information about the biology, pathology and control of the genus 

Colletotrichum can be found in the book by Bailey & Jeger (1992). 

Strains of Colletotrichum, including C. dematium and C. truncatum, have been and 

are still being evaluated in the biological control of weeds as potential mycoherbicides 

(Templeton, 1992). In Canada C. dematium is being evaluated against fireweed (Epilobium 

angustifolium) (Hallett, personal communication). C. dematium f. sp. crotalariae was 

evaluated as a mycoherbicide to control Showy Crotalaria (Crotalaria spectabilis), but was 

screened out due to decreasing field efficacy against older plants (Charudattan, 1986). Two 

strains of C. truncatum have been evaluated for the control of Florida Beggarweed 

(Desmodium tortuosum) (Cardina et al., 1988) and for the control of coffee senna (Cassia 

occidentalis), but were both considered as inadequate. Another strain of C. truncatum 

demonstrated good efficacy in controlling Hemp sesbania (Sesbania exaltata) under field 

conditions (Boyette et al., 1993). 
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3.1.2 Mycocentrospora acerina (Hartig) Deighton 

M. acerina is the type species of the genus Mycocentrospora Deighton which 

belongs to the order of Moniliales, the largest group of the Deuteromycetes, and is often 

separated as the class of Hyphomycetes. Fourteen synonyms have been reported for M. 

acerina (Deighton, 1971). The most common synonym is Centrospora acerina (Hartig) 

Newhall. A description of M. acerina is given by Deighton (1971; 1972). 

M. acerina is widespread in the temperate regions of Europe, North America, 

Australia and New Zealand (Sutton & Gibson, 1977) and can infect a wide range of plants 

(Tompkins & Hansen, 1950; Neergaard & Newhall, 1951; Channon, 1965; Hermansen, 

1992). Around 90 host plants including ornamentals, weeds and vegetables including 

economically important umbelliferous species have been reported. M. acerina has also 

been reported as a human pathogen in the tropics (Deighton & Mulder, 1977). M. acerina 

is found as a saprophyte in soil (Neergaard & Newhall, 1951). Chlamydospores of M. 

acerina are expected to have a long lifetime. Buried chlamydospores still had a viability 

of 99% after two years (Wall & Lewis, 1980a). 

M. acerina is able to grow at temperatures under 0°C (Channon, 1965; Newhall, 

1944) and has been reported to be pathogenic at temperatures as low as -8°C (Osterwalder, 

1924). It is one of the main post-harvest pathogens on root vegetables such as carrot 

(Daucus carota) and celery (Apium graveolens) in commercial, long term cold storage with 

relative humidities between 85% and 90% (Derbyshire & Crisp, 1971). M. acerina can 

cause black crown rot on celery (Apium graveolens) after 7-8 weeks of storage (Newhall, 

1944; Day et al., 1972) or liquorice rot on carrots (Daucus carota) after 2-3 months of 

storage (Davies et al., 1981; Le Cam et al., 1993). Damage to the root vegetables at 

harvest can increase the likelihood of infection by M. acerina (Day et al., 1972). Natural 

infection of M. acerina in the field has been reported on carrots (Bant, 1962) and on 

parsnip (Pastinaca sativa), causing black canker, especially during cold, wet winters 

(Channon, 1965). High levels of chlamydospores of M. acerina in the soil can delay the 

germination of carrot seeds and can also cause damping off and death of carrot seedlings 

(Wall & Lewis, 1980b). 
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M. acerina is the cause of serious leaf spot disease on Viola tricolor var. hortensis 

and V. cornuta (Osterwalder, 1924; Tompkins & Hansen, 1950; Gill & Ratcliffe, 1967; 

Rintelen & Klewitz, 1976). All parts of the plant, including the inflorescence, can be 

infected. It is commonly observed on V. arvensis and V. tricolor in carrot fields in Norway 

(Hermansen, 1992). Other diseases include severe seedling death in maple (Acer spp. ) 

(Hartig, 1880) and anthracnose of caraway (Carum carvi) (Westerdijk & Van Luijk, 1924). 

Storage rot caused by M. acerina can be controlled by dipping the root vegetables at 

harvest in benomyl (Derbyshire & Crisp, 1971). A copper oleate fungicide was 

recommended by Tompkins & Hansen (1950). 

3.2 MATERIALS AND METHODS 

3.2.1 Fungal growth 

Mycelial plugs of both C. dematium and M. acerina were taken from the outer edge 

of a seven day old culture growing on potato dextrose agar (PDA; Oxoid Ltd., 

Basingstoke, England). The plugs were then placed face down on the centre of fresh PDA 

plates and incubated in darkness, at temperatures of 5,10,15,20,30,35 and 40 °C for 

C. dematium and at temperatures of 8,12,15,18,21,24,27 and 30 °C for M. acerina 

(5 replicates per temperature). In addition, five plates inoculated with M. acerina, were 

incubated at 15°C with a daily exposure of 12 hours to ultraviolet light (8 Watt black light 

Blue FL8 BLB, Toshiba). The diameter of the growing colonies was noted daily (2 

measurements per plate) for at least seven days. The daily growth rate was calculated and 

plotted against the incubation temperature. 

3.2.2 Spore production 

Unless stated otherwise, spores for all experiments involving spore suspensions 

were obtained on solid media as described below: 

For C. dematium, 0.2 ml of spore suspension (1 x 106 spores ml-') was spread on 
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PDA plates using a glass rod and then incubated for 14 days at 22°C in darkness. Spores 

were harvested from resulting growth on the agar plates, by gentle scraping with a glass 

rod, in either distilled water (10 ml), 0.01 % v/v Tween 40 (Sigma, St. Louis, USA) (10 

ml) or 0.1 % v/v Tween 40 (10 ml), depending on the control of the experiment. Spores 

from several plates were combined, vigorously shaken, filtered through a single layer of 

muslin, counted using an "Improved Neubauer" counting chamber (Hawksley Cristallite, 

Lancing, England) and the suspension adjusted to the required spore concentration. 

For M. acerina, mycelium plugs, prepared as described under fungal growth on 

solid media, were placed on the centre of fresh PDA plates and incubated for seven days 

at 18°C under constant UV-light. The macroconidia were harvested, as described for C. 

dematium, but the spore concentration was adjusted after counting in a "Sedgewick Rafter" 

counting cell (Graticules Ltd., Tonbridge, England). 

For a quantitative assessment of spore production of C. dematium on solid media, 

agar plates (9 cm diameter) were prepared using the recipes given in Appendix. An aliquot 

(0.2 ml) of spore suspension (1 x 106 spores ml-' was spread on each agar plate (3 

replicates per medium). Plates were incubated at 25°C under two lighting regimes: (1) 

darkness and (2) constant ultraviolet light. After one week two agar discs, representing 

15 % of the total agar surface, were taken from each agar plate with a cork borer (2.5 cm 

diameter) and placed in glass vial containing 10 ml of 30% ethanol and approximately 5 

g of glass balls (1.5-2 mm; BDH Ltd., Poole, England). The glass vials were shaken 

(speed setting 8) on a Spinmix (Gallenkamp, Uxbridge, England) for 30 seconds to 

dislodge spores from the mycelium disks. Immediately after mixing the spore concentration 

was assessed in duplicate for each glass vial. The mean number of spores per plate was 

calculated. 

Spore production at different temperatures (14,18,20,22 and 25°C) was assessed 

for C. dematium one week after inoculation. The spore suspension inoculum was prepared 

from spores which had been stored in 10% w/v sucrose at -80°C for 8 weeks. After 

thawing at 37°C, the spore suspension was diluted tenfold with sterile water, giving a 

spore concentration of 1x 106 spores ml-1 in 1% w/v sucrose. Five replicate PDA plates 
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were used for each temperature. 

The influence of ultraviolet light on the production of macrocondia of M. acerina 
was assessed at four daily exposure times. Five replicate PDA plates, inoculated with 0.2 

ml of spore suspension (4 x 104 spores ml-1), were incubated at 21 °C for two weeks with 

0,6,12 or 24 hour day-' exposure to UV light. 

3.2.3 Spore description 

A spore suspension of C. dematium and a spore suspension of M. acerina was 
prepared from agar plate cultures as described earlier. Spore length, spore width and 

number of cells per spore, were measured on 25 spores of C. dematium and on 75 spores 

of M. acerina. In addition, the length of appendages on spores of M. acerina was also 

measured. Measurements were made using an eyepiece scale (Graticules Ltd., Tonbridge, 

England calibrated against a 50 x2 microns graticule (Graticules Ltd., Tonbridge, 

England). 

3.2.4 Spore germination and appressorium formation 

Spore germination and appressorium formation were assessed in water using a 96- 

well flat-bottomed microtitre plate (Cellwells", J. Bibby Science Products Ltd., Stone, 

England). Spore suspension aliquots (100 µl) were placed in each well of the microtitre 

plate using a 200 ul-Eppendorf pipette. The plates were sealed with tape and incubated 

under the required regimes. Spore development was stopped using 25 Al of 

Lactophenol/aniline blue (0.0125%; BDH, Poole, England). Spore germination and 

appressorium formation were examined in eight replicate wells using a Zeiss inverted 

microscope. All spores in each adjacent field of view along the diameter of each well were 

assessed. The total number of spores assessed in each well differed due to the variation 

in the number of spores present in each field of view. A spore was counted as germinated 

when a germ tube was visible, regardless of germ tube length. Spores were counted as 
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having formed an appressorium when a round to oval structure was present on the germ 

tube. Percentage spore germination was calculated as the proportion of the total number 

of spores assessed which had produced one or more germ tubes, with or without 

appressorium formation. Percentage appressorium formation is the proportion of the total 

number of spores assessed which had germinated and subsequently formed one or more 

appressoria. 

Different spore concentrations of M. acerina (1 x 103,5 x 103,1 x 104 and 1x 105 

spores ml-1) were incubated for 9 hours at 18°C and 60 to 80 spores per well examined 
in eight replicate wells per treatment. 

Spore development at different incubation times (6,9,16,23 and 38 hours) was 

evaluated at 21 °C for M. acerina. The initial spore concentration was 1x 104 spores ml-1 

and 40 to 60 spores were assessed in each of eight replicate wells. 

A spore concentration 1x 104 spores ml-' was incubated at a range of temperatures 

(12,15,18,21,24,27 and 30°C), either for 24 hours (C. dematium) or for 9 hours (M. 

acerina). 40 to 60 spores per well were examined for C. dematium and 30 to 40 spores 
for M. acerina. 

3.3 RESULTS 

3.3.1 C. dematium 
3.3.1.1 Fungal growth 

Figures 7a and b show a typical culture grown on potato-dextrose agar and 

incubated for two weeks at 22°C in darkness. The culture has a dark olive green colour. 

Aerial mycelium is sparsely developed. Large, conical, black, setose, either superficial or 

immersed sclerotia are abundant. 
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Figure 7. Colony growth of C. (/e natiwmi after 14 days at 22°C in darkness. 

(a) view from above 

(h) view from below 
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The response of colony growth to incubation temperature for C. deinutiu, n is shown 

in Figure 8. The fungus grew well between 15 and 25 °C with optimum growth at 25 °C. 

No growth occurred at and above 35°C. The growth rate at 10°C was almost halved 

compared to the growth rate at 15 °C. 

Figure 8. Effect of temperature on daily mean growth rate of C. deniatium. 
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3.3.1.2 Spore description 

C. de, natiurn produces falcate, mainly one-celled, conidia (Figure 9) in cream 

coloured, slimy masses inside acervuli. Conidial length ranges from 26 µm to 30 µm with 

a mean value of 26.2 uni. Width ranges from 3.5 µm to 6 µm with an average of 4.3 µm. 

Figure 9. Conidia of C. de, natiunr (magnification 280x). 
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3.3.1.3 Spore production 

C. dematium sporulated well on all the artificial media tested (Table 3) with or 
without exposure to ultraviolet light. The highest spore concentration was produced on V-8 

Agar under ultraviolet light. Ultraviolet light exposure increased the number of spores 

produced on PDA by a factor of 10, but on all other media spore production under 

ultraviolet light exposure varied only slightly from the spore production in darkness. For 

simplicity, it was decided to use the commercially available PDA as the base medium for 

spore production. Also is was decided not to use UV irradiation (due to limited UV 

incubator space) for standard spore production procedures as, despite the enhancement of 

spore production by UV, adequate yields were obtained. 

Table 3. Spore production by C. dematium at 25°C on different solid media after one 

week. 

SPORE CONCENTRATION 

MEDIA * (spores plate'') 

- UV Light + UV Light 

Potato-dextrose agar 2x 10' 4x 108 

V-8 agar 3x 108 7x 108 

Modified Richard's agar I 4x 108 4x 108 

Modified Richard's agar II 1x 108 7x 10' 

Host plant infusion agar 5x 10' 7x 10' 

* Recipes given in Appendix 

The effect of temperature on the production of spores of C. dematium is shown in 

Table 4. Spore production varied by a factor of 55. Although there was little difference 

in spore production between 18 and 22°C, the highest yield of spores was obtained at 

22°C (5.5 x 10' spores plate-') and this was selected as the standard temperature for spore 
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production by C. dematium. At the lowest (14°C), and highest (25°C) temperatures tested, 

spore production was reduced compared to that at the optimum temperature. In view of 

the very large difference between the maximum and minimum values, and the close 

agreement between replicate values, it was not considered necessary to analyse the data 

statistically to confirm the reassured optimum temperature for spore production. 

Table 4. Spore production of C. dematium at different temperatures on PDA after 

one week. 

TEMPERATURE SPORE CONCENTRATION 
(spores plate-') 

14°C 1x 106 

18°C 1x 10' 

20°C 2x 10' 

22°C 5.5 x 10' 

25°C 2X 106 

3.3.1.4 Spore germination and appressorium formation 

The response of spore germination and appressorium formation to incubation 

temperature for C. dematium is shown in Figure 10. Maximum germination (48%) of the 

spores occurred at 24°C after 24 hours. Germination at other temperatures was around or 

below 20%. No spores germinated at 8°C. Once germinated, most of the spores formed 

appressoria next to the spore body. Percentage total germination and percentage 

appressorium formation differed by no more than 7% except at the higher temperatures, 

27°C and 30°C. 
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Figure 10 
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Spore germination and appressorium formation of C. dc'mc1than at different 

temperatures after 24 hours. 
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3.3.2 M. acerina 

3.3.2.1 Fungal growth 

Figures 1la and b show a typical culture of M. acerina grown on PDA and 

incubated for seven days at 18°C with constant ultraviolet light irradiation. The culture has 

the typical orange-red pigmentation which develops only under ultraviolet light exposure. 

Aerial mycelium is only sparsely developed. On the reverse of the culture (Figure 11b) a 

black coloured area around the inoculum plug, which is due to the formation of 

chlamydospores, can be seen. 
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Figure 11. Colony growth of M. acerina after seven days at 18°C with constant 

ultraviolet light irradiation. 
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The mean daily growth rates for M. acerina at a range of temperatures are shown 
in Figure 12. The isolate grew well between 15 and 21 °C with an optimum at 21'C. The 

growth rate rapidly decreased at 24°C and no growth occurred at 30°C. The growth rate 

was reduced for temperatures under 15°C, but was still higher than that at 24°C and 

above. 

Figure 12. Effect of temperature on mean daily growth rate of M. acerina. 
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The mean daily growth rate was not influenced by a daily, 12 hours exposure time 

to ultraviolet light. Thus, at 15°C the mean daily growth rates were 7 mm and 7.5 mm 

for incubation without or with 12 hours ultraviolet light exposure respectively. 
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3.3.2.2 Spore description 

M. ucerinu produces two types of spores, macroconidia (Figure l3a) and 

chlamydospores (Figure 13h, c). Both types are infective, but only macroconidia were used 

in these studies. The length of macroconidia ranges from 100 µm to 250 µm with an 

average of 167 µm. The width at the broadest part of each spore ranges is between 9 µm 

and 18 µm with an average of 14 µm. Each macroconidium can have 7 to 13 eusepta 

(average 10). The spores are truncate at the base, tapering to 1-2 µm at the apex, and can 

have a long, lateral, sword-like and septate appendage. The appendage varies from 65 µm 

to 130 µm long and occurs on about 30% of the macrocondia. Chlamydospores are formed 

through thickening of the cell walls of older hyphae (Figure 13h) and macroconidia (Figure 

13c). The cells become rounded and dark brown in colour. 

Figure 13. Spore types of M. ucerinu. 

(a) freshly harvested macrocondia (magnification 160x) 
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3.3.2.3 Spore production 

The production of macroconidia is strongly influenced by ultraviolet light (Table 
5). Macroconidia were only produced with 12 or more hours of daily exposure to UV 

light. The resulting spore yields under these exposure times were similar. No macroconidia 

were produced in darkness or under a daily exposure time of 6 hours. 

Table 5. Effect of ultraviolet light exposure on macroconidia production of M. 

acerina after 14 days at 21 °C. 

EXPOSURE TIME 
(hours day') 

SPORE CONCENTRATION 
(spores plate-') 

00 
60 

12 2x 106 

24 1.5X 106 

3.3.2.4 Spore germination and appressorium formation 

The spore inoculum concentration did not effect spore germination and 

appressorium formation of M. acerina (Table 6). Percentage spore germination ranged 

from 70 % to 85 % and percentage appressorium formation varied between 37 % and 50 %. 

M. acerina can form more than one germ tube and/or more than one appressorium per 

spore. 
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Table 6. Effect of inoculum concentration on germination and appressorium 

formation of macroconidia of M. acerina incubated for 9 hours at 18°C. 

INOCULUM CONCENTRATION GERMINATION APPRESSORIUM FORMATION 
(macroconidia m1-') (%) (%) 

Ix 103 79 37 

5x 103 85 50 

1x 10,70 46 

1 x105 

* spore density too high for the assessment of individual spores 

Figure 14 shows percentage germination and appressorium formation for spores of 

M. acerina over time. The spores germinated readily, 70% germination being achieved in 

only 6 hours. However, at this time only 10% of the spores had formed appressoria. 

Percentage germination reached virtually maximum (90%) after 9 hours when only 40% 

had formed appressoria. Appressorium formation increased steadily with time and reached 

80% after 38 hours. On average 2.5 germ tubes were formed per macroconidium. 

Figure 15 shows the germination response of M. acerina incubated for 9 hours at 

different temperatures. The percentage germination was above 50% at all temperatures, 

reaching a maximum (97%) at 27°C. Appressorium formation (71%) was maximal at 

24°C. Almost no appressoria were formed at 30°C, even though the germination remained 

high (79%). 

Anastomosis was observed between macroconidia in wells incubated at 18°C for 

seven days. 
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Figure 14 
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3.4 DISCUSSION 

3.4.1 C. dematium 

Spores of C. dematium were easily produced in sufficient quantities to study the 
isolate on the host plant as a model of a potential mycoherbicide. It was not intended to 

provide a commercial inoculum and, thus, the inoculum was produced on a solid medium 
(PDA) rather than in liquid medium. 

The spores used in the sporulation experiment at different temperatures (Table 4) 

were stored for 8 weeks at -80°C prior to the experiment. This might have altered their 

sporulation behaviour, even though their germination behaviour seemed to be unaffected 

(89% germination after 24 hours at 25°C). Under comparable test conditions (25°C; PDA; 

1 week incubation under darkness), sporulation in this experiment was lower than that 

obtained with freshly harvested C. dematium spores as were used in the experiment 

comparing sporulation on different media types (Table 3). 

Although C. dematium grew well in vitro over a wide range of temperatures, its 

germination rate never reached 50% in the relatively long time period of 24 hours over 

the same range of temperatures. A low spore concentration was used (1 x 104 spores ml-l) 

to prevent any possible self-inhibition between spores. The low spore germination rate of 

C. dematium was later confirmed in the water controls of the toxicity tests (Chapter 5). 

Results of earlier germination studies of the same isolate (Smith, 1990), soon after 

it was isolated, contrast with this finding. Smith observed rapid, high germination over a 

similar temperature range. For example, more than 50% of spores germinated after 6 

hours of incubation at temperatures of 15 °C and higher and more than 30% of spores 

germinated at 10°C after 12 hours. No spore germination at 8°C after 24 hours was 

observed in studies reported in this chapter. This could indicate a change in germination 

behaviour as a result of storage at 4°C for four years, including sub-culture at 6 months 

intervals. The implications of such changes, especially if they also affect the pathogenicity 

of isolates of potential mycoherbicides, are serious. 
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A rapid and high germination rate is highly desirable in order to minimise the pre- 

penetration period, when the newly germinated sports are most vulnerable to 

environmental factors. Therefore, any working formulation of this isolate should be 

designed to maximise both rate and extent of germination, possibly by inclusion of 

appropriate nutrients. Once the spores had germinated, they readily formed appressoria. 
In vitro studies showed that the melanisation of appressoria was complete within nine hours 

under high humidity conditions. Consequently, the appressorium formation rate of C. 

dematium did not differ widely from the germination rate. This suggests that no stimulant 
for the formation of appressoria is needed and the main emphasis is to induce germination. 

Field temperatures (Figure 6) at the time of application are generally lower than 

are required for good germination, growth and appressorium formation of C. dematium 

(Table 7). In particular, March, April and October, have suboptimal temperatures during 

both, the day (6 - 13°C) and night (4 - 10°C) with regard to all test parameters of C. 

dematium. Even the maximum night temperatures of the slightly warmer May and 
September are still 10°C lower than the optimum temperature for germination and 

appressorium formation of C. dematium. This suggests that strains which are more suited 

to the colder temperature range of the likely months of application should be selected 

before more work on formulation of this isolate is done. Strain selection was not part of 

the objective in this thesis. 

Table 7. Temperature requirements for growth, sporulation, germination and 

appressorium formation of C. dematium. 

TEST PARAMETER INCUBATION OPTIMUM TEMPERATURE (°C) 

growth rate - 15 - 25 

germination 24 hours 24 

appressorium formation 24 hours 24 
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3.4.2 M. acerina 

Spores of M. acerina, as spores of C. dematium, were easily produced in sufficient 

quantities on solid media under UV-light. Macroconidia were chosen as the preferred 

spore-type for foliar application. They were readily sprayable, despite being relatively long 

and were easier to quantify than the often long-chained chlamydospores. The long-living 

chlamydospores could be the preferred infection structure in a granular formulation for soil 

application of M. acerina. 

Macroconidia of the isolate of M. acerina studied here formed chlamydospores with 

time. This confirmed the findings of Wall & Lewis (1978), who reported that 60% of 

conidia formed chlamydospores when buried in soil under field conditions for 8 days. Both 

germinated and ungerminated cells of the multi-celled spore can produce chlamydospores. 
These chlamydosporic conidia can overwinter, remaining pathogenic (Wall & Lewis, 

1978). Therefore, application of macroconidia of M. acerina provides, in contrast to 

spores of C. dematium, both an immediate and a secondary source of inoculum, as the 

chlamydosporic conidia can lead to infection and disease development months after the 

initial application when environmental conditions become suitable again. This minimises 

loss of inoculum and might aid the prevention of regrowth. In addition, chlamydospore 
formation by macroconidia could compensate for inoculum loss occurring through 

anastomosis between macrocondia. The frequent occurrence of anastomosis has also been 

reported for M. acerina by Newhall (1944). 

Although in vitro growth of M. acerina was reduced at temperatures over 21 °C, 

it still grew well in the lower temperature range. Good growth and sporulation at lower 

temperatures are an advantage for any mycoherbicide applied in the temperate regions. 

More important, however, is the ability to germinate and form appressoria at these lower 

temperatures. M. acerina spores germinated well in vitro within a relatively short time (9 

hours) and over a wide range of temperatures (12 - 30°C), in particular at the lower 

temperatures. The percentage germination was always above 50%. Maximum day 

temperatures in the months of potential application (Figure 6b) would be sufficient for 

rapid germination of M. acerina, but would be too low for rapid appressorium formation 
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(Table 8). Maximum night temperatures (Figure 6a) are only favourable for germination 
in the months of May and September. 

Germination often occurred in more than one cell per conidium, which could 
reduce the spore dose requirement for disease establishment without affecting the 

probability of infection, compared to single-celled conidia such as C. dematium spores. 

Table 8. Temperature requirements for growth, germination and appressorium 
formation of M. acerina. 

TEST PARAMETER INCUBATION OPTIMUM TEMPERATURE (°C) 

growth rate - 15 - 21 

germination 9 hours 12 - 30 

appressorium formation 9 hours 24 - 27 

Appressorium formation, not simply spore germination, must be the major criterion 
for the evaluation of spore inoculum efficiency in potential mycoherbicides. Thus, even 

though the germination rate of M. acerina was high, appressorium formation rate over the 

same temperature range was often significantly lower. Appressorium formation was 

assessed after only 9 hours, when spore germination is already well established. This may 

be too short a time to allow full expression of appressorium formation as good 

appressorium formation was observed at 21 °C after 38 hours. Similarly, at low 

temperatures (2°C), good germination (80%) and subsequent appressorium formation 

(50%) of M. acerina occurred, given sufficient time (5 days) (Day et al., 1972). However, 

in vivo spores are likely to be exposed to less than 9 hours dew in any one night and 

therefore it is highly desirable to establish appressorium formation and infection in this 

period to avoid any deleterious effects of desiccation the following day. Therefore, 

formulation of macroconidia of M. acerina should stimulate the speed of appressorium 

formation to gain maximum inoculum efficiency. 
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4 PATHOGEN-HOST PLANT STUDIES 

4.1 INTRODUCTION 

4.2 MATERIALS AND METHODS 

4.2.1 Spray application (Humbrol air brush) 

4.2.2 Spore dose 

4.2.3 Dew period 
4.3 RESULTS 

4.3.1 C. dematiwn on C. album 
4.3.1.1 Disease description 
4.3.1.2 Spore dose 

4.3.1.3 Dew period 
4.3.2 M. acerina on V. arvensis 

4.3.2.1 Disease description 

4.3.2.2 Spore dose 

4.3.2.3 Dew period 
4.4 DISCUSSION 

4.4.1 C. dematium on C. album 
4.4.2 M. acerina on V. arvensis 

4.1 INTRODUCTION 

Efficacy and host specificity are important parameters in the development of a 

mycoherbicide. Amount, speed and ease of control characterise the efficacy of a 

mycoherbicide (Charudattan, 1989) and are influenced strongly by inoculum density (spore 

dose), moisture (amount and duration), temperature and age of host plant. Time of 

application (month, time of the day), location of inoculum on the host plant, spore and 

germling survival between periods of wetness can also contribute to the efficacy. 

Control of the host plant is achieved by the successful completion of the pathogen's 
life cycle on the host plant and is usually measured as plant death, but can also be 

measured as a reduction in plant weight or plant height or as the prevention of seed 
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production. For example, Septoria urticae, used to control Urtica urens (annual nettle), 

reduced plant dry weight by only 40 percent, but significantly diminished the seed 

production ((Dal Bello et al., 1993). The time in which the life cycle is completed is equal 

to the speed of control. The amount of control depends on the achieved disease severity. 

The ease of control considers e. g. the practicability of application method and the 

environmental range in which a pathogen can be effectively applied. This chapter will 

determine aspects of efficacy, in particular the role of moisture and inoculum density on 

disease development. Host specificity, the other main parameter in the development of a 

mycoherbicide will not be evaluated because, in this investigation, the pathogens are used 

only as models not as potential mycoherbicides. 

Important phases in the pathogen's life-cycle are germination, appressorium 

formation, penetration, lesion formation, lesion extension and lesion coalescence leading 

to severe necrosis. All these are equally important to achieve the required amount of 

control. Different infection strategies of Colletotrichum species are reviewed by Bailey et 

al. (1992). 

In vivo sporulation and in vivo dispersal, important in any natural disease cycle, are 

of minor importance in the case of a foliar applied mycoherbicide, where the inoculum is 

artificially produced and applied. 

Optimum conditions for infection and disease development vary widely between 

pathogens and differ even between isolates of the same pathogen. Moisture is important 

to germination, infection and disease development and usually occurs naturally as rain or 

dew, but can be supplemented artificially through irrigation, which is only feasible if it is 

already common practise in the area of application. 

Dew is a liquid water deposit, either in the form of a surface film or small 

droplets, on exposed objects near the ground, such as plants. It is formed through 

condensation of atmospheric water vapour, when the temperature of the exposed objects 

has fallen below the dew point of the air. The dew point is the temperature at which the 

air in an air/water vapour mixture is saturated with water vapour and thus, no further 
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uptake of water vapour is possible. At the dew point the relative humidity of the mixture 
has reached its maximum of 100%. If the mixture is cooled below the dew point (usually 

at night), only so much water vapour condenses, as it is necessary to maintain maximal 
humidity of air/water mixture. Thus, the relative humidity below the dew point is always 
100%. Leaf surfaces of plants are usually cooler than the atmosphere by 1-2°C, so that 

dew formation starts when the relative humidity rises to 96 or 98% R. H.. The duration 

of dew (dew period) influences the efficacy of a mycoherbicide more than the absolute 

amount of dew. Consecutive dew periods of more than 20 hours are unlikely to occur. 
Most of the dew periods will have a duration of less than 12 hours. Some pathogens can 

utilise a sequence of short dew periods for disease development, so that not only the 

duration, but the frequency of dew occurrences becomes important. The main limitation 

on applying this strategy on mycoherbicide use is the ability of the spore or germling to 

survive between dew occurrences. 

Rain is the other main source of moisture for disease development. It can influence 

dew by keeping the soil water status high. Heavy and prolonged periods of rain can also 
lead to loss of spores from the host plant to the ground. 

4.2 MATERIALS AND METHODS 

4.2.1 Spray application (Humbrol airbrush) 

Unless stated otherwise, spores in all experiments of the pathogen - host plant 

studies were applied to their host plants at the three to four leaf stage (Figure 16) as 

follows: 

Spore suspensions of the isolates containing 0.1 % v/v surfactant (Tween 40) were sprayed 

to 'run off' using a Humbrol air brush (Humbrol, Hull, England) at a pressure of 1 bar. 

The plants were rotated on a turntable at a speed of 100 rpm during spray application to 

ensure uniform distribution of spray on all leaves and stems. In practise, it was found that 

run-off was achieved with the plant system used when 3 ml per pot was sprayed and this 

volume was used as standard in all experiments. 
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Figure 16. Growth stage o the host plants at Linie of spray application. 

(a) C. alhunn 

low" 
lot, 

(h) V. anvensis 
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4.2.2 Spore dose 

Spore dose experiments with C. dematium on C. album were carried out using 3 

replicates per treatment and under two different incubation regimes: 

(1) C. album plants were inoculated (see spray application) with different spore 

concentrations of C. dematium (5 x 104,5 x 105,5 x 106,5 x 107 spores ml-1) and 

incubated under continuous high humidity (>95% R. H. ) for three weeks in 

laboratory propagators (Propatrays with automatic temperature control; HUMEX, 

New Milton, England) at 25°C and a 12 hour photoperiod (2 x 18 Watt, Pluslux 

3500, white light, Thom). 

(2) C. album plants were inoculated with different spore concentrations of C. dematium 

(1 x 104,1 x 105,1 x 106,1 x 10' spores ml-1) and incubated for 36 hours under 

high humidity in an unlit dew chamber (Mercia Scientific, Rugby, England) at 

18°C before being transferred to the greenhouse. 

Control plants were sprayed with 3 ml 0.1 % v/v Tween 40 containing no spores. Disease 

symptom development was assessed weekly until plants died or had obviously recovered. 

Spore dose experiments with M. acerina on V. arvensis were carried out using 3 

replicates per treatment and under two different incubation regimes: 

(1) V. arvensis plants were inoculated (see spray application) with macroconidia of M. 

acerina at different concentrations (3 x 103,6 x 103,3 x 104,6 x 104 spores ml-') 

and incubated under continuous high humidity in laboratory propagators at 25 °C 

and a 12 hour photoperiod. 

(2) Two sets of V. arvensis plants were inoculated (see spray application) with 

macroconidia of M. acerina at different concentrations (1 x 103,7 x 103,1 x 104, 

7x 104,1 x 105,7 x 105,1 x 106 spores ml-'). One set of plants was incubated for 

18 hours, and the other one was incubated for 36 hours, under high humidity in an 
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unlit dew chamber at 18°C before being transferred to the greenhouse. 

Control plants were sprayed with 3 ml 0.1 % v/v Tween 40. The treated plants, were 

assessed weekly, for up to three weeks, for symptoms and disease development. The above 

ground biomass of all V. arvensis plants, incubated under the second regime, was dried 

at 66°C for 5 days and weighed. 

4.2.3 Dew period 

Dew period experiments with C. dematium on C. album were carried out (I) to 

study the speed of in vivo germination, in vivo appressorium formation and penetration and 
(II) to evaluate symptom and disease development in whole plant assays (3 replicates per 

treatment): 

(1) C. album plants were inoculated (see spray application) with 2x 106 spores ml-' of 

C. dematium and incubated under continuous high humidity in laboratory 

propagators at 25°C and a 12 hour photoperiod. Leaf samples were taken after 5, 

9,24 and 30 hours, immersed into 10 ml of a leaf clearing and staining solution 

(Bruzzese & Hasan, 1983) for 48 hours and then transferred into a choralhydrate 

solution (2.5 g/ml water). After 24 hours the leaves were rinsed twice in acetone, 

twice in 50% London Resin White/acetone mixture (15 minutes each time), twice 

in 100% London Resin White (15 minutes each time), left overnight in London 

Resin White at 4°C. Leaves were then mounted on glass slides by heating on a hot 

plate for circa 2 minutes to harden the resin. The leaf samples were qualitatively 

assessed for spore germination and appressorium formation, using light microscopy 

(Bright field, Nomarski Interference Phase Contrast). 

(2) C. album plants were inoculated (see spray application) with C. dematium (1 x 107 

spores ml-') and incubated under high humidity in a dew chamber at 18°C for 12, 

24,36 and 48 hours, before being transferred to the glasshouse. For three weeks 

the plants were assessed weekly for symptom and disease development. 
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Dew period experiments with M. acerina on V. arvensis were carried out (I) to study the 

speed of in vivo germination, in vivo appressorium formation and penetration and (II) to 

evaluate symptom and disease development on whole plant assays and under two different 
incubation regimes: 

(1) V. arvensis plants (four replicates per treatment) were inoculated (see spray 

application) with macroconidia of M. acerina (1(5 spores ml-1) and incubated under 

high humidity for 0,4,8,10 and 24 hours as well as for the total length of the 

experiment (3 weeks), in laboratory propagators at 25°C and a 12 hour 

photoperiod. One replicate provided leaf samples for the assessment of spore 

germination and appressorium formation, taken at 3,5,9,24 and 44 hours of 

incubation and was prepared for observation as described for C. dematium. 

(2) Two sets of V. arvensis plants (1 plant per pot) were inoculated (see spray 

application) with 1x 104 spores ml-l of M. acerina and incubated under high 

humidity in an unlit dew chamber, for periods up to 44 hours, before being 

transferred to the greenhouse. 

The plants, in both incubation regimes, were assessed weekly for symptoms and disease 

development. After one week, the third leaf of one plant in each treatment of the second 

incubation regime, was photographed as a close up for the assessment of disease severity. 

Disease severity (%) was calculated as follows: 

DISEASE SEVERITY = 
diseased area x 100 

leaf area 

Leaf area (cm2) and diseased area (cm2) were measured on reproductions of the 

photographs, using an OPTIMAX V image analyser (Analytical Measuring Systems, 

Saffron Walden, England). Figures 17a and b show an example for such a reproduction. 
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Figure 17. Third leaf of V. an'ensis. 

(a) photograph 

iýý'ý 
. 

(b) reproduction 
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4.3 RESt'UFS 

4.3.1 C. de/Ilatium on C. albroh 
4.3.1.1 Disease description 

C. clemutiu, n causes leaf wilting, necrosis and defoliation of C. albwn which can 
lead to rapid death of the host within 7-10 days under laboratory conditions (Figure 18). 

Figure 18, Symptoms on C. ulhuni caused by C. dLmatiuin. 

4.3.1.2 Spore dose 

All the tested spore doses killed two out of three replicates of C. albuni plants three 

weeks after incubation under high humidity at ? 5°C. The highest spore dose of 5x 10' 

spores ml' killed all the replicates after only one week. 

No symptoms developed under the second incubation regime at 18°C on any of the 

treated C. alhunt plants assessed after three weeks, even at doses as high as 

10' spores ml-' 
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4.3.1.3 Dew period 

Conidia of C'. deniuliu, n applied on C. album plants, incubated at 25°C, started to 

germinate after less than five hours of dew and formed unmelanized appressoria. The 

appressoria were normally produced close to the spore body (Figure 19). Melanized 

appressoria were observed after 9 hours of dew (Figure 19). In areas where spores landed 

on glandomal trichomes, trailing germ tubes were formed (Figure 20). There was no 

evidence that there was a preferred route of infection through stomata or other specific leaf 

structures. 

Figure 19. Melanized appressoria of C. denzatiwn spores on the leaf surface of C. 

album after 9 hours under high humidity at 25°C (magnification 1000x). 

Legend: 

it - appressorium 
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Figure 20. Germinating and appressorium forming spores of C. don itiºunr on the Teat 

surface of C. ulhiwi around the glandomal trichome region alter 24 hours 

under high humility at 25°C (magnification 160x). 

i 
r . - ;:: 

Legend: a- appressorium 
g- germ tube 
gi - glandomal trichome 

No disease symptoms were caused by C. dematium on C. album plants, incubated 

under high humidity at 18°C, after any of the tested dew periods. 
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4.3.2 M. acerina on V. arvensis 
4.3.2.1 Disease description 

Figure 21 shows the symptoms of the black spot disease caused by M. acerina on 

V. arvensis. These first appear as very small, scattered, darkish spherical-elliptical lesions 

on the upper leaf surface. These enlarge within 24 hours to necrotic areas with light 

coloured centres and dark margins. Lesions on older plants have a chlorotic ring. The 

necrosis becomes more severe and can lead to plant death within one week. The shape of 

lesions which develop on the petiole is elongated or needle-like. 

Figure 21. Black spot disease on V. arvensis upper leaf surface caused by M. acerina. 
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4.3.2.2 Spore dose 

After incubation for one week under high humidity at 25°C a dose of 6x 104 

spores ml-1 caused severe disease symptoms and led, after 2 weeks, to total control of V. 

arvensis. The next lower spore dose of 1x 104 spores ml-' also caused plant death in two 

out of three replicates. The other spore doses produced lesions but did not kill the host 

plant. In the second incubation regime, after 18 hours dew duration none of the spore 
doses of M. acerina killed the weed, but did cause symptom development and reduction 

of plant dry weight (Figure 22a). A maximum disease severity of only 13 % was measured 

on the third leaf of V. arvensis, using a spore dose of 7x 104 spores ml-1. The spore dose 

of 6x 104 spores ml-1, suggested in experiments at 25°C as being necessary to cause 
death, achieved the highest reduction in dry weight. After doubling the exposure to high 

humidity to 36 hours spore doses of 7x 104 spores ml-' and higher led to death of the host 

plant within one week (Figure 22b). 

These results underline the importance of providing both sufficient moisture and 

an adequate spore dose. A spore dose of 1x 106 spores m1' is required to give reliable 

control of V. arvensis using M. acerina. 

4.3.2.3 Dew period 

Macroconidia of M. acerina applied to V. arvensis started to germinate almost 

immediately after inoculation. More than one germ tube was regularly formed from each 

macroconidium (Figure 23). The position of the germinating cells within the spore was 

variable. After five hours of dew the first hyaline, pyriform or lobed appressoria were 

observed. Even though the actual penetration process could not be observed, collapsed 

plant cells under or adjacent to the appressoria were clearly visible after 46 hours 

incubation at high humidity. The germ tubes did not show any preference for stomata or 

other specific structures on the leaf surface. 
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Figure 22. Effect of spore dose of M. acerina on the reduction of V. arvensis dry 

weight (%) at 18°C assessed after one week. 
(a) 18 hours dew 
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Figure 23. Multiple germination of M. ucer/na niacrueunidia can the leaf' surface of V. 

c! rvensis after three: hears under high humidity at 25°C (magnification 

50th). 

53 

Legend: g- germ tube 

The duration of dew greatly influenced the rate of disease development and the degree of 

damage caused. In the whole-plant assay, only a few small lesions were formed on V. 

anvensis for dew periods up to 12 hours and plant growth was not affected as shown by 

Figures 24 a and b. For dew periods from 12 to 22 hours, the number of lesions 

increased, lesion coalescence was observed and the typical coloured ring around the lesion 

became more pronounced. This resulted in plant growth reduction, but no plant death 

occurred (Figures 24c). After 24 hours dew, M. acerina caused tissue necrosis, often 

associated with leaf edges, and considerable reduction in plant growth (Figure 24d). The 

number of lesions, their size and the degree of coalescence has increased further. After 32 

hours, most of the plant tissue is necrotic (Figure 24e). The first total kill of the host plant 

appeared after 36 hours dew duration (Figure 24f). 
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Figure 24 
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Figure 25 shows the percentage disease severity on the third leaf of V. arvensis, 
taken from the whole-plant assay described above, for all the dew periods tested. The 

disease severity for dew periods up to 28 hours increased very slowly, but steadily. Figure 

26a shows a typical leaf after 28 hours of dew. Despite a high frequency of lesion 

development, less than 30% of leaf area is affected. Leaf area affected was always at least 

50% for dew periods of 30 hours and longer, and reached 100% (total kill) for a dew 

period of 36 hours and longer. Figure 26b show a typical necrotic leaf after a 34 hour dew 

period. 

To achieve total control of V. arvensis, under glasshouse conditions and within one 

week, a minimum dew period of 36 hours is required for the relatively low spore dose of 

1x 10` spores ml-'. 

Figure 25. Effect of dew period on disease severity (% leaf area affected) caused by 

M. acerina on the third leaf of V. arvensis, assessed after one week. 
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Figure 26. FtTCct Of two dew periods at 18°C on disease development caused by M. 

acerinci on the third leaf of' V. arº'en. cix, assessed after one week. 

(a) 28 hours (b) 34 hours 

4.4 DISCI SSION 

4.4.1 C. dematium on C. album 

The spore dose and dew period experiments with C. deniatium showed that a 

combination of a very high spore dose (> 1x 10' spores nil-) and a long duration of dew 

(>36 hours of dew) is necessary in order to control C. albuni effectively. These results 

indicate that an effective formulation of C. dentutium should: (1) lower the required spore 

dose and (2) reduce the required dew period in order to produce an effective practical 

microbial herbicide. 

The required spore dose can be lowered by maximising spore germination and 

appressorium formation by the addition of suitable nutrients, as shown by the results of 

the in vitro pathogen studies discussed earlier. Improvement of micro-environmental 

conditions can also be used to reduce inoculum levels. For example, an invert emulsion 

enhanced rate and intensity of infection of Cassia obtusifolia by Alternaria cassiae 

(Amsellem et (it., 1990). Another approach would be to improve spore retention using a 
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sticking agent. Spores applied to leaves as suspensions in oils were more difficult to wash- 

off than those applied in surfactants (Bannon & Walker, 1987) and, hence, can result in 

higher infection levels. The dew period requirement can be reduced by the incorporation 

of water-loss retardant substances, like oils or waxes, or of humectants, such as glycerol, 
into the formulation. 

Preliminary spore dose experiments with C. dematium on C. album were done 

under optimal continuous temperature (25°C) and humidity (>95% R. H. ) in the 

laboratory whereas, in the glasshouse, conditions were suboptimal (dew period temperature 

of 18°C for a limited period of time). The use of such sub-optimal conditions would not 
be sufficient to explain the total failure of the inoculum to produce disease symptoms in 

these glasshouse experiments. Thus, it seems likely that the organism had lost its 

pathogenicity during repeated subculture throughout storage since collection. Attempts to 

regain pathogenicity by repeated passage through the host plant were unsuccessful. 

4.4.2 M. acerina on V. arvensis 

In in vivo experiments, even a low spore dose of M. acerina spores (1 x 104 spores 

ml-1) caused plant death when dew periods exceeded 34 hours. However, other spore dose 

experiments showed that this treatment did not provide reproducible control of V. arvensis. 

To achieve reproducibility of control required a higher spore dose (1 x 106 spores ml-'). 

This higher spore dose is still acceptable compared to those in other commercial 

mycoherbicides like Colletotrichum gloesporioides f. sp. aeschynomene (TeBeest et al., 

1978). Therefore, in contrast to the situation with C. dematium and to the suggestion from 

the in vitro results, there is no need to reduce the spore dose or improve the level of 

germination or appressorium formation. Spore dose requirements can be lowered, if 

necessary, by increasing the spray volume (Lawrie, LARS, personal communication). 

Successful control of V. arvensis achieved, using the low spore dose (1 x 104 spores ml-1), 

may be linked to multiple spore germination, leading to multiple infection and more severe 

disease development. 
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If this organism was to have any potential value as a mycoherbicide, it is essential 

that the dew period requirements are reduced significantly. This can be achieved by adding 

a humectant to the formulation, to retain moisture longer after spray deposition and by 

retarding the evaporation of the supplied water from the formulation. Another strategy is 

to form an emulsion to provide sufficient moisture at the time of spraying (oil/water ratio 

1: 9) plus some protection against desiccation after application. During the extended dry- 

down of the water phase, the oil phase will form a more or less continuous film above the 

spores. The humid microclimate created by the leaf at the leaf-oil interface should, then, 

provide enough moisture for germination, appressorium formation and infection to occur 

with minimal constraint. 

Neither of the pathogens used produced any herbicidal metabolites (Bartlett, LARS, 

personal communication), even though M. acerina was found to produce a red coloured 

extracellular compound during plate culture under UV radiation. Day et al. (1972) 

reported the development of brown pigments in epidermal cells of celery underlying 

inoculum of M. acerina, "a phenomenon superficially similar to a hypersensitive reaction 

but not associated with penetration". A darkening of tissue prior to lesion formation was 

also observed for this isolate in the experiments reported in this thesis. 
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5 DEVELOPMENT OF FORMULATION 

5.1 INTRODUCTION 

5.2 ADJUVANT-PATHOGEN INTERACTION 

5.3 OTHER ASPECTS 

5.4 DISCUSSION 

5.1 INTRODUCTION 

5.14 Surfactants 
$. 1.2 Stickers 

53.3 Humectants 
5.1.4 Oils 

5.2.5 Emulsions 

Studies of the host plant (Chapter two), the pathogen (Chapter three) and of their 
interactions (Chapter four) identify specific formulation needs for improving the efficacy 

of each of the model mycoherbicides on their specific host. 

Thus, the ideal formulation for C. dematium applied to C. album should contain 

the following ingredients: nutrient, surfactant, sticker, humectant or water-loss retardant 

substance. 

Similarly, a working formulation for M. acerina applied to V. arvensis should 

contain a humectant or another evaporation retardant substance. In addition, some 

advantage could be gained by stimulation of appressorium formation, though this is not 

essential. 
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Both pathogens require extensive periods of moisture in order to control their host 

plant. Thus, the objective of the formulation developed here is focused on the reduction 

of the period of time of exposure to free moisture which is essential to allow germination, 
infection and kill of the host plant by the potential mycoherbicide. A formulation equally 

suitable to both pathogens is intended. Therefore, a range of adjuvants, belonging to four 

types (surfactants, humectants, stickers and nutrients) and different oils, in particular 

vegetable crop oils, are initially evaluated for their effects on the two pathogens. Effects 

of the water-soluble adjuvants on spore germination and appressoria formation of C. 

dematium were tested in water and in a nutrient base solution (modified Czapek Dox 

medium). Although an additional nutrient medium, potato-dextrose broth, was tested using 
both pathogens, less emphasis was given to the evaluation of nutrients. Selected, non-toxic 

adjuvants will be investigated further to determine their suitability with regard to factors 

like evaporation-retarding properties, spray retention ability and effect on surface tension. 

Oil-in-water emulsions as a strategy to reduce water evaporation after spray application are 
investigated. This includes the effects of the emulsion on spore distribution, during and 

after dry-down of the water phase as well as the effect of potential oil phases on 

phytotoxicity of the target plants. The effect of spores on the spray characteristics of the 

developed formulations is also determined in this chapter. 

5.1.1 Surfactants 

Surfactants are surface active agents which contain both lipophilic, non-polar, 

water-insoluble and hydrophilic, polar, water-soluble portions in their molecules. The 

balance between relative amounts of each determines the overall physical properties and 

is called Hydrophilic-Lipophilic Balance (HLB) (Griffin, 1949). The lower the HLB value, 

the more lipophilic the product. For example, HLB values between 8 and 18 are suitable 

for the preparation of oil-in-water emulsions. The polar portion of the surfactant molecule 

classifies the surfactant either as anionic, cationic, non-ionic or ampholytic. Surfactants can 

be used as emulsifiers, spreaders or stabilizers. They can penetrate lipophilic barriers like 

the outer cuticle of plant surfaces and thus, prevent spore or droplet run-off, increasing 

the probability of infection. 
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For more information about surfactants the reader is referred to the books by Schick 
(1967), Padday (1978), Attwood & Florence (1983) and Myers (1988). 

Non-ionic surfactants are known to be less toxic than the other surfactant classes and, thus, 

are the preferred surfactant class for the formulation of mycoherbicides. Tween 20 
(Mitchell, 1986; Mitchell, 1988; Cardina et al., 1988), Tween 80 (Boyette & Walker, 

1985; Walker, 1981; Andersen & Walker, 1985; Crawley et al., 1985) and nonoxynol 
surfactants (Walker, 1981; Boyette, 1986 & 1988; Charudattan et al. 1986) have been the 

most often reported non-ionic surfactants of potential mycoherbicides, belonging to 

different genera. 

Chemical composition, HLB and ethylene oxide number of the selected non-ionic 
surfactants are given in Table 9. Physical characteristics of the same surfactants are given 

in Table 10. 

Table 9. Chemical composition, Hydrophilic-Lipophilic balance (HLB) and 

ethylene oxide (EO) number of selected non-ionic surfactants. 

CHEMICAL 
TRADE NAME COMPOSITION HLB EO NUMBER 

Triton X 100 isoctyl phenyl 13.5 10 
polyethoxy ethanol 

Tween 20 polyoxyethylene 16.7 20 
sorbitan monolaurate 

Tween 40 polyoxyethylene 15.6 20 
sorbitan monopalmitate 

Tween 60 polyoxyethylene 14.9 20 
sorbitan monostearate 

Tween 80 polyoxyethylene 15 20 
sorbitan monooleate 

Tween 85 polyoxyethylene 11 20 

sorbitan trioleate 
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Table 10. Physical characteristics of selected non-ionic surfactants. 

TRADE NAME FORM ° SOLUBILITY b 

Triton X 100 liquid soluble 
Tween 20 liquid soluble 
Tween 40 liquid soluble 
Tween 60 semi solid soluble 
Tween 80 liquid soluble 
Tween 85 liquid dispersable 

at 25°C " in distilled water at 25 ° C (1 %- 10% solutions) 

5.1.2 Stickers 

Stickers or gums are carbohydrate polymers of high molecular weight which can 

modify and control the rheological properties of aqueous systems. Their main functions 

are emulsifying, stabilizing and thickening. Gums can be dispersed in cold water to give 

viscous solutions which, normally, do not gel. At the same concentration, gums with 

relatively linear molecules form more viscous solutions than the more spherical shaped 

gums such as acacia gum. 

Terrestrial and marine plants as well as microbial polysaccarides, are natural 

sources of gums. Terrestrial plant gums can be of intracellular or extracellular origin. 
Those selected for study are given in Table 11. Extracellular plant gums often have a more 

complex structure than intracellular types. They are made up of a number of different 

sugar building units linked together by a variety of glycosidic bonds. Intracellular gums 

are generally storage materials in seeds and roots or serve as a water reservoir and as 

protection for germinating seeds. 
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Table 11. Selected terrestrial plant gums and their origin. 

GUM PLANT ORIGIN 

Acacia Acacia senegal extracellular 
Guar Cyamopsis tetragonolobus intracellular 
Ghatti Anogeissus latifolia extracellular 
Karaya Sterculia urens extracellular 
Locust bean Ceratonia siliqua intracellular 

Alginic acid is a hydrophilic, colloidal polysaccharide, produced from brown 

seaweed. It is insoluble in water, but can swell rapidly. It is produced in different viscosity 
types, varying in molecular weight and the degree of polymerisation. 

Sodium alginate products, such as Manucol, Manugel and Manutex (Kelco 
International Ltd., London), are hydrophilic salts of alginic acid. They are anionic, water- 

soluble, linear block copolymers which are composed of two types of sugar residue, D- 

mannuronate and L-guluronate. Different grades with various viscosities and/or particle 

sizes are available to suit particular purposes. Table 12 shows the properties of some of 

the alginate products selected in this study. 

Microbial polysaccharides, such as xanthan gum produced by the bacterium 
Xanthomonas campestris, are highly branched polysaccharides similar to the extracellular 

plant gums. Xanthan gum dissolves readily with stirring in water to give highly viscous 

solutions at low concentrations. It forms strong films on evaporation of aqueous solutions. 

For more information about gums the reader is referred to the book by Whistler (1973). 
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Table 12. Properties of selected alginate products. 

PRODUCT VISCOSITY (mPa s') PARTICLE SIZE TECHNICAL 
I% solution in water at 20 °C (J. m) BULLETIN (°) 

Manucol DMF 300 150 F 5055 
Manugel GHB 75 355 F 5055 

Manugel GMB 185 355 F 5055 
Manutex KPR 350 850 15054 

Manutex RH 60 355 15054 

(') Kelco International Ltd., London, England 

5.1.3 Humectants 

Humectants are substances that have an affinity for water, with stabilising action 

on the water content of the material. A humectant can maintain, within a narrow range, 

the moisture content of the material despite humidity fluctuations in the environment. The 

humectants tested later, and their chemical composition, are shown in Table 13. 

Table 13. Chemical composition of selected humectants. 

TRADE NAME CHEMICAL COMPOSITION 

Glycerol 1,2,3-Propanetriol 

Sorbitol D-Glucitol 

AMEA Acetamide-ß-mercaptoethylamine 

LAMEA Lactamide-ß-mercaptoethylamine and 
acetamide-ß-mercaptoethylamine blend 
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5.1.4 ON 

Vegetable oils, mainly obtained from the seeds of plants, can be divided into three 

groups drying, non-drying and semi-drying oils. Table 14 lists the oil types which have 

been selected in this study. 

Table 14. Groups of vegetable crop oils studied. 

DRYING OILS SEMI-DRYING OILS NON-DRYING OILS 

grapeseed oil corn oil groundnut oil 

linseed oil sesame oil olive oil 

sunflower oil soybean oil rapeseed oil 

walnut oil 

Drying oils form a tough elastic film on exposure to air, whereas non-drying oils remain 

permanently greasy or sticky, becoming rancid over time. The semi-drying oils are 

intermediate in nature. 

5.1.5 Emulsions 

Emulsions are used in a wide range of applications such as cosmetic emulsions, 

polishes, emulsion paints, agricultural sprays and food emulsions. They are dispersions of 

one liquid in another. They consists of two phases, the disperse or internal phase and the 

continuous or external phase. The dispersed phase is present as finely divided droplets, the 

continuous phase forming the matrix in which these droplets are suspended. There are two 

main types of emulsions, an oil-in-water (O/W) emulsion with oil as the disperse phase or 

a water-in-oil (W/0) emulsion with water as the disperse phase. Emulsification can be 

achieved either chemically or mechanically. These two methods are often being combined. 

Generally, emulsion stability is influenced by viscosity, phase ratio, droplet diameter, 
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emulsion preparation and aging. An emulsion can show instability in three ways which are 
not necessarily linked: by creaming, by inversion, and by breaking (demulsification). 

Creaming is the process of separation into two emulsions, one richer in the disperse 

phase and one poorer than the original emulsion, eg creaming of unhomogenised milk (a 

natural oil-in-water emulsion). 

Inversion of an emulsion is the sudden change from eg an oil-in-water emulsion to 

a water-in-oil emulsion. It is mainly influenced by the volume, concentration, nature and 

amount of the emulsifier. Kremann et al. (1933) reported such an inversion (O/W to W/O) 

when the oil concentration was increased above 24%. 

Demulsification is the breaking of the emulsion and can be accompanied by 

creaming or inversion. The coagulation of the disperse phase takes place in two steps, 

flocculation and coalescence. In the flocculation process, droplets of the disperse phase 

aggregate without losing their identity entirely. In the process of coalescence, each 

aggregate combines to form a single drop, decreasing the number of droplets of the 

disperse phase up to zero (complete demulsification). 

To be useful in a practical formulation of a microbial herbicide an emulsion should: 

(1) consist of cheap, readily available, non-toxic (to the pathogen) components 
(2) permit relatively easy formation of the emulsion 
(3) be stable for at least a sufficient period after preparation to allow a full spraying 

operation without any destabilisation 

Ideally the emulsion should be stable throughout a normal shelf life but, with the exception 

of some invert emulsions, this is difficult if not impossible to achieve. Therefore, emphasis 

must be given to (2) above. 

A comprehensive review of emulsion theory and practise is given in the books by Becher 

(1957; 1983a; 1983b; 1983c). 
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5.2.1 MATERIALS AND METHODS 
5.2.1.1 Emulsions 

5.2.1.1.1 Preparation 

For the preparation of an oil-in-water emulsion the emulsifier was always added 
to the oil phase before adding the water phase. Unless stated otherwise, the oil/water ratio 

was always 1: 9. The following two emulsification techniques were used: 

(A) A total volume of 100 ml was prepared in a 250 ml Erlenmeyer flask and then 

agitated on a rotary shaker for 15 hours at a speed of 180 rpm. 

(B) A total volume of 100 ml was prepared in a 250 ml beaker and emulsified with a 
Silverson mixer (Silverson Machines Ltd., Chesham, England) for 3 minutes at 

medium speed. 

The water-soluble, fluorescent tracer Calcofluor (Sigma, St. Louis, USA) was used 

to confirm the nature of the emulsion as an oil-in-water emulsion under fluorescent light 

illumination. 

Recipes of the two emulsions used most frequently in this study, referred to as Emulsion 

1 and Emulsion 2, are given in Table 15. Both were emulsified using technique B. 

Table 15. Recipes of often evaluated emulsions used in this study. 

EMULSION OIL PHASE EMULSIFIER O/W RATIO 

1 rapeseed oil' 0.1 % v/v Tween 40 1: 9 

2 rapeseed oil 1% v/v Tween 40 1: 9 

'J Sainsbury, London, England 
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All emulsions were stored at room temperature and were vigorously shaken before any 
further use. 

5.2.1.1.2 Addition of spores 

Spores were freshly harvested either in water or in the appropriate Tween 40 

emulsifier concentration and added to the emulsion in a ratio of one part spore suspension 

to nine parts emulsion. The spore-containing emulsion was then stirred on a magnetic 

stirrer (IKAMAG, Staufen, Germany) for 3 minutes and was vigorously shaken by hand 

immediately before application. Figure 27 is a light micrograph of Emulsion I after the 

addition of spores, showing droplets (rapeseed oil) of varying sizes dispersed in the 

continuous phase (water). Spores of M. acerina, present in the continuous phase are bigger 

in size than any of the dispersed droplets (Figure 27). 

Figure 27. Droplet distribution in Emulsion 1 after the addition of M. acerina spores 

(Photograph taken within five minutes of adding the spores; magnification 

150x). 

" lý Jh '-i"'. Legend: f- spore 

ý. :... o- oil 
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5.2.1.2 Effects of adjuvants on spore germination and appressorium 

formation 

5.2.1.2.1 Water-soluble adjuvants 

A miniaturised technique, using sterile, tissue culture treated, flat bottomed 

microtitre plates, was used to assess the in vitro effects of water-soluble adjuvants at 

different concentrations against spore germination and/or appressorium formation of C. 

dematium and M. acerina. Spores of M. acerina were only tested in water whereas spores 

of C. dematium were tested in two media, water and a modified Czapek Dox medium 

(CZD). The CZD medium contains in 1 litre distilled water: 

1g KH2PO4 
0.5 g KCl 
0.5 g MgSO4.7 H2O 
0.01 g FeSO4.7 H2O 
5g sucrose 
1g mycological peptone 

(Fisons Plc., Loughborough, England) 
(BDH Ltd., Poole, England) 
(Fisons Plc., Loughborough, England) 
(Fisons Plc., Loughborough, England) 
(BDH Ltd., Poole, England) 
(Oxoid Ltd., Basingstoke, England). 

Two sterile stock solutions of each adjuvant were prepared, one using water and 

one using CZD as the base. If necessary, the stock solutions were warmed (approximately 

30°C) to aid solubility while being stirred on a magnet stirrer hot-plate. A sterile two-fold 

dilution series using CZD was set up for each adjuvant. In addition, a ten-fold, sterile 

dilution series, using water, was set up for each adjuvant. 

Spore germination and appressorium formation of both isolates were also tested in 

potato-dextrose-broth (PDB; Difco, Detroit, USA) at 0.01 % w/v, 0.1 % w/v and 1% w/v 

of the recommended concentration (24 g 1.1) on the bottle. 

Four adjuvants were evaluated in each microtitre plate, with three replicates of each 

adjuvant at a number of different concentrations. Typical experimental lay-outs within the 

microtitre plates are shown in Figure 28. 
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Figure 28. 

(a) 

Experimental set-up for testing of adjuvants at different concentrations using 

microtitre plates. 
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Adjuvant solutions (50 µl) were pipetted into the appropriate wells using an automatic 

pipette. Controls contained 50 µl of basal medium (water or CZD). Unused wells were 
filled with solution base to maintain humidity within the closed plate. The adjuvants tested 

and the concentration ranges used are shown in Tables 16 and 17. 

Table 16. Surfactants and humectants (types and concentration ranges) used in the in 

vitro testing of C. dematium and M. acerina. 

CONCENTRATION RANGE (% v/v) 
ADJUVANT TYPE 

SURFACTANT: 

Czapek Dox medium (a) water (1) 

Codacide (') 0.08 -5 - 
TritonX 100(1) 0.08-5 - 
Tween 20 (3) 0.08 -5 0.01 - 10 

Tween 40 (1) 0.08 -5 0.01 - 10 

Tween 60 (3) 0.08 -5 0.01 - 10 

Tween 80 (3) 0.08 -5 0.01 - 10 

Tween 85 (3) 0.08 -5 0.01 -1 

HUMECTANTS: 

AMEA(4) - 0.01-10 

Glycerol 0.08 -50.01 - 10 

LAMEA (4) - 0.01 - 10 

Sorbitol (3) - 0.01 -1 (c) 

Legend: (a) two-fold dilution series; testing for C. dematium only 
(b) ten-fold dilution series 
(c) tested for M. acerina only 
- not tested 

Microcide (Bury St. Edmunds, England) 
Aldrich (Gillingham, England) 

(3) Sigma (St. Louis, USA) 
(4) Croda (Hull, England) 
(5) BDH Ltd. (Poole, England) 
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Table 17. Stickers (types and concentration ranges) used in the in vitro testing of C. 

dematium and M. acerina. 

CONCENTRATION RANGE (% w/v) 
STICKER TYPE 

Czapek Dox medium (a) water (1) 

NATURAL GUMS: 

Acacia gum (') - 0.01 -1 
Guar gum (1) 0.004-0.25 0.01-0.1 

Ghatti gum (2) 0.004-0.25 0.01 -1 
Karaya gum (2) 0.004-0.25 0.01 -1 
Locust bean gum (1) 0.004 - 0.125 0.01-0.1 

Xanthan gum (2) 0.004-0.25 0.01-0.1 

ALGINIC ACIDS: 

Alginic acid (2) 0.016 -10.01 -1 
(low viscosity) 
Alginic acid (2) 0.016 -10.01 -1 
(medium viscosity) 

Alginic acid () 0.016-0.5 0.01-0.1 
(high viscosity) 

ALGINATE PRODUCTS: 

Manucol DMF (3) - 0.01 -1 
Manugel GHB (3) - 0.01 -1 
Manugel GMB (3) - 0.01 -1 
Manutex KPR (3) - 0.01-0.1 

Manutex RH (3) - 0.01 -1 

Legend: (a) two-fold dilution series; testing for C. dematium only 
(D) ten-fold dilution series 
- not tested 

(1) Aldrich (Gillingham, England) 
(2) Sigma (St. Louis, USA) 
(') Kelco International Ltd. (London, England) 
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Spore suspensions of the pathogens were prepared in the appropriate base medium (1 or 
6x 104 spores ml'' for C. dematium in CZD medium; 1x 105 spores ml-' for C. dematium 

in water; 6x 103 spores ml-' for M. acerina in water). Then 50 µl of the spore suspension 

were added into each well, using a multi-channel automatic Eppendorf pipette, diluting 

both adjuvant and spore concentrations by half. Unused wells containing no adjuvant did 

receive spore suspension, but these wells were not used in the assessment. Lids were 

placed on the plates, sealed on with tape and the plates incubated at 15°C for 22 hours (C. 

dematium in CZD) or 15 hours (C. dematium and M. acerina in water). Spore 

development was stopped by adding 25 Al of lactophenol/aniline blue (0.0125% v/v) to 

each well and spore germination and appressorium formation assessed by observation using 

a Zeiss inverted microscope. 80 to 120 spores per well were assessed for C. dematium and 
15 to 30 spores for M. acerina (for further assessment details see section 3.2.4; page 55). 

Assessment of spore germination and appressorium formation was often obscured 

at the 1% and 10% adjuvant concentrations the high viscosity of which gave poor light 

transmission properties. Thus, unambiguous identification of the spore, germ tube or 

appressorium was often not possible at these concentrations and the results for these 

concentrations of each adjuvant need to be treated cautiously. Consequently, they are not 
included in the statistical analysis. There was a similar effect with oils and the O/W 

emulsions and the effects of these were assessed using a different technique (page 109). 

Percentage spore germination was expressed as a proportion of the total number of 

assessed spores and percentage appressorium formation was expressed as a proportion of 

the total number of germinated spores. 

The data regarding the water-soluble adjuvants except PDB and the comparison of 

the two base solutions were statistically analysed as relative spore germination and relative 

appressorium formation. Relative spore germination/relative appressorium formation is the 

ratio of percentage spore germination/percentage appressorium formation in the treatment 

to the percentage germination/percentage appressorium formation in the corresponding 

control. Prior to the analysis of variance (ANOVA), relative spore germination/relative 

appressorium formation was transformed to logarithms following the equation: 
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y= In (x+0.1) with x= untransformed value and y= transformed value. 

Data for both percentage spore germination and percentage appressorium formation 

in the comparison of the two base solutions, water and CZD, were transformed to angles, 

prior to analysis of variance, following the equation: 

sm1 
Fiý 

with x= untransformed value and y= transformed value. The same transformation prior 

to ANOVA, was performed on percentage spore germination/ percentage appressorium 
formation in PDB. 

5.2.1.2.2 Oils 

The opacity of the oils used (and the 0/W emulsions) interfered with microscope 

observations of the microtitre method used. Thus the following technique was developed 

to assess spore germination and appressorium formation in corn oil, rapeseed oil, soybean 

oil, sunflower oil (all J Sainsbury, London, England) or paraffin oil (light grade; BDH 

Ltd., Poole, England). Spores of each pathogen were harvested in the appropriate oil 

phase. The spore-containing oil phase was vigorously shaken, before a5 µl droplet of the 

suspension was placed into the well of a glass cavity slide (3 replicates) using a 20 Al 
Eppendorf pipette and covered with a coverslip. After 24 hours incubation at room 

temperature (21 °C), fifty spores of each pathogen were assessed for spore germination and 

appressorium formation using a Zeiss Universal Microscope. 
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5.2.1.2.3 Emulsions 

Emulsions of rapeseed oil containing the water-soluble emulsifier Tween 40 (0.1, 
1,5% v/v) were prepared using technique A (page 102). A spore suspension of C. 

dematium was prepared in 0.1 % Tween 40 and added to the emulsions, giving a final 

spore concentration 2.5 x 105 spores m1-1.5µl of the spore-containing emulsions was 

placed in cavity slides (3 replicates) and covered with a cover slip. Spore germination and 

appressorium formation was assessed, using a Zeiss Universal Microscope after 72 hours 

incubation at room temperature (for further assessment details see section 3.2.4; page 55). 

Emulsions of rapeseed oil-in-water were prepared at different oil/water ratios (1: 9,2: 8, 

3: 7,4: 6,5: 5) using emulsification technique B (page 102) with 0.1 % v/v Tween 40 as the 

emulsifier. Spores of M. acerina, harvested in 0.1 % v/v Tween 40, were added to the 

emulsions, giving a final spore concentration of 1x 104 spores ml-1. Three replicate 5 µl 
droplets of this spore suspension were placed into the wells of a glass cavity slides using 

a 20 Al Eppendorf pipette and covered with coverslips. After 24 hours incubation at room 

temperature (21 °C) spore germination and appressorium formation were assessed 

qualitatively, using a Zeiss Universal Research Microscope. 

5.2.1.3 Emulsion droplet behaviour on artificial surfaces 
5.2.1.3.1 Effects of drying on droplet deposits 

Spores of M. acerina, harvested in 0.1 % v/v Tween 40, were added to Emulsion 

1, giving a final spore concentration of 1x 104 spores ml-'. A5 µl droplet was placed onto 

a glass slide using a 20 µl Eppendorf pipette and was immediately observed in ambient 

conditions (21 °C, 65% RH) in a still atmosphere, using a Zeiss Universal Research 

Microscope. Photographic records were taken, using a Zeiss M 35F attachment camera, 

to document the location of the spores in relation to the emulsion phases during the dry- 

down process of the emulsion. The behaviour of the oil phase after evaporation of the 

water, was observed in the following way: Emulsions of soybean oil with Tween 40 at 

0.1,1,5% v/v as emulsifiers were prepared using technique A. A spore suspension of C. 
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dematium was prepared in 0.1 % v/v Tween 40 and added to the emulsions, giving a final 

spore concentration of 2.5 x 105 spores ml-'. Three replicate 5 141 droplets of each emulsion 

were placed on glass slides and left to dry down for 24 hours under ambient laboratory 

conditions (21 °C, 65 % RH). To facilitate description of the dry-down pattern, the initial 

emulsion droplet was divided into three (centre, inner and edge) regions (Figure 29). 

Figure 29. Regions of emulsion droplets used to describe dry-down pattern. 

CENTRE REGION 

INNER REGION 

EDGE REGION 

5.2.1.3.2 Effects of drying on in vitro spore distribution 

The distribution of C. dematium spores in emulsion droplets prepared for 

examination of dry-down patterns, was assessed using a light microscope. The number of 

spores in each contiguous field of view (0.55 mm diameter) along the middle transects of 

the emulsion droplets (Figure 29) was counted. The length of the transect varied for each 

emulsion droplet. 
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5.2.1.4 Spray characteristics 

Two surfactant concentrations (0.1 and 1% v/v Tween 40) and two rapeseed oil emulsions 
(emulsification technique B; page 102), containing these two surfactants concentrations as 

emulsifier, were prepared. Spores of M. acerina, harvested in 0.1 % v/v Tween 40, were 

added to one set of treatments, giving a final spore concentration of 7x 104 spores ml-'. 

The surfactant 0.1 % Agral 90 is used as a standard surfactant in spray application studies 

(Western, LARS, personal communication) and, therefore, was used as a 'control' in this 

experiment. The droplet spectrum produced by each formulation was measured in the 

spray produced by a static nozzle. The spectrum was analysed 10 cm below the centre of 

the Even Spray flat fan nozzle (tip number 02 E80, blue filter; Lurmark, Cambridge, 

England), using a phase doppler particle analyzer (Aerometrics, Inc., Mountain View, 

USA). The flow rate was 0.73 1 min -1.10000 droplets were sampled in each run. There 

were three replicates per treatment. Volume median diameter (VMD) and number median 
diameter (NMD) were calculated. Volume median diameter is the diameter in a droplet 

spectrum at which half the volume of the spray is contained in smaller and half in larger 

droplets. Number median diameter is the diameter in a droplet spectrum at which half the 

number of droplets is contained in smaller, and half in larger droplets. 

5.2.2 RESULTS 

5.2.2.1 Effects of water-soluble adjuvants on spore germination and 

appressorium formation in water 

The microtitre method used (page 104 et seq. ) proved to be a quick and sensitive method 

for assessing effects of adjuvants on the spore germination and appressorium formation. 

The optically clear, flat bottoms of the microtitre plate wells allow easy observation of the 

wells content, using the inverted microscope. Unless otherwise stated, all germ tubes and 

appressoria appeared to be normal when observed under the microscope. 
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5.2.2.1.1 Surfactants 

C. dematium 

Analysis of variance shows an effect of surfactants, over the concentration range 

used, on both germination and appressorium formation of C. dematium (Figure 30). Spore 

germination and appressorium formation at 1 and 10% v/v concentrations were not 
included in the analysis of variance due to too many missing values. All surfactants 

produced a significant increase in germination at the lowest test concentration (0.01 % v/v) 

compared to the control (Figure 30a) and all, except Tween 20, showed a similar level of 

germination at the 0.1 % v/v concentration. Spore germination in 0.1 % v/v Tween 20 was 

significantly reduced compared to both the control and the lower test concentration. No 

spore germination was observed in Tween 20 concentrations of 1% v/v and 10 % v/v and 
these were not included in the statistical analysis. There was no significant difference in 

spore germination between the two analysed concentrations for Tween 40, Tween 60, 

Tween 80 and Tween 85. Of these surfactants, germination in Tween 40 and in Tween 80 

were significantly higher than in both Tween 60 and Tween 85, but were not significantly 
different when compared with each other. 

The analysis of appressorium formation showed no significant differences when 

compared to the control or when compared to other surfactant types, except for 0.1 % v/v 
Tween 20 (Figure 30b). Tween 20, at this concentration, significantly reduced 

appressorium formation compared to the control or compared to the lower test 

concentration. 

113 



Figure 30. Effects of surfactant type and concentration on spore germination and 

appressorium formation of C. dematium in water. 
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M, acerina 

Spore germination of M. acerina is shown for different surfactants in Figure 31. 

Figure 31. Effects of surfactant type and concentration on spore germination of M. 

acerina in water (control value = 1). 
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All surfactants, except Tween 20, significantly increased spore germination from 

the lowest to the highest concentration, when comparing the test concentration within each 

surfactant type. Spore germination in 1% v/v Tween 20 was significantly reduced. This 

is a similar to the result found for C. dematium, although the effect in that case was found 

at the lower concentration of 0.1 % v/v Tween 20. All Tween 80 concentrations 

significantly increased the germination of M. acerina spores compared to the control. 

Spore germination in the two lowest test concentrations of both Tween 40 and Tween 60 

was reduced significantly compared to the control, whereas the germination at 1% v/v 

concentration was either not significantly different (Tween 40) or significantly increased 

(Tween 60). Germination in 0.01% v/v Tween 85 was also significantly reduced and 
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showed, as with Tween 60, a significant increase at the 1% v/v concentration compared 
to the control. At the highest test concentration (1 % v/v), spore germination in Tween 60, 

Tween 80 and Tween 85 was significantly increased above that in both 1% v/v Tween 40 

and 1% v/v Tween 20. Spore germination at 0.01 and 0.1 % v/v surfactant concentration 

was not significantly different from Tween 40, Tween 80 and Tween 85. 

Appressorium formation of M. acerina in different surfactant types and in different 

surfactant concentrations is summarised in Table 18. These results, based on overall visual 

assessment and scoring on a simple scale of frequency of appressorium occurrence must 
be regarded with caution. 

Table 18. Visual assessment of appressorium formation by M. acerina in different 

concentrations of selected surfactants. 

APPRESSORIUM FORMATION 

SURFACTANT 
concentration (% v/v) 

0 0.01 0.1 1 

+--- 
Tween 20 

Tween 40 +++++++++ 

Tween 60 --+++++ 
Tween 80 ++ +++ +++ +++ 

Tween 85 ++--- 

Legend: - no appressorium formation observed 
+ appressorium formation observed in one replicate 
++ appressorium formation observed in two replicates 
+++ appressorium formation observed in three replicates 

Appressorium formation varied in the controls. Appressorium formation was inhibited in 

all replicates of all concentrations of both Tween 20 and Tween 85. In contrast, 
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appressorium formation was observed in all replicates of all Tween 80 concentrations and 
in almost all replicates of the higher concentrations (0.1,1 % v/v) of Tween 40 and 
Tween 60. 

5.2.2.1.2 Stickers 

C. dematium 

Figures 32 to 34 show the effects of stickers at different concentrations on spore 

germination and appressorium formation. No significant difference in spore germination 

was found between viscosity types of alginic acids (Figure 32a). Spore germination in both 

the medium and the high viscosity type of alginic acid was significantly reduced at the 

0.1 % w/v concentration compared to both the control and the lower test concentration. In 

contrast, both concentrations of the low viscosity type were not significantly different 

compared to both control and the lower test concentration. Appressorium formation in the 

different viscosity types of alginic acid (Figure 32b) was not significant in any of the three 

comparisons. 

Spore germination in different alginate products is shown in Figure 33a. A 

significant increase in germination compared to the control was found for both 

concentrations of Manucol DMF, for 0.1 % w/v Manutex KPR and 0.01 % w/v Manutex 

RH. Both Manugel products significantly reduced germination of C. dematium spores 

compared to the control at the lower test concentration, none of the spores germinating in 

0.01 % w/v Manugel GMB. There was no significant difference from control values at the 

higher concentration for either of the Manugel products. 

Significant differences in spore germination between test concentrations were only 

shown for Manugel GMB and Manutex RH. Spore germination in Manugel GMB 

significantly increased with increased concentration whereas that in Manutex RH 

significantly decreased. 

Comparison of spore germination between alginate products at the 0.01 % w/v 
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concentration, showed spore germination in Manucol DMF to be significantly increased 

over that in the Manugel products, but not to be significantly different from that in the 

Manutex products. Spore germination in Manucol DMF at the higher concentration was 

also significantly increased compared to both Manugel products at this concentration and 

to 0.1 % w/v Manutex RH, but not when compared to 0.1 % w/v Manutex KPR. There was 

no significant difference in spore germination between the Manutex products at the test 

concentrations. 

Appressorium formation in all alginate products (Figure 33b) at both test 

concentrations was not significantly different compared to the control, with the exception 

of 0.1 % w/v Manugel GHB and 0.1 % w/v Manugel GMB. There were no appressorium 
formation data for 0.01 % w/v Manugel GMB as all spores failed to germinate. No 

significant difference in appressorium formation was found between the concentrations of 

the same product for all alginate products. 

All gums, except xanthan gum (0.01,0.1 % w/v) and karaya gum (0.1 % w/v), 

significantly increased the spore germination at all test concentrations compared to the 

control (Figure 34a). Spore germination in both karaya gum and xanthan gum at 0.1 % w/v 

was not significantly different to the control, whereas spore germination in 0.01 % w/v 

xanthan gum was significantly reduced compared to the control. Spore germination 

significantly increased with an increase in concentration for acacia gum, guar gum and 

locust bean gum. In contrast, spore germination was significantly lower in 0.1 % w/v than 

in 0.01 % w/v karaya gum. No significant difference was shown between spore 

germination in the two concentrations of xanthan gum. Spore germination between gums 

in the different concentrations was not significantly different for acacia gum, ghatti gum, 

guar gum and locust bean gum. 

Appressorium formation in all gums at all concentrations was not significantly 

different compared to the control, except in 0.01 % w/v locust bean gum (Figure 34b). 

Appressorium formation was not influenced by the gum concentration nor there were any 

significant differences in appressorium formation between gums at the same concentration. 
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Figure 32. Effects of alginic acid viscosity types at two concentrations on spore 

germination and appressorium formation of C. dematium in water. 
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Figure 33. Effects of alginate products at two concentrations on spore germination and 

appressorium formation of C. dematium in water. 
(a) spore germination (control value = 1) 
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Figure 34. Effects of gum type at two concentration on spore germination and 

appressorium formation of C. dematium in water. 

(a) spore germination (control value = 1) 
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M. acerina 

The effects of stickers, at two concentrations on spore germination are shown in 

Figures 35 to 37. All viscosity types of alginic acid significantly reduced spore germination 

of M. acerina at the lowest concentration (0.01 % w/v) compared to the control (Figure 

35). At the higher concentration (0.1 % w/v) spore germination was only significantly 

reduced in the medium viscosity type of alginic acid compared to the control. Spore 

germination increased with increasing concentrations which was significant for both the 

low and high viscosity type. There was no significant difference between the alginic acid 

viscosity types. 

Spore germination in the alginate products (Figure 36) was significantly decreased 

compared to the control, only in 0.01 % w/v Manugel GMB, as was found for C. 

dematium. Also, as found for C. dematium, Manucol DMF at both concentrations 

significantly increased spore germination compared to the control. Both Manutex products 

at 0.1 % w/v concentration also gave significant increased spore germination compared to 

the control. All alginate products, except for Manucol DMF, significantly increased spore 

germination with increasing concentration. Comparison of the different products at the 

0.01 % w/v concentration showed that 0.01 % w/v Manucol DMF significantly increased 

spore germination compared to the other products. At this concentration, spore germination 

levels in Manugel GHB, Manutex KPR and Manutex RH were not significantly different, 

but were significantly higher than in 0.01 % w/v Manugel GMB. The same comparison at 

the 0.1 % w/v concentration showed that spore germination in 0.1 % w/v Manucol DMF 

is significantly higher than that in 0.1 % w/v Manugel GMB but not different to the 

remaining products. There is no significant difference in spore germination between the 

two Manutex products or in between the two Manugel products. 

Generally, gums did not effect spore germination (Figure 37). Only the lower 

concentration of acacia gum and karaya gum caused a significant reduction in spore 

germination compared to the control. This decrease was not found at the higher test 

concentration. Spore germination in almost all gums increased with increasing 

concentrations, but was only statistically significant for acacia gum and karaya gum. 
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Appressorium formation in the presence and absence of stickers is summarised in 

Table 19. Although the controls assessed were identical, appressorium formation was only 

noted in 5 and in no case was it observed in all replicates. The principal conclusion that 

can be reached is that none of the stickers tested caused more constraint on appressorium 

formation than was found in controls. Conversely, there is some suggestion that at least 

some of the stickers (eg. acacia and ghatti gums) may have increased the ability to form 

appressoria in the test system used. 

Figure 35 
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Figure 36. Effects of alginate products at two concentrations on spore germination of 

M. acerina in water (control value = 1). 
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Figure 37. Effects of gum type at two concentrations on spore germination of M. 

acerina in water (control value = 1). 
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Table 19. Visual assessment of appressorium formation by M. acerina in different 

sticker types and concentrations. 

APPRESSORIUM FORMATION 
STICKER 

concentration (% w/v) 
0 0.01 0.1 

ALGINIC ACIDS: 

Alginic acid (low viscosity) 

Alginic acid (medium viscosity) 

Alginic acid (high viscosity) 

ALGINATE PRODUCTS: 

Manucol DMF 

Manugel GHB 

Manugel GMB 

Manutex KPR 

Manutex RH 

- ++ +++ 

++ - ++ 

- +++ ++ 

-- ++ 

- ++ +++ 

+-- 

NATURAL GUMS: 

Acacia - +++ +++ 

Ghatti - +++ +++ 

Guar -- ++ 

Karaya ++ ++ 

Locust bean +++ - 
Xanthan ++++ +++ 

Legend: - no appressorium formation observed 
+ appressorium formation observed in one replicate 
++ appressorium formation observed in two replicates 
+++ appressorium formation observed in three replicates 
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5.2.2.1.3 Humectants 

C. demalium 

Figure 38 shows the effects of humectants on spore germination and on appressorium 
formation. Glycerol significantly increased spore germination (Figure 38a) at all 

concentrations, compared to the control, whereas it was significantly reduced by LAMEA 

at all concentrations. There was no significant effect of 0.01 % v/v AMEA, but all the 

higher concentrations caused a significant reduction in spore germination compared to the 

controls. No spores germinated in the two highest concentration of both LAMEA and 
AMEA. Spore germination was not significantly affected by glycerol concentration, but 

was significantly increased compared to that in the other two humectants. 

Appressorium formation (Figure 38b) was not significantly affected by glycerol 

concentration. In those concentrations of AMEA and LAMEA, where spore germination 

occurred, appressorium formation was only significantly different to the control in 0.1 % 

v/v LAMEA, which caused a significant reduction compared to both the control and the 

0.01 % v/v LAMEA treatment. There was no significant difference in appressorium 

formation between each of the three humectants at 0.01 % v/v and 0.1% v/v 

concentrations. 
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Figure 38. Effects of humectant type and concentrations on spore germination and 

appressorium formation of C. dematium in water. 

(a) spore germination (control value = 1) 

10 
z 
0 
ä5 
z3 

2 w C7 
w1 Q 
0 
CL 0.5 

w 
I 

w 
0 

(b) appressorium formation (control value = 1) 

z 10 

5 

3 
0 

2 

O1 

0.5 
IL CL 

w 

a0 

Legend: M 0.01 % o. 1 %! ý, 1% ®10% 
LSD 1- for comparison between concentrations of the same humectant 

LSD 2- for comparison between different humectants 

LSD 3- for comparison with control 

LSD 1 (95%; 1&M 

LSD 2 (95%; 18C 

I LSD3(95%: 1&M 

LSD 1 das%; odij 

LSD 2 (95%; 9d1) 

LSD 3 hoe%; od) 

127 

AMEA Glycerol LAMEA 
HUMECTANT TYPE 

AMEA Glycerol LAMEA 
HUMECTANT TYPE 



M, acerina 

The effects of humectants on spore germination of M. acerina is shown in Figure 

39. Glycerol had no significant effect on spore germination at any concentration. AMEA 

and LAMEA significantly inhibited spore germination at the higher concentrations, 

whereas spore germination at the lower concentrations was not affected compared to the 

control. Sorbitol significantly stimulated germination at all concentrations tested compared 
to the control, but there was no correlation between concentration and level of 

germination. 

Figure 39. Effects of humectant type and concentration on spore germination of M. 

acerina in water (control value = 1). 

0 10 

5 z 
23 
w2 

w1 
0 0.5 
co 
w 
I 
5 
ö0 

Legend: 
t: ; 0.01 % E0.1% C: 1% 010% * not tested 

LSD 1- for comparison between concentrations of the same humectant 

LSD 2- for comparison between different humectants 

LSD 3- for comparison with control 

I 
LSD 1 (p6%; 22do 

LSD 2 ßp5%; 224 

I LSD 9(05%; 224 

Table 20 shows a visual assessment of appressorium formation of M. acerina in 

different humectants. No appressorium formation was observed in any of the replicates at 

the two highest concentrations (1,10% v/v) of AMEA, glycerol and LAMEA. Although 

no appressorium formation was observed in the control of the sorbitol test series, 

appressorium formation occurred in almost all replicates of the concentrations tested. 

128 

AMEA Glycerol LAMEA Sorbitol 

HUMECTANT TYPE 



Table 20. Visual assessment of appressorium formation by M. acerina in different 

humectant types and concentrations. 

HUMECTANT 
APPRESSORIUM FORMATION 

concentration (% v/v) 
0 0.01 0.1 1 10 

AMEA ++ +++ +-- 
Glycerol +++ ++ +-- 
LAMEA + ++ +-- 
Sorbitol - ++ ++ ... 

Legend: - no appressorium formation observed 
+ appressorium formation observed in one replicate 
++ appressorium formation observed in two replicates 
+++ appressorium formation observed in three replicates 

* not tested 

5.2.2.1.4 Nutrients 

C. dematium 

Spore germination and appressorium formation were both significantly increased in CZD 

medium compared to the water control (Figure 40). 

Similarly, different strengths of PDB also significantly increased spore germination and 

appressorium formation compared to water (Figure 41). There is a general increasing trend 

with increasing concentrations. 
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Figure 40. Spore germination and appressorium formation of C. dematium in water and 
in CZD medium. 
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Figure 41. Spore germination and appressorium formation of C. dematium in Potato 

Dextrose Broth. 
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M. acerina 

Analysis of variance shows significant increase of spore germination in both CZD and 
PDB compared to water (Figures 42 & 43). The stimulation of M. acerina spores in PDB 

was not as marked as observed for C. dematium spores in the same medium. 

Figure 42 

Figure 43 

Spore germination of M. acerina in water and in CZD medium. 
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5.2.2.1.5 Conclusions 

Table 21 summarises the effects in water of potential adjuvants at different 

concentrations on spore germination and appressorium formation of C. dematium and 
Table 22 those on spore germination of M. acerina. An overall toxicity rating is given for 

each adjuvant tested. Possible effects of any increase in concentration during dry-down of 

the water phase of the adjuvant solution have been considered in the overall rating. In 

some adjuvants, the inhibition of the test parameter was only marginally significant and 

would be of no consequence. This also was considered in the overall rating. 

In vitro fungal toxicity is an important factor in the selection of suitable adjuvants 
for potential formulation, but other factors like level of performance, cost-effectiveness and 

suitability for foliar spray application (viscosity) need also to be considered in chosen non- 

toxic adjuvants. The effects of the recommended adjuvants on water loss from the 

formulation is evaluated in section 5.3. 

C. dematium 

Of all the surfactants tested (Table 21), only Tween 20, at concentrations of 0 .1% 
v/v and higher, was toxic to both spore germination and appressorium formation. Even 

though the lowest concentration of Tween 20 was non-toxic against spore germination, 

evaporation of water from the spray droplets during flight and after deposition on the leaf 

can increase the concentration of the surfactant above toxic levels. Therefore, Tween 20 

should not be used in the formulation of C. dematium. All other surfactants at least 

doubled spore germination over the whole concentration range tested and were non-toxic 

to appressorium formation. The highest stimulation of germination were found in Tween 

40 and Tween 80 and these would be the preferred choices for the formulation of C. 

dematium. 
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Table 21. Effects of adjuvants on spore germination and appressorium formation of 

C. dematium tested in water. 

TYPE 
CONCENTRATION (%) 

0.01 0.1 1 10 
OVERALL 

RATING 

SURFACTANT: 

Tween 20 + (o) - (-) * * toxic 

Tween 40 + (o) + (o) * * non-toxic 

Tween 60 +(o) + (o) * * non-toxic 

Tween 80 + (o) + (o) * * non-toxic 

Tween 85 + (o) + (o) * * non-toxic 

STICKER: 

Acacia gum + (o) + (o) * * non-toxic 

Ghatti gum +(o) + (o) * * non-toxic 

Guar gum + (o) + (o) * * non-toxic 

Karaya gum + (o) o (o) * * non-toxic 

Locust bean gum + (-) + (o) * * non-toxic 

Xanthan gum - (o) o (o) * * non-toxic 

Alginic acid pow viscosity) o (o) o (o) * * non-toxic 

Alginic acid (medium viscosity) o (o) - (o) * * toxic 

Alginic acid (high viscosity) o (o) - (o) * * toxic 

Manucol DMF + (o) + (0) * * non-toxic 

Manugel GHB -(o) o (-) * * toxic 

Manugel GMB - (-) o (+) * * toxic 

Manutex KPR o (o) + (o) * * non-toxic 

Manutex RH + (o) o (o) * * non-toxic 

HUMECTANT: 

AMEA o (o) - (0) - (-) - (-) toxic 

LAMEA o (o) - (-) - (-) - (-) toxic 

Glycerol + (o) + (0) + (o) + (-) non-toxic 

Legend: - inhibition compared to the control () effect on appressorium formation 
o equivalent to control level 
+ stimulation compared to control * not analysed 
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Of the viscosity types of alginic acid tested (Table 21), only the low viscosity type 

was rated overall as non-toxic with regard to both germination and appressorium 
formation. Thus, it is a suitable sticker for the formulation of C. dematium. 

The most suitable of the alginate products tested (Table 21) is Manucol DMF which 

significantly stimulated germination at all concentrations tested and was rated as non-toxic 

with regard to appressorium formation. Both Manutex products were also non-toxic and 

are also suitable for the formulation of C. dematium, but showed overall less enhancement 

of germination. Both Manugel products were rated overall as toxic. Although Manugel 

GMB did not affect spore germination at the higher test concentration, but it completely 
inhibited germination at the lower concentration. 

All natural gums were non-toxic to spore germination and appressorium formation 

(Table 21). Of these acacia gum, ghatti gum, guar gum and locust bean gum were found 

to enhance spore germination over the whole concentration range and should, therefore, 
be the preferred choices in the formulation of C. dematium. Generally, the natural gums 

are preferred to alginic acids or to alginate products due to their higher enhancing effects 

on germination. 

Glycerol was the only non-toxic humectant of those tested (Table 21). In addition 
it significantly enhanced spore germination. 

M, acerina 

Of the surfactants tested (Table 22) only Tween 80 was found to be non-toxic, 
indeed to stimulate spore germination, over the whole concentration range. Occurrence of 

appressorium formation in all replicates confirms its potential for the use in the 

formulation of M. acerina. 
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Table 22. Effects of adjuvants on spore germination of M. acerina tested in water. 

TYPE CONCENTRATION (%) 

0.01 0.1 1 10 
OVERALL 

RATING 

SURFACTANT: 

Tween 20 o + - * toxic 

Tween 40 - - o * non-toxic 

Tween 60 - - + * non-toxic 

Tween 80 + + + * non-toxic 
Tween 85 - o + * non-toxic 

STICKER: 

Acacia gum - o * * non-toxic 

Ghatti gum o o * * non-toxic 

Guar gum o o * * non-toxic 

Karaya gum o + * * non-toxic 
Locust bean gum o o * * non-toxic 

Xanthan gum o + * * non-toxic 

Alginic acid pow viscosity) - 0 * * non-toxic 
Alginic acid (medium viscosity) - - * * toxic 

Alginic acid (high viscosity) - 0 * * non-toxic 

Manucol DMF + + * * non-toxic 

Manugel GHB o 0 * * non-toxic 

Manugel GMB - 0 * * toxic 

Manutex KPR o + * * non-toxic 

Manutex RH o + * * non-toxic 

HUMECTANT: 

AMEA o o o - toxic 

LAMEA o 0 - - toxic 

Glycerol o o 0 0 non-toxic 

Sorbitol + + + * non-toxic 

Legend: - inhibition compared to the control * not analysed 
o equivalent to control level 
+ stimulation compared to control 
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In contrast, Tween 20 was the least suitable surfactant tested due to toxic effects 
on spore germination at the higher concentration of 1% v/v. Toxicity at high 

concentrations, despite of lack of toxicity at lower concentrations, can pose a risk to spore 

germination due an increase in concentration during dry-down of water-based sprays. 
Thus, Tween 20, as found for C. dematium, is rated overall as not suitable for the 

formulation of M. acerina. The absence of appressoria in any replicates at any 

concentration supports this overall rating for Tween 20. 

Although the lower concentrations of Tween 40,60 and 85 all gave statistically 

significant inhibition, the level of spore germination in these surfactants never declined 

below the value of 0.7 and inhibition in spore germination therefore, is still acceptable in 

practise. At the highest concentration tested, these surfactants were all rated as non-toxic 

with regard to spore germination. Therefore dry-down effects would be very unlikely. 
Tween 40 and Tween 60 are both suitable for the formulation of M. acerina which can be 

supported by the occurrence of appressorium formation. 

Of all the stickers tested (Table 22), only the medium viscosity alginic acid and 

Manugel GMB, were rated overall as toxic. Manugel GMB, as found for C. dematium, 

was non-toxic to germination at the higher concentration but because of reduction of spore 

germination to a value below 0.5 of the control level at 0.01 % w/v concentration it was 

classed as toxic. All the remaining stickers are non-toxic with regard to germination and 

are, therefore, possible choices for the formulation of M. acerina. Of these, the alginate 

product Manucol DMF, as found for C. dematium, was the only product which enhanced 

germination at both concentrations. The occurrence of appressorium formation in most of 

the replicates supports the choice of Manucol DMF as the preferred sticker in the 

formulation of M. acerina. 

Sorbitol and glycerol were both non-toxic with regard to spore germination (Table 22). 

However, sorbitol significantly enhanced spore germination at all concentrations tested 

and, thus, would be the preferred humectant in the formulation of M. acerina. 
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5.2.2.2 Effects of water-soluble adjuvants on spore germination and 
appressorium formation in nutrient solution 

5.2.2.2.1 Surfactants 

The effect of surfactants on spore germination is shown in Figure 44a. Spore 

germination in 0.16 % surfactant was not significantly different from that in 0.08 %, except 
for Codacide and, thus, the 0.16 % concentration data have been omitted from the graphs 
to improve clarity. Codacide at 0.08% v/v significantly increased spore germination 

compared to the 0.16 % v/v concentration. All Codacide concentrations above 0.16 % v/v 

very significantly reduced spore germination compared to the control. Triton X 100 also 

caused highly significant reductions in spore germination at all concentrations tested. 

Indeed spore germination was virtually undetectable at 0.08% v/v and completely so at 
higher concentrations. 

In contrast, all types of Tween caused significant increases in spore germination, 
there being no significant effect of concentration in the range tested. Tweens 20,40 and 
60 were more effective than Tweens 80 and 85. 

Appressorium formation (Figure 44b) was significantly inhibited by Codacide, 

Triton X 100 (in the 0.08% v/v treatment where some spore germination occurred) and 

by Tweens 20,80 and 85. In Tween 80, the degree of inhibition was positively correlated 

with concentration. In Tween 85 there was some suggestion of a negative correlation with 

concentration, but this was not statistically significant. Generally, appressorium formation 

in Tweens 40 and 60 were not significantly different to the control and were not affected 
by concentration. 
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Figure 44. Effects of surfactant type and concentrations on spore germination and 

appressorium formation of C. dematium in CZD medium. 
(a) spore germination (control value = 1) 
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5.2.2.2.2 Stickers 

In general, regardless of concentrations tested the alginic acids had little significant 

effects on spore germination (Figure 45a) or on appressorium formation (Figure 45b). 

Appressorium formation was only significantly increased compared to the control at the 

highest concentration of the low viscosity type (0.25 % w/v). At this concentration, 

appressorium formation was significantly decreased for the high viscosity type. 

In general terms, the gums, like the alginic acids, had no marked effect on spore 

germination compared to the control (Figure 46a) at the majority of concentrations tested. 

Gum concentration or gum type had no effect on germination. Statistically significant 

effects like increases in some karaya concentrations or decreases in some xanthan 

concentrations were biologically only minor effects. Level of spore germination was 

always between values of 0.9 and 1.1. 

Appressorium formation in all gums was not significantly different compared to the 

control at most of the lower concentrations (0.008 % to 0.063 % w/v), but was significantly 
decreased at the higher concentrations (Figure 46b). 
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Figure 45. Effects of alginic acid viscosity types at different concentrations on spore 

germination and appressorium formation of C. dematium in CZD medium. 
(a) spore germination (control value = 1) 
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Figure 46. Effects of gum type at different concentration on spore germination and 

appressorium formation of C. dematium in CZD medium. 

(a) spore germination (control value = 1) 
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5.2.2.2.3 Humectants 

In general, spore germination in glycerol was not affected by any of the concentrations 

tested (Figure 47). Appressorium formation in all glycerol concentrations except at 0.08% 

v/v, was slightly, but significantly reduced compared to the control (Figure 47), but there 

was no significant effect of concentration. 

Figure 47. Effects of the humectant glycerol at different concentrations on spore 

germination and appressorium formation of C. dematium in CZD medium 
(control value = 1). 
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5.2.2.2.4 Conclusions 

Table 23 summarises the effect of adjuvants on the germination and appressorium 
formation of C. dematium tested in CZD medium. 

Of the surfactants tested, only Tween 40 and Tween 60 were rated as non-toxic 
(Table 23). All other Tween surfactants significantly inhibited appressorium formation and, 

despite stimulating germination, were rated as toxic. The humectant glycerol also gave 

statistically significant inhibition of appressorium formation but did not reduce it to the 

point where it was unacceptable in practise. 

Table 23. Effects of surfactants and the humectant glycerol on spore germination and 

appressorium formation of C. dematium tested in CZD medium. 

CONCENTRATION (%) 
OVERALL 

TYPE RATING 
0.08 0.31 0.63 1.25 2.5 5 

SURFACTANT: 

Codacide - (0) - (-) - (-) - (o) - (-) - (-) toxic 

Tween 20 + (-) + (-) + (-) + (-) + (-) + (-) toxic 

Tween 40 + (-) + (o) + (o) + (o) +(0) + (o) non-toxic 

Tween 60 + (o) + (o) + (o) + (o) +(o) + (0) non-toxic 

Tween 80 + (-) + (-) + (-) + (-) + (-) + (-) toxic 

Tween 85 + (-) + (-) + (-) + (-) +(o) + (-) toxic 

Triton X 100 - (-) - (-) - (-) - (-) - (-) - (-) toxic 

HUMECTANT: 

Glycerol - (o) + (-) o (-) o (-) O (o) o (o) non-toxic 

Legend: () effect on appressorium formation 

- inhibition compared to the control 
o equivalent to control level 
+ stimulation compared to control 
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Most of the stickers tested were toxic to appressorium formation at concentrations 

of 0.125 % and 0.25 % w/v and were, therefore, rated overall as toxic (Table 24). Ghatti 

gum was the only gum that was non-toxic over the whole concentration range tested and 

can be recommended for the formulation of C. dematium. The other group of stickers, the 

alginic acids, in contrast to the findings in water, were all rated as non-toxic and would 

be alternatives to ghatti gum. The inhibition of appressorium formation which occurred at 

the highest test concentration of high viscosity alginic acid is still acceptable in practise. 

Table 24. Effects of stickers on spore germination and appressorium formation of C. 

dematium tested in CZD medium. 

TYPE 

CONCENTRATION (%) 

0.008 0.016 0.031 0.063 0.125 0.25 

OVERALL 
RATING 

Ghatti gum o (o) O (o) o (o) o (o) + (o) o (o) non-toxic 
Guar gum - (o) O (o) o (o) O (o) 0 (-) - (-) toxic 

Karaya gum + (o) O (o) o (o) o (o) o (-) + (-) toxic 

Locust bean gum O (o) o (o) o (o) O (o) o (-) * toxic 

Xanthan gum o (+) O (o) - (0) - (0) - (-) 0 (-) toxic 

Alginic acid * - (o) o (o) o (o) o (+) o (+) non-toxic 
(low viscosity) 

Alginic acid * o (o) o (o) o (o) o (o) o (o) non-toxic 
(medium viscosity) 

Alginic acid * o (o) O (o) o (o) o (o) + (-) non-toxic 
(high viscosity) 

Legend: () effect on appressorium formation 

- inhibition compared to the control 
o equivalent to control level 
+ stimulation compared to control 

* not tested 
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5.2.2.3 Effects of oils on spore germination and appressorium formation 

C. dematium did not germinate in any of the oils tested. A few spores of M. 

acerina germinated, but with very thin and short germ tubes in sunflower oil (0.2 % mean 

spore germination), corn oil (2% mean spore germination) and rapeseed oil (2% mean 
spore germination). No appressorium formation was observed. 

5.2.2.4 Effects of oil-in-water emulsions on spore germination and 

appressorium formation 

Incubation of spores of C. dematium in emulsions in cavity slides (page 110) 

showed that spore germination was increased almost five-fold with increasing emulsifier 

concentration in the emulsion (Table 25). There was no significant difference between the 

1% v/v and the 5% v/v concentration. However, the percentage appressorium formation 

was low even in 0.1 % v/v Tween 40 and was absent at 5% v/v. 

Table 25. Spore germination and appressorium formation of C. dematium after 72 

hours in a 10% rapeseed oil-in-water emulsion emulsified with different 

Tween 40 concentrations. 

TWEEN 40 SPORE GERMINATION APPRESSORIUM FORMATION 
(% v/v) (%) (%) 

0.1 13 4 

1 54 4 

5 63 0 

Spore germination of M. acerina was reduced with increasing oil/water ratio in the 

emulsions tested. Multiple germination with subsequent appressorium formation was 

observed at oil/water ratios of 1: 9 (Figure 48a), 2: 8 and 3: 6. The germ tube length was 

greatly reduced in ratios of 4: 6 (Figure 48b) and no spore germination was observed in 

the 5: 5 oil/water mixture. 
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Figure 48 
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5.2.2.5 Emulsion droplet behaviour on artificial surfaces 

5.2.2.5.1 Effect of drying on droplet deposits 

Figure 49a shows a group of M. acerina spores in the edge region of an emulsion 

droplet before the start of the dry-down process. During dry-down, water evaporates, and 

the oil phase contracts pulling the spore slightly towards the centre of the droplet. At the 

same time the emulsion breaks up. Small oil droplets become visible, which adhere to the 

spore bodies (Figure 49b). The small oil droplets coalesce to form bigger ones and the 

spores become trapped within these large droplets which are left behind after completion 

of the dry-down process (Figure 49c). 

Figure 49 
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M. acerina spores before, during and after the dry down of an emulsion 
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The behaviour of the oil phase after dry-down of the water phase differed between 
different emulsifier concentrations. After dry-down of the water phase, emulsion droplets 

containing 0.1 % v/v Tween 40 left a thin continuous oil film around the edge region and 
large patchy areas of the oil phase in the centre and inner regions. At an emulsifier 

concentration of 1% v/v and 5% v/v the whole area of the initial emulsion droplet was 

covered by an oil film, with small single droplets being formed only in the edge region. 

5.2.2.5.2 Effect of drying on in vitro spore distribution 

The distribution pattern of C. dematium spores, suspended in oil-in-water emulsions 
containing the emulsifier Tween 40 at different concentrations, after dry down of the water 

phase, show that, generally, the spores were concentrated in the centre of the droplet, 

regardless of emulsifier concentration (Figure 50). Spores in emulsion droplets containing 
1% v/v Tween 40 (Figure 50b) showed at least on one edge of the droplet a higher number 

of spores than droplet containing either 0.1 % v/v Tween 40 (Figure 50a) or 5% v/v Tween 

40 (Figure 50c). The distribution pattern in droplets containing 5% v/v Tween 40 showed 
in most replicates a pronounced bimodal distribution of spores along the transect (Figure 

50c). 

149 



Figure 50. Typical spore distribution in emulsion droplets containing the 

emulsifier Tween 40 at different concentrations (oil phase: soybean 

oil - O/W ratio: 1: 9). 
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5.2.2.6 Spray characteristics 

A comparison of the spray characteristics of selected formulations (Table 26) shows 

that the addition of spores to the formulation does not affect its spray characteristics. In 

the comparison between the surfactant and the emulsion a higher volume median diameter 

and a lower number median diameter was found for the latter. 

Table 26. Spray characteristics of selected formulations with and with out 

spores of M. acerina sprayed through an Even Spray flan nozzle (tip 

number 02 E80) at a flow rate of 0.73 1 min-'. 

FORMULATION SPORES NMD' VMD Z 
(µm) (µm) 

0.1 % Agral 90 - 100.9 241.2 

- 103.5 258.1 
0.1 % Tween 40 

+ 112.8 239.9 

- 96.6 223.0 
1% Tween 40 

+ 99.2 210.3 

- 43.1 335.2 
Emulsion 1 

+ 46.7 324.9 

- 44.9 321.6 
Emulsion 2+ 

43.6 317.8 

1 NMD = number median diameter Z VMD = volume median diameter 
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5.3 OTHER ASPECTS 

5.3.1 MATERIALS AND METHODS 

5.3.1.1 Phytotoxicity 

5.3.1.2 Spray retention 
5.3.1.3 Water loss 

5.3.2 RESULTS 

5.3.2.1 Phytotoxicity 

5.3.2.2 Spray retention 
5.3.2.3 Water loss 

5.3.1 MATERIALS AND METHODS 

5.3.1.1 Phytotoxicity 

The phytotoxicity of several vegetable crop oils (Table 14, page 99) was tested in 

a whole plant assay. In addition, Orchex 796 (Esso, Abingdon, England), a mineral oil, 

and two paraffin oils (light and heavy grade; BDH Ltd., Poole, England) were also tested. 

A5 µl droplet of each oil was placed on the abaxial surface of the first four leaves 

of C. album and the first three leaves of V. arvensis. There were two replicates for each 
oil and each host plant. The plants were kept in laboratory propagators at room 
temperature (21±2 °C) and room humidity (65-75% R. H. ). After one week the plants 

were assessed visually for type and degree of damage symptoms in and around the area 

covered by oil. The treated leaves were photographed. 
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5.3.1.2 Spray retention 

The following adjuvants, prepared in 0.01 % w/v fluorescein, were tested for their 

spray retention properties on plants of V. arvensis (four to five leaf stage), using a 
laboratory track sprayer: 0.1 % w/v alginic acid (low viscosity type), 1% v/v glycerol, 
0.1 % w/v guar gum, 0.1 % v/v Tween 40 and a blend of 0.1 % v/v Tween 40 and 0.1 % 

w/v guar gum. The track sprayer was fitted with an Even Spray, flat fan nozzle (tip 

number 015 E80), giving a volume rate of 125 1 ha -I at a pressure of 30 psi and a spray 
height of 30 cm above plants. The volume rate was determined by spraying ten pre- 

weighed, liquid paraffin-filled petri-dishes with water at the above sprayer settings. The 

petri-dishes were re-weighed and the mean weight difference was then multiplied by the 

conversion factor of 1643.95 to give the exact volume rate (1 ha''). A minimum of 50 ml 

spray volume was needed to give adequate spray cover along the whole length of the spray 

run. 

After application the spray droplets were allowed to dry down on the leaves. Then 

the first four leaves of each plant (Leaf 1= oldest leaf) were removed with forceps and 

placed in separate screw cap bottles containing 10 ml of a solution of 0.05 M NaOH and 

0.05 % v/v Triton X100 for at least one hour. Each bottle was vigorously shaken by hand 

and then the concentration of fluorescein in solution was measured using a Perkin Elmer 

LS-2 Filter Fluorimeter. The actual quantity of fluorescein applied was determined for 

each of the tank solutions. Each sample was diluted by a factor of 2000 before 

measurement. 

Leaf areas were measured using an OPTOMAX V image analyser. Then the deposit 

per unit emission (DUE) for 1g active ingredient applied per hectare was calculated as 

follows: 

DUE = 
(quantity fluorescein recovered) [ng cm -2 9-11 

(quantity fluorescein applied per ha) (leaf area) 
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with: 

quantity fluorescein recovered = (quantity fluorescein measured per ml) (dilution factor 10) 

and 

quantity fluorescein applied per ha = (quantity fluorescein measured)(dilution factor 2000)(output volume) 

When spraying small plants with horizontal leaves from above, the deposition on 

the underside of the leaf is usually insignificant. Therefore, retention was calculated using 

the assumption that deposits were only made on the upper surface of the leaf. 

5.3.1.3 Water loss 

Water loss over time for the following adjuvants was determined gravimetrically: 

acacia gum (0.1,1,5 % w/v), ghatti gum (0.1,1 % w/v), guar gum (0.1,1 % w/v), locust 

bean gum (0.1,1 % w/v), Manucol DMF (0.1,1 % w/v), Manutex KPR (0.1,1 % w/v), 

glycerol (1,5% w/v), sorbitol (1,5% w/v), rapeseed oil, soybean oil and water. In 

addition, a 10% rapeseed oil-in-water emulsions containing the emulsifier Tween 40 either 

at the 0.1 % v/v, the 1% v/v or the 5% v/v concentration. Six droplets (5 µl) of each 

adjuvant concentration were pipetted onto a pre-weighed glass slide (3 replicates) using a 

multi-channel Eppendorf pipette. The glass slides were immediately weighed, to determine 

the actual droplet weight, and then kept at room temperature and humidity, being weighed 

every 15 minutes until no further weight change occurred. 

In addition, water loss after one hour in different humidities was determined for 

water, rapeseed oil and Emulsion 1 (page 102). Three different humidities were maintained 

in three contained systems (sandwich box) using the following saturated salt solutions 

(Winston & Bates, 1960) at 20°C: NaBr - 59% R. H., NaCl - 76% R. H., KC1 - 85% 

R. H.. 
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5.3.2 RESULTS 

5.3.2.1 Phytotoxicity 

Linseed oil was the only oil of those tested which was phytotoxic. It caused severe 

necrosis on all four treated leaves of C. album (Figure 51a). The oil droplets of the 

vegetable oils, regardless of their classification, were generally retained in their initial 

droplet shape on the leaf surfaces of Leaf 1 and Leaf 2 (the older leaves). Droplets of 

olive oil were the only droplets which were absorbed into the leaf surface of Leaf 1 and 
Leaf 2. The droplet volume of sesame oil was partially spread over the leaf surface, but 

was not absorbed. Leaf 1 and Leaf 2 do not have the typical shape of later emerged 
Chenopodium leaves and are much smaller in size. The prevention of absorption of the 

vegetable oil is probably caused by the high density of glandomal trichomes on the surface 

of these older leaves. Oil droplets on leaf surface of the younger leaves (Leaf 3 and Leaf 

4) spread partially and were absorbed into the leaf surface within one week. Only 

grapeseed oil was not absorbed after partially spreading. The area of leaf under droplets 

of olive oil did not change even though the droplets were completely absorbed into the leaf 

tissue. The result for rapeseed oil is shown in Figure 51b. Oil droplets of the mineral oil 
Orchex 796, and of the paraffin oils, spread over the entire leaf surface and were absorbed 

by all the leaves within one hour. 

The results with V. arvensis were similar to those with C. album. Only linseed oil 

was found to be phytotoxic to any of the tested leaves. Oil penetration under the droplet 

area into the leaf surface was observed for the semi-drying oils corn oil, sesame oil, 

soybean oil and the non-drying olive oil. 
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Figure 51. Effect of oil droplets on Leaf I to Leaf 4 of C. ulhum. 

(a) linseed oil 

trat I Leal 2 Leaf 3 Leaf 4 

(b) rapeseed oil 

Leaf 1 Leaf 2 Leaf' 3 Leaf 4 
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5.3.2.2 Spray retention 

Of the adjuvants identified earlier as suitable for formulating the pathogens' spores, 

neither of the stickers (alginic acid, guar gum), nor the surfactant Tween 40 or the 

humectant glycerol significantly increased spray retention compared with that of water 
(Table 27). The combination of Tween 40 and guar gum may have slightly improved spray 

retention on Leaf 1 and Leaf 4. However, the values, expressed in deposit per unit 

emission (DUE) are all very similar. That for water was around 9 ng cm2 g -I on all four 

leaves. The highest DUE was 11 ng cm2 g'' for Tween 40 on the third leaf. For alginic 

acid, the DUE decreased from 10 ng cm2 g-' on the first leaf to 8 ng cm2 g'' on the fourth 

leaf. DUE for all the adjuvants was generally lower on the fourth leaf (the youngest leaf) 

than on the leaves 1 to 3, except for the combination of Tween 40 and guar gum. 
However, the small difference between highest and lowest value, and the lack of statistical 

analysis, means that little emphasis should be given to these slight effects. 

Table 27. Spray retention of different adjuvants on V. arvensis. 

ADJUVANT DEPOSIT PER UNIT EMISSION (ng cm's g4) 

Leaf 1 Leaf 2 Leaf 3 Leaf 4 

Water 9.14 9.28 8.94 8.65 

0.1 % alginic acid pow viscosity) 10.11 9.80 8.84 7.74 

1% glycerol 9.27 8.86 9.37 7.18 

0.1 % guar 8.03 9.20 8.64 7.70 

0.1 % Tween 40 9.46 8.94 11.05 8.82 

0.1 % Tween 40 / 0.1 % guar gum 10.50 9.06 9.01 9.94 
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5.3.2.3 Water loss 

None of the adjuvants tested showed any evaporation-retarding properties (Table 

28). After a 45 minute drying period at room temperature, the water loss in all these 

adjuvants was above 90 %. 5% glycerol lost water the slowest over the test period possibly 

as a result of some humectant property. Obviously, no water loss at all could be detected 

from pure rapeseed oil and soybean oil. On the other hand it is important to note that no 

water was absorbed from the atmosphere. 

Water loss in the emulsions containing Tween 40 at three different concentrations 

was also above 90% after the 45 minutes test period (Table 29). Initial water loss was 

reduced slightly by emulsions containing 5% emulsifier. 

Evaporation under different humidities showed that water loss increased with 
decreasing humidities (Table 30). There was no difference between the emulsion and 

surfactant solution at 62% R. H. and 76% R. H.. At 85% R. H. 0.1% Tween 40 retained 

even more water than the emulsion. Again, it should be noted that the pure rapeseed oil 

showed no humectant effect. 
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Table 28. Water loss (%) over time of different adjuvants at room temperature 

(21±2°C) and humidity (58±5% R. H. ). 

WATER LOSS (%) 
ADJUVANT TYPE 

Time interval (minutes) 

15 30 45 

0.1 % w/v acacia gum 94 100 100 

1% w/v acacia gum 82 - 98 

5% w/v acacia gum 87 96 96 

0.1 % w/v ghatti gum 58 97 100 

1% w/v ghatti gum 55 95 98 

0.1 % w/v guar gum 55 90 100 

1% w/v guar gum 46 81 96 

0.1 % w/v locust bean gum 91 100 100 

1% w/v locust bean gum 80 99 100 

0.1 % w/v Manucol DMF 82 100 100 

1% w/v Manucol DMF 71 97 98 

0.1 % w/v Manutex KPR 88 100 100 

1% w/v Manutex KPR 67 96 99 

1% v/v glycerol 53 95 99 

5% v/v glycerol 45 82 92 

1% v/v sorbitol 63 98 98 

5% v/v sorbitol 56 90 95 

Rapeseed oil 0 0 0 

Soybean oil 0 0 0 

Water 81 100 100 
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Table 29. Water loss (%) over time of 10% rapeseed oil-in-water emulsions 

with different emulsifier contents at room temperature (21 ±2°C) 

and humidity (58±5% R. H. ). 

WATER LOSS (%) 
EMULSIFIER 

Tween 40 (% v/v) Time interval (minutes) 

15 30 45 

0.1 78 95 96 
1 75 95 95 

5 71 93 93 

Table 30. Water loss (%) after one hour at four different humidities at 20°C. 

FORMULATION 
WATER LOSS (%) 

relative humidity (%) 

62 76 85 

0.1 % v/v Tween 40 100 90 74 
Rapeseed oil 0 0 0 

Emulsion 1 96 87 83 

5.4 DISCUSSION 

Comprehensive in vitro toxicity tests of potential adjuvants identified several 

adjuvants as non-toxic for the use in the formulation of C. dematium (Table 31). 
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Table 31. Potential adjuvants for the use in the formulation of C. dematium and M. 

acenna. 

ADJUVANT C. dematium 
GROUP 

Surfactant Tween 40 
Tween 60 
Tween 80 
Tween 85 

Sticker acacia gum 
ghatti gum 
guar gum 
karaya gum 
locust bean gum 
xanthan gum 

alginic acid (low viscosity) 

Manucol DMF 
Manutex KPR 
Manutex RH 

Humectant glycerol 

M. acerina 

Tween 40 
Tween 60 
Tween 80 
Tween 85 

acacia gum 
ghatti gum 
guar gum 
karaya gum 
locust bean gum 
xanthan gum 

alginic acid (low & high viscosity) 

Manucol DMF 
Manugel GHB 
Manutex KPR 
Manutex RH 

glycerol 
sorbitol 

The microtitre assessment of spore germination and appressorium formation by M. 

acerina was obstructed by the fact that the spores produce mucilage cover around their 

germ tubes and appressoria which is readily stained by the lactophenol/aniline blue 

mixture, used to stop spore development. In particular the stained mucilage around the 

germ tube tip can be misinterpreted as an appressorium. Thus, the simpler rating of 

appressorium occurrence was adopted and any quantitative data, using the above method 

needs to be treated cautiously. 

The high rate of C. dematium spore germination in the controls incubated in 

modified Czapek Dox for 22 hours did not allow the observation of enhancing effects, so 
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that the incubation time was lowered to 15 hours and water was used as the test medium. 
This ensured that the germination rate was not higher than 50% and so allowed easy 
detection and measurement of inhibitory and enhancing effects of the adjuvants. 

The overall toxicity of adjuvants for the use in the formulation of C. dematiurn 

varied according to whether they were tested in water or Czapek Dox medium. The above 
list of adjuvants is derived from the testing in water. The second test medium, modified 
Czapek Dox medium, consists of minerals, a carbohydrate and a nitrogen source (see page 
104). The adjuvants tested in this test medium might interact with its ingredients and, thus, 

subsequently alter the pathogens response. Therefore, the results in water should be 

regarded as the guideline for the development of formulation. Six of 14 tested adjuvants 

were rated down in Czapek Dox medium and only two improved their rating from toxic 

to non-toxic. Thus, the use of the nutrient base Czapek Dox was not always beneficial. 

The surfactant Tween 20 was rated in both test systems as toxic and the humectant 

glycerol consistently rated as non-toxic. 

The high toxicity of the surfactant Triton X 100, which was tested only in Czapek 

Dox medium, against both germination and appressorium formation of C. dematium 

confirmed by Martin (personal communication) for a different Colletotrichum species in 

earlier work at Long Ashton Research Station. Generally, he found that alkyl alcohols, like 

Triton X 100, and linear alcohols were more toxic to fungi than the sorbitan esters 

(Tweens). An increased polyethylene content has been linked to decreased phytotoxicity 

(Buchanan, 1965). This might be also correct for fungal toxicity. Triton X 100 has an 

ethylene oxide number of 10 whereas the sorbitan esters, which were mainly tested non- 

toxic have one of 20 (Table 9). 

Another surfactant tested only in Czapek Dox, Codacide, was found to be highly 

toxic to C. dematium for any concentration above 0.1 % v/v, which also confirms earlier 

results of Martin. Martin observed a stimulation of both germination and appressorium 
formation of up to 100% for concentrations under 0.1 % v/v. These were not tested for C. 

dematium. This highlights the possible implications for spore germination and 

appressorium formation of the increasing adjuvant concentrations which will occur during 
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dry-down of initially low concentrations. It is important that this aspect is evaluated for 

each adjuvant so then the pathogen is not harmed during evaporation of the water phase. 

The loss of pathogenicity of the C. dematium isolate could have altered both 

germination and appressorium formation behaviour and, so, affect the response to 

adjuvants. However, it is most likely to affect speed and level of germination, rather than 

any response germination and appressorium formation might make to adjuvants. Therefore, 

the above findings should still be valid in making recommendations of adjuvants for use 
in formulation of this pathogen. 

Generally, most of the adjuvants identified as suitable for formulating C. dematium 

were also non-toxic to M. acerina (Table 31). Although Tween 20 was toxic to both the 

pathogens tested here, it has been used as a surfactant in mycoherbicide application by 

Mitchell (1986,1988). This emphasises the point that effective formulation for different 

microbial herbicides may be quite different in composition each one needing specific 
design to account for the particular characteristics of the pathogen being used. 

In addition to identifying individual adjuvants for use in the formulation, another 

strategy has been investigated. Emulsions have been reported to be effective in reducing 

spore dose requirements (Amsellem et al., 1990) or in reducing the reliance on free water 

(Quimby & Fulgham, 1986). Early invert emulsions required special spray application 

equipment due to their highly viscous nature (Quimby et al., 1988) which would be a 

serious disadvantage in commercial practise. Therefore, attention here has been focused 

on the use of simple oil-in-water emulsion at an oil-to-water ratio of 1: 9. Tween 40 was 

selected as the emulsifier. Tween 40 was preferred to Tween 60 and Tween 85 because 

Tween 60 has a solid physical state at room temperature and Tween 85 is only water- 

dispersable not soluble. Tween 80 is a possible alternative to Tween 40 and was chosen 

as the emulsifier in the work on Colletotrichum isolates to control Rottboellia 

cochinchinensis by Martin (personal communication). Tween 80 caused a significant 

reduction in appressorium formation of C. dematium in the Czapek Dox medium. Even 

though this did not occur in the tests using water for this fungus, Tween 40 was chosen 

as a safe option. It was aimed to use the same formulation for both C. dematium and M. 
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acerina. Therefore, even though Tween 80 gave a better germination of M. acerina spores 

than Tween 40, Tween 40 was chosen due to its highly stimulating effects on the 

germination of C. dematium spores with no inhibition on appressorium formation. 

Stimulation of germination of C. dematium was one of the requirements for its formulation 

set out in Chapter three, but was not essential in the formulation of M. acerina. However, 

this again highlights the difficulties to devise a formulation suitable for more than one 

pathogen. 

Although none of the stickers showed any potential for evaporation-retarding 

properties, they are still useful adjuvants in an emulsion, acting as auxiliary emulsifiers 

(stabilisers). Natural gums are particularly useful to stabilise oil-in-water emulsions 

(Becher, 1957). Guar gum, a comparatively inexpensive sticker, did not improve spray 

retention on V. arvensis compared to water or a surfactant solution (Tween 40). 

Sorbitol and glycerol, both suitable humectants for the formulation of M. acerina, 

showed, as did the stickers tested, no water-retaining properties at room temperature and 

room humidity. However, a formulation with Sorbo (64% Sorbitol) has been reported by 

Wymore & Watson (1986) as increasing 20-fold the number of viable spores of 

Colletotrichum coccodes recovered from inoculated Abutilon theophrasti leaves. This may 

indicate some protection was conferred on the spores against desiccation. 

The oil-in-water emulsion developed here, and the individual adjuvants tested, lost 

their water content within 45 minutes of exposure to ambient conditions. The ability to 

retard water loss, as reported for invert emulsions by Connick et al. (1991b), should not 

necessarily be expected from oil-in-water emulsions, due to both their nature (oil dispersed 

in the continuous phase water) and the low oil content used (10% v/v). However, oil-in- 

water emulsions can still be advantageous in increasing wetting of the leaf surface and 

protecting spores and germlings from water loss and, perhaps, effects of UV irradiation 

(Auld, 1993). 

The pure oils tested in this study either prevented spore germination of C. 

dematium or, with M. acerina, allowed only the production of a few abnormal germ tubes. 
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In contrast, spores of Ascochyta pteridis incorporated in oils and incubated under moist 

conditions, have been shown in vitro to germinate better than the control (Womack & 

Burge, 1993). Beneficial in vivo effect of oils on infectivity of fungal pathogens have also 

been reported from research into mycoinsecticides (Prior et al., 1988). 

All the vegetable crop oils tested here, except linseed oil, have potential for the 

formulation of the two pathogens investigated here. Both rapeseed oil and soybean oil are 

used widely in the production of oil-in-water emulsions. In particular, soybean oil has been 

used in medical and pharmaceutical emulsions for human use, due to its low incidence of 

toxic reactions, when purified, and resistance to oxidation changes which result in rancidity 

(Davis et al., 1983). Although some of earlier in vitro experiments, like the in vitro spore 

distribution, have been carried out with soybean oil, rapeseed oil was used as the standard 

for this thesis due to its ready availability and cheapness. 

The oil-in-water emulsions developed here are not very stable and need agitation 

prior to application. Ford (1976) pointed out that emulsions which have a good biological 

efficiency but are not very stable, are still feasible for practical use as emulsion instability 

can be overcome relatively easily with modern spray equipment. 

Any practical formulation must, in addition to being reliably effective, be cheap and 

consist of readily available components. Bearing in mind the findings in this section, it was 

decided that a reasonable working formulation for subsequent studies should be very 

simple. Vegetable oil acts as a sticker and could be expected to provide some protection 

against desiccation. Of those found to be suitable rapeseed oil was selected as it is cheap, 

readily available and is increasingly being used in chemical herbicide formulation. In order 

to facilitate emulsification of the oil in water a surfactant is required. Tween 40 was 

selected on the basis of its low toxicity, ready availability and widespread use elsewhere. 

It has little or no phytotoxicity and is effective in causing spreading of deposits on leaf 

surfaces. As the oil was expected to protect the spores against desiccation, it was deemed 

unnecessary to incorporate a humectant into the formulation. Similarly, the sticking 

properties of oil precluded the addition of another sticker. 
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6.1 INTRODUCTION 

In this chapter, the efficacy of the developed oil-in-water emulsions, mainly 
Emulsion 1 and Emulsion 2 (see page 102), is investigated in whole plant greenhouse 

trials. Their performance is compared to a formulation containing only the surfactant- 

emulsifier used in these emulsions. During the earlier work the isolate of C. dematium lost 

virulence, and failed to infect its host. Consequently all work in this chapter is only carried 

with the pathogen-host plant system M. acerina pathogenic on V. arvensis. A spray 

application method (laboratory track sprayer) which simulates practical field application 
is used. Dew period and spore dose requirements are re-evaluated under formulated 

conditions. The effects of varying the different components of the emulsion, like oil 

content, oil type and emulsifier concentration, are investigated as well as disease 

development in relation to dew period delay and multiple dew. Behaviour of the spores in 

the oil-in-water emulsion on the plant surface is investigated in detail, using light, scanning 

and transmission microscopy. Infectivity at different inoculum locations is evaluated and 

the effect of growth stage of the target plant is considered. 

6.2 MATERIALS AND METHODS 

6.2.1 Oil type 

Oil-in-water emulsions (1: 9) were prepared using the following oils: corn oil, 

grapeseed oil, groundnut oil, olive oil, paraffin oil (light and heavy grade), rapeseed oil, 

sesame oil, soybean oil, sunflower oil, walnut oil and the mineral oil Orchex 796. Spores 

of M. acerina, prepared in 0.1 % v/v Tween 40, were added to emulsions, giving a final 

spore concentration of circa 6x 104 spores ml-1. A spore suspension of the same spore 

concentration was also prepared in 0.1 % v/v Tween 40. The spore containing emulsions 

were sprayed on V. arvensis plants (3 replicates per treatment; 1 plant per pot) using the 

Humbrol Airbrush (see section 4.2.1; page 75). Tween 40 (0.1 %, v/v), with and without 

spores, was sprayed as control treatments. After spray application the plants were placed 

for 6 and 18 hours in an unlit dew chamber at 18±1.50C before being transferred to the 

greenhouse. Air temperature and relative humidity in the greenhouse during the experiment 
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are shown in Figure 52. Plants were assessed weekly for symptom development. After 

three weeks, dry weights of the above ground biomass were taken for each replicate pot 

after drying the plants for 24 hours at 70°C in a Unitherm drying oven (Russell-Lindsey 

Energy Ltd., Birmingham, England). 

Figure 52. Air temperature and relative humidity in the greenhouse during the 

experimental period. 
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Spore suspensions of M. acerina (1 x 105 spores m1-') were prepared in 0.1 % v/v 

Tween 40 and 1% v/v Tween 40. Spores were centrifuged for four minutes (606 RCF), 

using a MSE Centaur 1 centrifuge (MSE Scientific Instruments, Crawley, England) and 

the pellets re-suspended to obtain the required spore concentrations. Spores, prepared in 

0.1% v/v Tween 40, were formulated in Emulsion 1 and Emulsion 2, giving a final 

concentration of 1x 105 spores ml-1. V. arvensis plants (6 replicates; 1 plant per pot) at 

the four to five leaf stage were sprayed with the prepared treatments (with and without 

spores) using a laboratory track sprayer which was fitted with an Even Spray, flat fan 

nozzle (tip number 02 E80), giving a volume rate of 370 1 ha' at a spray pressure of 35 
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psi (spray height: 30 cm above plant). After spray application the plants were given a 24 

hour dew period at 18 ± 1.5°C before being transferred to the greenhouse. Figure 53 shows 

the air temperature and relative humidity in the greenhouse during the experiment. Plants 

were assessed weekly for symptom development. Dry weights of the above ground 

biomass were taken after three weeks. 

Figure 53. Air temperature and relative humidity in the greenhouse during the 

experimental period. 
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A spore suspension of M. acerina was prepared in 0.1 % v/v Tween 40. The spore 

suspension was centrifuged for four minutes (606 RCF), using a MSE Centaur 1 centrifuge 

and the pellet re-suspended to obtain the required spore concentration (7 x 105 spores ml-'). 

Five different rapeseed oil/water ratios (1: 9 up to 5: 5) were emulsified with 1% v/v Tween 

40. In addition, Emulsion 1 was prepared. Spores of M. acerina, prepared in 0.1 % Tween 

40, were added to the emulsions, giving a final concentration of 7x 104 spores ml-'. 
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V. arvensis plants (3 replicates; 3 plants per pot) at the three to four leaf stage were 

sprayed with the spore containing emulsions. A control set of plants was sprayed with the 

treatments containing no spores. The formulations were applied using a laboratory track 

sprayer (see section 6.2.2; page 168). After spray application the plants were given a 18 

hour dew period at 18 ± 1.5 °C before being transferred to the greenhouse. Air temperature 

and relative humidity during the experiment in the greenhouse are shown in Figure 54. 

Plants were assessed weekly for symptom development. Dry weights of the above ground 

biomass of the three weeks old plants were taken for each plant in each replicate pot. 

Figure 54. Air temperature and relative humidity in the greenhouse during the 

experimental period. 
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6.2.4 Dew period and spore dose requirements 

Spore suspensions of M. acerina (103,104 and 105 spores ml-') were prepared in 

0.1 % v/v Tween 40. Where necessary, the spore suspensions were centrifuged for four 

minutes (606 RCF), using a MSE Centaur 1 centrifuge and the pellet re-suspended to 

obtain the required spore concentrations. One set of spore suspensions was formulated in 

Emulsion 1 (103,104 and 105 spores ml-'). All spore suspensions were stored overnight at 
4°C, before being sprayed on V. arvensis plants at the four to five leaf stage (five 

replicates; three plants per pot), using a laboratory track sprayer. Control plants were 

sprayed with treatments containing no spores. The track sprayer was fitted with an even 

spray, flat fan nozzle (tip number 01 E80), giving a volume rate of 100 1 ha-' at a pressure 

of 35 psi and a spray height of 30 cm above plants. 

After spray application one set of plants was placed for 18 hours and another one for 42 

hours in an unlit dew chamber at 18±1.5'C before being transferred to the greenhouse. 

A third set of plants was placed directly in the greenhouse, receiving no dew. Air 

temperature and relative humidity in the greenhouse during the experimental period are 

shown in Figure 55. 

Figure 55. Air temperature and relative humidity in the greenhouse during the 

experimental period. 

30 
28 
26 

Ü 24 
22 

W 20 
cr- 18 
F- 16 
g 14 
W 12 
CL 10 M. 

8 
6 
4 
2 
0 

1.3.5.7.9.11.13.15.17.19.21. 
DAY 

Legend: TEMPERATURE RELATIVE HUMIDITY 

100 

90 

80 

70 

60 

50 

40 w 

30 g 

20 w 
cr 

10 

0 

171 



Symptom development and disease development were assessed weekly. After three 

weeks, percentage necrosis and/or the number of developed lesions were determined on 
the five originally sprayed leaves of each plant (3 plants per pot; 5 replicate pots). Dry 

weights of the above ground biomass were taken for each plant in each replicate pot after 
three weeks. 

Data for the total number of lesions per pot was corrected for percentage necrosis 

and was transformed to square roots prior to analysis of variance. Data for the dry weight 

was statistically analysed at the pot level (3 plants). 

6.2.5 Dew period delay 

Spores of M. acerina, prepared in 0.1 % v/v Tween 40, were formulated in 

Emulsion 2, giving a final concentration of 1x 105 spores mP. In addition a spore 

suspension of the same concentration was also prepared in 1% v/v Tween 40. Spores in 

Emulsion 2 and spores in 1% v/v Tween 40 were sprayed onto V. arvensis plants (3 

replicates; 3 plants per pot) at the three to four leaf stage, using a laboratory track sprayer 
(see section 6.2.2; page 168). After spray application all plants were placed in the 

greenhouse for different periods (0,1,18,24,72 and 168 hours) before being transferred 

in an unlit dew chamber for 24 hours at 18±1.5"C. Plants were returned to the 

greenhouse after the dew period. Air temperature and relative humidity during the 

experiment in the greenhouse is given in Figure 56. Plants were assessed weekly for 

symptom development. After three weeks dry weights of the above ground biomass were 

taken for each replicate pot. 
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Figure 56. Air temperature and relative humidity in the greenhouse during the 
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A spore suspension of M. acerina (5 x 105 spores ml-') was prepared in 0.1 % v/v 

Tween 40. The spore suspension was centrifuged for four minutes (606 RCF), using a 

MSE Centaur 1 centrifuge and the pellet re-suspended to obtain the required spore 

concentration. Spores, prepared in 0.1 % v/v Tween 40, were formulated in Emulsion 2, 

giving a final concentration of 5x 104 spores ml-'. One set of V. arvensis plants at the 

three to four leaf stage was sprayed with the spore containing emulsion and one control 

set with the emulsion alone, using a laboratory track sprayer (see section 6.2.2; page 168). 

There were six replicates per treatment (three plants per pot). After spray application the 

plants were placed for different times (Table 32) in an unlit dew chamber at 18 ± 1.5 °C. 
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Table 32. Dew period regimes tested. 

TOTAL LENGTH NUMBER OF LENGTH OF TIME BETWEEN 
OF DEW PERIODS DEW PERIODS SINGLE DEW PERIOD DEW PERIODS 

(hours) (hours) (hours) 

24 1 24 - 
24 4 6 18 

36 1 36 - 
36 6 6 18 

48 1 48 - 

48 4 12 12 

48 6 8 16 

48 8 6 18 

Plants were transferred to the greenhouse after completion of the tested dew 

period(s) and between dew periods. Air temperature and relative humidity during the 

experimental period in the greenhouse are shown in Figure 57. Plants were assessed 

weekly for symptom development. Dry weights of the above ground biomass of three 

weeks old plants were taken for each replicate pot. Data for the dry weight was 

statistically analysed at the pot level (3 plants). 

Figure 57. Air temperature and relative humidity in the greenhouse during the 

experimental period. 
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6.2.7 Growth stage 

A spore suspension of M. acerina was prepared in 0.1 % v/v Tween 40 and 
formulated in Emulsion 1, giving final spore concentrations of 5x 10' spores ml-'. V. 

arvensis plants at three different growth stages (1-2 leaves, 3-4 leaves, 5-6 leaves) were 

sprayed with the formulated and unformulated spore suspensions, including a control 

containing no spores, using a laboratory track sprayer (see section 6.2.2; page 168). There 

were five replicates per treatment (three plants per pot). After spray application sets of 

plants were placed for 18 hours or 42 hours in an unlit dew chamber at 18 ± 1.5'C before 

being transferred to the greenhouse. Air temperature and relative humidity during the 

experiment are shown in Figure 58. Plants were assessed weekly for symptom 

development. After three weeks plants were cut at soil level and the dry weight per 

replicate (3 plants) was determined. 

Figure 58. Air temperature and relative humidity in the greenhouse during the 

experimental period. 
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6.2.8 Inoculum location 

A spore suspension of M. acerina prepared in 0.1 % v/v Tween 40 was formulated 

in Emulsion 2, giving a final spore concentration of 5x 104 spores ml-'. Three V. arvensis 

plants (three to four leaf stage) per pot (3 replicate pots) were inoculated at the same 

location, using an Eppendorf pipette. Five different inoculum locations (Figure 59) were 

tested. 5 µl of the spore-containing emulsion was placed either on the leaf blade, in the 

leaf axil or on the petiole. A volume of 20 µl emulsion was applied onto the growing point 

and 60 µl emulsion was applied to the soil around the stem base. After inoculation the 

plants were given a 24 hour dew period at 18±1.5'C before being transferred to the 

greenhouse. Air temperature and relative humidity during the experiment in the greenhouse 

are the same as in section 6.2.6 (Figure 57; page 174). Plants were assessed weekly for 

symptom development. 

Figure 59. Locations of inoculum placement. 
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6.2.9 In vivo spore deposition 

A spore suspension of M. acerina (4 x 105 spores ml-1), was prepared in 0.1 % v/v 
Tween 40 and formulated in Emulsion 1. A fluorescent brightener (I% w/v calcofluor) 

was added to the spore suspensions before spraying onto V. arvensis plants at the four to 

five leaf stage (1 plant per pot), using a laboratory track sprayer (see section 6.2.2; page 
168). Leaf angles, divided into blade and petiole angle (Figure 60), of leaf one to leaf four 

at spraying are shown in Table 33. The plants were stored at 4°C in darkness (usually for 

24 hours) until assessment. Spore distribution on leaves one to four of each of the treated 

plants was assessed using fluorescence microscopy. The leaf surface was divided into three 

horizontal transect lines characterising the top, middle and bottom part of the leaf blade 

and into two vertical transect lines characterising the midrib and stem section of the leaf 

(Figure 61). The number of spores in each adjacent field of view along the transect lines 

was counted for each treated leaf of each plant. The number of field of views per transect 

differed between leaves according to the leaf size. 

Figure 60. Definition of blade and petiole angles. 

blade angle 

petiole angle 
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Table 33. Leaf angles of V. arvensis leaves at time of spraying. 

ANGLE 

LEAF 
0.1 % v/v Tween 40 Emulsion 1 

blade petiole blade petiole 

1 45° 00 45° 45° 

2 90° 900 45° 45° 

3 90° 90° 90° 90° 

4 90° 90° 45° 90° 

Figure 61. Transect lines through the leaf surface of V. arvensis. 

FIELD OF VIEW 
MIDRIB TRANSECT 

TOP TRANSECT 

MIDDLE TRANSECT 

BOTTOM TRANSECT 

PETIOLE TRANSECT 

The mean number of spores retained per field of view was calculated for each 

transect line of each leaf and each plant, from in vivo spore distribution data. The area for 

one field of view was 0.24 mm2. 
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6.2.10 Volume rate 

A spore suspension of M. acerina (8 x 105 spores ml-1) was prepared in 0.1 % v/v 
Tween 40. The spore suspension was centrifuged for four minutes (606 RCF), using a 
MSE Centaur 1 centrifuge and the pellet re-suspended to obtain the required spore 
concentrations. The spore suspension was then formulated in Emulsion 1 (8 x 104 spores 

ml-1) and in addition, a spore suspension of the same concentration (8 x 104 spores m1') 

was prepared in 0.1 % v/v Tween 40. All spore suspensions were stored for five hours at 
4 °C, before being sprayed at different spray volume rates (Table 34) on V. arvensis plants 

at the four to five leaf stage (five replicates; three plants per pot), using a laboratory track 

sprayer. The sprayer was calibrated for the different volume rates as described in section 
5.3.1.2 (page 153). 

Table 34. Sprayer settings for selected volume rates. 

VOLUME RATE NOZZLE " PRESSURE SPEED BAND WIDTH FILTER 
(1 ha-1) (psi) (m s'1) (m) (mesh inch-1) 

140 015 E80 35 0.65 0.5 50 

200 02 E80 35 0.65 0.5 50 

280 02 E80 35 0.50 0.5 50 

370 02 E80 35 0.40 0.5 50 
* 

Lurmark, Cambridge, England 

After spray application sets of plants were placed for 18 or 42 hours in an unlit 

dew chamber at 18±1.5'C before being transferred to the greenhouse. Five untreated 

control pots were included at each dew period. Figure 62 shows the air temperature and 

relative humidity during the experiment in the greenhouse. Plants were assessed weekly 
for symptom development. After three weeks, the set of plants, which had received 18 

hours dew, were assessed for the number of developed lesions and percentage necrosis on 
the originally sprayed leaves. Both sets of plants were cut at soil level after three weeks 

and the dry weight for each plant was determined. Data for the total number of lesions per 
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pot was corrected for percentage necrosis and was transformed to square roots prior to 

analysis of variance. Data for the dry weight was statistically analysed at the pot level (3 

plants). 

Figure 62. Air temperature and relative humidity in the greenhouse during the 

experimental period. 
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6.2.11 In vivo emulsion behaviour 

6.2.11.1 Light microscopy 

Three droplets (3 µl) of Emulsion 2, containing a final spore concentration of 2x 

10-5 spores ml-', were pipetted onto the third leaf of V. arvensis plants (3 replicates), using 

a 5µl Eppendorf pipette. The plants were placed for 42 hours in an unlit dew chamber at 

18±1.5°C. Leaf samples were fixed in a mixture of 4% v/v formaldehyde and 5% v/v 

glutaraldehyde in 0.2 M cacodylate buffer (pH 7.0) for 30 minutes, washed with three 

changes of distilled water and post-fixed in 2% osmium tetroxide in cacodylate buffer (0.2 

M, pH 7.0) for 30 to 60 minutes. After washing with distilled water, samples were 

dehydrated in an ethanol series, infiltrated and embedded in Spurr resin (Spurr, 1969). 

Thick sections (approximately 4 µm) were cut using a diamond knife and a Reichert 

Ultracut Ultramicrotome, stained with methylene blue at 60°C for 30 seconds and 
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examined using a Zeiss research microscope. 

6.2.11.2 Scanning electron microscopy 

Emulsion 1, with and without M. acerina spores, was sprayed onto V. arvensis 
plants at the four to five leaf stage, using a laboratory track sprayer (see section 6.2.2; 

page 168). The spore concentration in the emulsion was 1x 105 spores ml-l. After spray 

application the plants were given a 24 hour dew period at 18 ± 1.5 °C before being 

transferred to the greenhouse. After seven days the third leaf was excised from each of 
two V. arvensis plants and were prepared for observation under the scanning electron 

microscope as described in section 2.2.2 (page 41). 

In addition, V. arvensis plants were sprayed with Emulsion 1 (1 x 104 spores ml-'), 

using the Humbrol Airbrush (8 ml spray volume). After spray application the plants were 
incubated as above and after 12 days the third leaf was removed for observation under the 

scanning electron microscope. It was prepared using a freeze-fracturing technique. During 

freezing the leaf is supported by two rivets placed back to back. These were later 

separated, freeze fracturing the surface of the leaf. The plant material was then observed 

as described in section 2.2.2 (page 41). 

6.2.11.3 Transmission electron microscopy 

V. arvensis plants were sprayed with spores formulated in Emulsion 1 (104 spores 

ml-'), using the Humbrol Airbrush (8 ml spray volume) and were incubated for 24 hours 

in an unlit dew chamber at 18±1.5°C before being transferred to the greenhouse. After 

seven days the third leaf was sampled and prepared for observation under the transmission 

electron microscope, using the fixing and embedding techniques described in section 

6.2.11.1 (page 180). Sections were cut using a diamond knife and a Reichert Ultracut 

Ultramicrotome, stained with lead citrate (Fahmy, 1967) and examined in a Hitachi H 

7000 transmission electron microscope. 
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6.3 RESULTS 

6.3.1 Oil type 

Spores formulated in a range of oil emulsions reduced the dry weight of V. arvensis 
(Figure 63). After a dew period of six hours (Figure 63a) all formulations caused a 

reduction in dry weight, but the weight loss was only significant for spores formulated in 

a sesame oil emulsion. 

After a three-fold increase in dew period to 18 hours, all spore-containing 

treatments significantly reduced the dry weight compared to the control (Figure 63b). 

Severe necrosis was found on V. arvensis plants within seven days post infection. Spores 

in emulsions of corn oil, groundnut oil, Orchex 789, paraffin oil (heavy grade), rapeseed 

oil, sesame oil, soybean oil and sunflower oil significantly increased dry weight loss 

compared to the surfactant-based spore suspension. The greatest effects were caused by 

treatments containing corn oil, rapeseed oil or sunflower oil. Plant death occurred with 

emulsions of corn oil, rapeseed oil, soybean oil, sunflower oil and the mineral oil Orchex 

796. 

Of the vegetable crop oils, rapeseed oil was chosen as the preferred oil phase for 

formulation of M. acerina spores on V. arvensis, mainly for its cost-effectiveness at equal 

biological performance. Some evaluation was carried out using soybean oil as an 

alternative oil phase. 
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Figure 63. Effect of spores of M. acerina, formulated in oil-in-water emulsions, on the 

dry weight of V. arvensis. 
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6.3.2 Emulsifier concentration 

Inoculation of V. arvensis with spores formulated in either Tween 40 or oil 

emulsions caused significant weight reduction compared with controls (Figure 64). Only 

spores formulated in Emulsion 2 produced significantly greater effects than these in Tween 

40 alone. However, the apparently greater effect caused by Emulsion 2, compared to 

Emulsion 1, was not significant. 

Figure 64. Effect of different emulsifier concentrations in the formulation of M. 

acerina on the reduction of V. arvensis dry weight. 
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6.3.3 Oil concentration 

The alteration of the oil/water ratio in the formulation of M. acerina spores did not 

affect the resulting loss of dry weight of V. arvensis. None of the treatments were 

significantly different from each other (Figure 65). Although the spore formulations always 

resulted in infection and weight loss of V. arvensis these effects were not significant in this 

experiment due to high levels of plant variability especially in the controls. There was no 

significant effect of the increasing oil content on the spore-free controls. 

Figure 65. Effect of different oil/water ratios in the formulation of M. acerina on the 

reduction of V. arvensis dry weight. 
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6.3.4 Dew period and spore dose requirements 

In the absence of dew, none of the spore suspensions of M. acerina caused any 

symptoms on V. arvensis or reduced the dry weight of V. arvensis compared to the control 
(Table 35). 

Table 35. Effect of dew period and dose of M. acerina spores on the dry weight of 
V. arvensis. 

DEW PERIOD 
(hours) 

FORMULATION 
MEAN DRY WEIGHT PER POT (g) 

spore dose (spores ml-l) 

0 10,104 1O 

0.1 % Tween 40 1.0050 1.0254 0.8535 0.8583 
0 

Emulsion 1 1.0239 1.0713 0.8439 0.9633 

0.1 % Tween 40 1.1652 1.0047 0.8976 0.9657 
18 

Emulsion 1 1.0839 1.2099 0.6690 0.8613 

0.1 % Tween 40 0.9837 0.8574 0.7479 0.6822 
42 

Emulsion 1 0.9303 0.8859 0.8619 0.5283 

sed = 0.09225 96df 

After 18 hours of dew at 18 °C, dry weights of V. arvensis were significantly lower 

than the control when treated with spores of M. acerina at the two highest concentrations 

(104 and 101 spores ml-I). Spores formulated in both emulsion and Tween 40 significantly 

reduced the dry weight but 104 spores ml-' in emulsion caused a significantly greater 

reduction of dry weight compared to the Tween 40 treatment. There was no significant 

difference between the two formulations in their effect on dry weights at the highest spore 

concentration. 
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After a dew period of 42 hours, the dry weight of V. arvensis was decreased with 

an increasing concentration of spores formulated in Tween 40, but this increase was only 

statistically significant for the two highest concentrations. Spores in Emulsion 1 caused a 

significant reduction in dry weight at the highest concentration only. 

Although the emulsion did not increase the weight loss of V. arvensis, compared 

to 0.1 % v/v Tween 40, spores formulated in the emulsion caused significantly higher 

number of lesions, which increased with increasing spore dose, after 18 hour dew (Figure 

66). In contrast, the number of lesions caused by the different doses of spores in Tween 

40 after 18 hours of dew were not significant different. 

After 42 hours of dew no significant difference in the number of lesions produced 

by spores in both formulations was found for any of the tested spore doses. In general, the 

total number of lesions increased with increasing spore dose as was found for formulated 

spores after the 18 hour dew period. 

Figure 66. Effect of dew period and dose of M. acerina spores on the total number of 

lesions developed on V. arvensis leaves per pot (data corrected for percent 

necrosis). 
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6.3.5 Dew period delay 

Spores formulated in Tween 40 or Emulsion 2, caused significant weight reductions 

in V. arvensis, even when dew onset was delayed for 24 hours (Figures 67a, b). Longer 

delays of dew had no affect on the V. arvensis dry weight. Generally, the weight reduction 

was not significantly different between the surfactant-based and the emulsion-based 

formulation. 

Figure 67. Effect of dew period delay on the infection caused by M. acerina on V. 
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6.3.6 Dew period regime 

Spores of M. acerina, formulated in Emulsion 2, significantly decreased V. arvensis 

dry weight, the effect increasing significantly with increasing hours of continuous dew 

(Figure 68). Spores given multiple six hour dew periods failed to produce any significant 

effect on V. arvensis dry weight. However, multiple eight and 12 hour dew periods did 

cause significant weight loss, and were as effective as a continuous 24 hour dew period, 

but the effects were significantly less than the corresponding continuous dew period of 48 

hours. 

Figure 68. Effect of different dew period regimes on the infection caused by M. 

acerina on V. arvensis. 
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6.3.7 Growth stage 

After a dew period of 18 hours the only treatment to give a significant weight loss 

in V. arvensis was Emulsion 1 applied to the 5-6 leaf growth stage (Figure 69a). In this 

case the weight of the plants was significantly lower than the controls and plants inoculated 

with the surfactant-based spore formulation. 

After a dew period of 42 hours, inoculations with spores significantly reduced V. 

arvensis dry weight at all leaf stages (Figure 69b). Spores formulated in Emulsion 1 had 

a significantly greater effect than spores in the surfactant-based formulation, especially at 

the younger growth stages. 

Figure 69. Effect of growth stage of V. arvensis on dry weight loss caused by M. 

acerzna. 
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(b) 42 hours dew 
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Spores of M. acerina, formulated in Emulsion 2, caused symptoms of varying 

severity on V. arvensis depending on the location on the plant. On the leaf blade, spores 

caused severe necrosis (Figure 70a). Depending on the leaf angle, the infection can spread 

towards the upper petiole region but is often only local and, thus, has little influence on 

effective control of the plant (Figure 70a). Spores applied into the leaf axil, caused an 

infection which prevented the tillering of the plant (Figure 70b) and, therefore, contributed 

significantly to reduction in above ground biomass. Application of spores onto the petiole 

can lead to severe symptoms (Figure 70c) subsequently causing leaf death, but not plant 

death, and does not prevent tillering. Spores applied to the growing point also cause severe 

infection but, without targeting the leaf axil at the same time, V. arvensis can regrow from 

the leaf axil. Soil application of spores around the stem base resulted only in a darkening 

of the stem and the petiole base, but did not significantly contribute to effective control of 

the plant. 
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Figure 70. Infection caused by M. acerina at different sites of application on V. 

anvensis (five days post infection). 

(a) leaf blade 

(b) leaf axil 
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6.3.9 In vivo spore deposition 

R 

a 

Typical spray and spore deposition patterns on the V. ari'ensis leaf surface. as used 

in the in vivo spore distribution assessment, are shown in Figure 71a for a surfactant-based 

spore formulation and in Figure 71b for an emulsion-based spore formulation. Tracer 

marks of discrete droplets of varying sizes are clearly visible in Figure 71a. Elongated M. 

ucerina spores have been deposited within and outside droplet boundaries. In contrast, with 

the enmulsion-based formulation (Figure 71h), discrete small droplets are rare but a large 

oil film can he seen in the midrib region of the leaf, affecting the sharpness of the 

photograph. The tracer used does not enter the oil phase but highlights the water phase of 

the emulsion and the underlying tissue. Spores of M. acerina are clearly visible within the 

oil film and to a lesser extent outside the oil. 
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Figure 71. Spray and spore deposition patterns of formulations containing M. acerinu 

spores oll the leaf surtace of V. arvensl. s (magnitication IN). 

(a) surfactant-hased formulation (0.1 % v/v Tween 40) 
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The effect of formulation on the retention of M. acerina spores on the leaf surface 

of V. arvensis is compared for horizontal transects in Table 36 and for vertical transects 

in Table 37. The average of number of spores retained per mm 2 leaf surface for all four 

assessed leaves was similar for both formulations. Approximately 43 spores were found 

on the horizontal transects and approximately 66 spores on the vertical transects. The spore 

averages for the individual leaves showed a higher variation in the emulsion-based 

formulation than in the surfactant-based formulation, in particular on the horizontal 

transects (Table 36). A leaf blade angle of 90° at spraying might have affected the spore 

retention on the third leaf sprayed with Emulsion 1 which retained particularly low 

numbers of spores. All other leaf blades were tilted at 45 ° at spraying and show similar 

spore retention data. Spray angle did not affect spore retention in the surfactant-based 

formulation. Here, despite of angles of 90 degrees for leaf blades two to four, the averages 

for each leaf blade were similar to spore retention on first leaf (45°). Differences were 

found between the three horizontal transects, but no trends were apparent. 

On the vertical transects (Table 37), spore retention was generally significantly 

lower on the petiole transect than on the midrib transect. A particular high number of 

spores was found on the petiole of the second leaf sprayed with Emulsion 1. Figure 72 

illustrates such a accumulation of spore in the petiole. Most petioles have a grooved upper 

surface, which can channel the spores, resulting in locally high spore densities. 
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Table 36. Effect of formulation on the retention of M. acerina spores on V. arvensis 

leaf blades (horizontal transects). 

MEAN NUMBER OF SPORES (mm 2) 
TRANSECT 

FORMULATION 

0.1 % Tween 40 Emulsion 1 

top 42 46 

Leaf 1 middle 29 (42) 46 (45) 

bottom 54 42 

top 42 67 

Leaf 2 middle 42 (39) 67 (67) 

bottom 33 67 

top 58 21 

Leaf 3 middle 42 (43) 13 (21) 

bottom 33 29 

top 58 67 

Leaf 4 middle 42 (45) 29 (42) 

bottom 29 29 

average 42 44 

Average per leaf blade given in () 
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Table 37. Effect of formulation on the retention of M. acerina spores on V. arvensis 

leaf midribs and petioles (vertical transects). 

MEAN NUMBER OF SPORES (mm Z) 
TRANSECT 

FORMULATION 

0.1 % Tween 40 Emulsion 1 

Leaf 1 midrib 29 54 

petiole 21 21 

Leaf 2 
midrib 33 71 

petiole 4 46 

Leaf 3 
midrib 71 8 

petiole 25 4 

Leaf 4 
midrib 50 58 

petiole 25 8 

average midrib 46 48 

petiole 19 20 
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l figure 72. Spray deposit ()I' M. acer/na spores fornnulatedl in Emulsion 1 along the 

groove in the upper surface of the petiole OI' V. an-ensis (niaginifieation 

200x; spore arrowed) 

I 

Al 

Detailed spare d ktrihutiun pattcrns for hotte formulations are shown in Figures 73 

to 76 for the horizontal transects on the leaf blade and in Figures 77 and 78 for the vertical 

transects. It could he noted that transects in the emulsion-based treatment showed higher 

occurrences of' over twenty spores per field of view than transects in the surfactant-hased 

treatments. Generally, a minimum of five spores per field of view was found on most leaf 

blade transects including the midrib transects for both formulations, except for the third 

leaf treated with Emulsion 1 (Figures 75h & 78h). Spore accumulations can he found at 

leaf edges as for example on the first leaf (top transect, Emulsion 1) (Figure 73h) or on 

the first leaf (bottom transect, Tween 40) (Figure 73h) and in the transition region from 

blade in to petiole as found on the first and second leaf (Emulsion 1) (Figures 77a and h). 

No particular trends other than already described, were observed. 
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Figure 73. Effect of formulation on the distribution of M. acerina spores on V. 

arvensis leaves (Leaf 1- horizontal transects). 

(a) 0.1 % v/v Tween 40 (leaf angle: 45°) (b) Emulsion 1 (leaf angle: 45°) 
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Figure 74. Effect of formulation on the distribution of M. acerina spores on V. 

arvensis leaves (Leaf 2- horizontal transects). 

(a) 0.1 % v/v Tween 40 (leaf angle: 90°) (b) Emulsion 1 (leaf angle: 45°) 
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Figure 75. Effect of formulation on the distribution of M. acerina spores on V. 

arvensis leaves (Leaf 3- horizontal transects). 

(a) 0.1 % v/v Tween 40 (leaf angle: 90°) (b) Emulsion 1 (leaf angle: 90°) 
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Figure 76. Effect of formulation on the distribution of M. acerina spores on V. 

arvensis leaves (Leaf 4- horizontal transects). 

(a) 0.1 % v/v Tween 40 (leaf angle: 90°) (b) Emulsion 1 (leaf angle: 45°) 
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Figure 77. Effect of formulation on the distribution of M. acerina spores on V. 

arvensis leaf midribs and petioles (vertical transects - leaf angles shown on 

graphs). 

(a) 0.1 % v/v Tween 40 (b) Emulsion 1 
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Figure 78. Effect of formulation on the distribution of M. acerina spores on V. 

arvensis leaf midribs and petioles (vertical transects - leaf angles shown on 

graphs). 
(a) 0.1 % v/v Tween 40 (b) Emulsion 1 
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6.3.10 Volume rate 

After a dew period of 18 hours, both spore formulations caused a significant 

reduction in dry weight when applied at a volume rate of 280 1 ha-1 (Table 38). Spores in 

the emulsion-based formulation also caused a significant reduction in dry weight when 

applied at the lower volume rate of 200 1 ha'. The number of lesions after 18 hours of 
dew generally increased with increasing volume rate though the increases were only 

statistically significant when comparing the highest with the lowest rate in the emulsion- 
based formulation (Figure 79). Lesion development was significantly enhanced at the three 

higher volume rates when spores were formulated in the emulsion. 

After the longer dew period of 42 hours spores applied at the two highest volume 

rates caused a significant reduction in dry weight. Again, formulated spores in the 

emulsion also significantly reduced dry weight at the lower volume rate of 200 1 ha'. 

Table 38. Effect of M. acerina spores sprayed at different volume rates on the dry 

weight of V. arvensis. 

MEAN DRY WEIGHT PER POT (g) 

DEW PERIOD FORMULATION 
(hours) volume rate (1 ha-1) 

0 140 200 280 370 

18 0.1 % Tween 40 1.0827 1.2087 1.0320 1.0551 

Emulsion 1 
1.2483 1.1535 1.0302 1.0062 1.0596 

0.1 % Tween 40 1.0479 0.9759 0.7437 0.7935 
42 

Emulsion 1 
1.1490 0.9393 0.7923 0.7311 0.7755 

sed = 0.1089 88df 
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Figure 79. Effect of M. acerina spores (8 x 105 spores ml-'), sprayed at different 

volume rates on lesion development on V. arvensis leaves. 
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Figure 80 shows a section through the third leaf of V. arvensis, 42 hours after the 

application of an emulsion-based spore formulation. 
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Figurc 80. Light micrograph of a resin-en heJdcd section through the third leaf cat V. 

cJ, 1t'n. crs, 42 hours after application of an emulsion-based spore formulation 

(magnification 500x). 
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No evidence of M. acerina spores or germ tubes were observed, either in the leaf 

tissue or on the leaf surface. However, the remains of the emulsion droplet, most likely 

only the oil phase (rapeseed oil), is clearly visible as a dark stained continuous film, lifted 

from the epidermis during the sectioning process. Infiltration of the oil phase, mainly into 

the intercellular spaces underneath the epidermal cells can be observed. 

6.3.11.2 Scanning electron microscopy 

After spray application, using a track sprayer, discrete droplets are clearly visible 

in the micrographs of the leaf surface of V. arvensis (Figure 81). The water phase has 

dried down, leaving a film of oil occupying most of the depressions above the anticlinal 

cell walls. Only a few raised periclinal cell walls are still clearly visible in the deposit. 

Figure 82 shows a scanning electron micrograph of a spore-containing spray droplet 

seven days after spray application. Germinated spores of M. acerina are visible under the 

oil film of the droplet. The length of the spores does not allow deposition in the 

depressions and thus, most of the spores are found on the periclinal walls, bridging the 

valleys between the anticlinal walls (Figure 83a). The spores are covered by a thin film 

of oil. A close-up of a single spore of M. acerina, partly immersed in the oil film of the 

original spray droplet, is shown in Figure 83b. That part of the spore which is protruding 

above the spray deposit is still covered with oil which is wrapped around the spore body 

and is not part of the larger deposit. Figures 82 and 83a also show opened stomata in the 

vicinity of spray deposits. The tissue under some of the spray deposit has sunk in, 

producing large depressions in the surface topography. A detail of such an area is shown 

in Figure 84, twelve days after spray application, using a freeze-fracture technique. 

Collapsed cells underneath the spray deposit are clearly visible. 
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E i`gure 81. Scanning electron micrograph of spray deposits of an emulsic)n-based 

torniulatiun on the leaf" surface of V. arvensis. 
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Figure 82. Scanning electron micrograph of spray deposits of an emulsion hased 

formulation of M. acerina spores on the leaf surface of V. arvensis. 
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Figure: 83. Scanning electron micrograph of spores ()[M. acc'rinu in spray deposits on 

the Ieat 
. tiurt'ace of. V (11TOIsrs. 
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Figure 84 

6.2.11.3 
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Transmission electron microscopy 

Transmission electron micrographs of the third leaf of V. anvensis sprayed with an 

emulsion-based formulation of M. ac"ei"ina and taken immediately after a 20 hour dew 

period are shown in Figures 85 and 86. Figure 85 shows a spray deposit on the cuticle of 

the leaf. The spray applied was an oil-in-water emulsion but the deposit shown in this 

micrograph is a water-in-oil emulsion (ie an invert emulsion). The invert emulsion is in 

the process of breaking-up and the water droplets trapped in the oil are about to coalesce 

or already have coalesced. Micro- and macro-droplets of water are clearly visible in the 

emulsion. The water-in-oil emulsion has also infiltrated between the cuticle and the 
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epidermal cell wall, lifting the cuticle up in the process. The emulsion has also infiltrated 

into the epidermal cell underneath. Although micro- and macro-droplets of water are 

present in the oil under the cuticle and within the cell, there is apparently less water than 

in the deposit on the external surface. Fungal growth is present within the epidermal cell 

and the protoplasm is degenerate. Hyphae of M. acerina are also present in the 

intercellular space of the palisade layer. Oil is also present in the intercellular space, but 

here it contains very few water droplets. 

Figure 86 shows a micrograph through a stomata on leaf surface. In contrast to 

Figure 85, the leaf surface oil deposit contains very few water droplets even where it has 

infiltrated the porus. Larger, more numerous water droplets (macro-droplets) are visible 

in the substomatal cavity. No infiltration of oil or emulsion into the epidermal cells, the 

guard cells of the stomata or underneath the cuticle is observed. Fungal growth is only 

visible in the substomatal cavity. 
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Figure 85. Transmission electron micrograph of a section through the leaf of V. 

an'ensis after a 20 hour dew period and sprayed with an enmulsion-based 

formulation of M. uc"erinu spores (magnification 3400x). 
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Figure 86 

Legend 
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an emulsion-based formulation ot'M. acerina spores (magnification 5000x). 
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6.4 DISCUSSION 

Evaluation of different emulsion-based formulations after a 18 hour dew period 
demonstrated their potential for the control of V. arvensis using M. acerina spores. A 

range of oil-in-water emulsions significantly reduced the V. arvensis dry weight compared 

with the surfactant-based formulation. Total control was only found occasionally as would 

be expected with the spore concentration applied (see spore dose requirements for total kill 

in chapter 4). 

After the much shorter, but more realistic dew period of 6 hours, the above finding 

was only repeated for sesame oil. Sesame oil is one of the more expensive crop oils and 

was, therefore, not a feasible choice. Vegetable crop oils were preferred to mineral and 

paraffin oils for their environmental safety (better degradation, low toxicity) and are 

generally more cost-effective. Thus, the mineral oil Orchex 796 was not investigated 

further, even though it produced good control here and has been successfully used in 

water-in-oil emulsion (Daigle et al., 1990). Vegetable oils have been used successfully in 

different types of mycoherbicidal formulations, water-in-oil (invert) emulsions (Boyette et 

al. 1993; Womack & Burge, 1993), oil-in-water emulsions (Auld, 1993). Boyette (1994) 

exploited the self-emulsifying properties of unrefined corn oil to form a easy to prepare, 

easy to apply and inexpensive emulsion. 

Increasing surfactant concentrations by a factor of 10 did not affect the reduction 

of dry weight achieved by the surfactant-based formulation, but the emulsion-based 

formulations did show a slight response to the increase of the surfactant-emulsifier. Spores 

in Emulsion 2 caused a marginally significant decrease in dry weight compared to 

Emulsion 1. Generally, an emulsion-based formulation, containing 1% surfactant- 

emulsifier is preferred to a1% surfactant-based formulation and can also be advantageous 

compared to the an emulsion-based formulation containing only 0.1 % surfactant-emulsifier. 

Increasing of the oil content in the emulsion had no significant effect on the 

reduction of dry weight of V. arvensis, using M. acerina spores. Thus, Emulsion 1 and 

Emulsion 2 were used at a 1: 9 oil-to-water ratio in further evaluation. The use of 10% oil 
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in an emulsion might still be too high for economic commercial development as has been 

shown with the potential mycoherbicide C. orbiculare to control Xanthium spinosum 

(Bathurst burr) (Auld, personal communication). The 10% oil content was rejected as too 

expensive and a reduction to a1% oil content was requested by industry (Auld, personal 

communication). 

Emulsion 1 did not abolish the dew period requirement. However, both the 

surfactant-based and the emulsion-based formulations significantly reduced the dry weight 

of V. arvensis at spore concentrations of 104 and 105 spores ml-1 after 18 hours of dew. At 

this dew period, spores formulated in Emulsion 1 caused significantly more lesions, in 

particular at the highest spore concentration, than those formulated in Tween 40. These 

lesions did not effectively progress to result in a higher reduction in dry weight at 105 

spore concentration and there was no significant difference between the formulations in the 

dry weight results. At the lower spore concentration (104 spores ml''), however, 

formulation in Emulsion 1 gave significantly greater effects than formulation in Tween 40 

alone. This is evidence of some dose reducing function of the emulsion as was found with 

invert emulsions by Amsellen et al, 1990. If a sufficient dew period (48 hours) is given, 

lesion development was similar between the two treatments and no advantage from 

formulating in an emulsion was apparent. 

It can be concluded that, overall, formulation in the emulsion did not seem to 

significantly improve disease development compared to formulation in the surfactant- 

emulsifier, Tween 40, alone. 

The lack of total control of V. arvensis after the high dew period of 48 hours is 

most likely due to the non-adjustment of the spore dose requirement, when changing the 

spray application method. The output volume given by the Humbrol Airbrush, when 

sprayed to run-off, is around 1000 1 ha', whereas the output volume with the track sprayer 

was 10 times lower (100 1 hä 1). Thus, the spore concentration required to give reliable 

control would need to be increased from 106 to 107 spores ml-l and only occasional kill of 

the host plant would be expected from spore concentrations of 105 or 106 spores ml-1. 
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The other main difference between the application methods is that track sprayer 

application of output volumes between 100-400 1 ha-1 results in a high proportion of 
different sized, but mainly discrete droplets. In contrast, Humbrol Airbrush application, 

gives a fine spray wetting the spray target uniformly until run-off. 

Dew onset can be delayed by up to 24 hours without affecting the performance of 

the spores, regardless of wether they were formulated as oil emulsion or in surfactant only. 
This is similar to the results found in the dew period and spore dose experiments. 

Multiple dew periods, each of six hours (a realistic simulation of natural dew 

occurrence) failed to reduce V. arvensis dry weight. However, multiple 8 or 12 hour dew 

periods, totalling to 48 hours of dew, significantly reduced V. arvensis dry weight and 

were as effective as a continuous 24 hour dew period. This suggests that an emulsion- 
based formulation of M. acerina can be effective in protecting spores and germlings 
between dew period events, but the required total dew period has doubled from 24 hours 

to 48 hours in case of multiple dew periods. It remains to be determined, if this effect is 

unique to the emulsion or wether it occurs also with surfactant-based formulations (which 

were not here not tested due to restrictions in dew chamber space). As reported earlier, 

the onset of dew can be delayed up to 24 hours after spore inoculation, showing that 

spores in both formulations can survive some constraint before dew occurrence. However, 

should spores have started to germinate after one short dew event, and then be exposed 

to a prolonged (24 hour) desiccation period, they may be more vulnerable. In this 

circumstance the emulsion-based formulation may prove to be beneficial in protecting the 

germling from desiccation between dew periods. 

As often reported, the growth stage at spray application can affect the successful 

control of the target. Given sufficient dew, the emulsion-based formulation had a 

significantly greater effect on V. arvensis dry weight than the surfactant-based formulation. 

However, this effect decreased with increasing growth stage. At the suboptimal dew period 

of 18 hours, the emulsion-based formulation reduced the dry weight at the 5-6 leaf growth 

stage more than the surfactant-based formulation. There was no difference in the effects 

of the two formulations at all other growth stages. 
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Experiments regarding the placement of the inoculum demonstrated that formulation 

alone does not necessarily ensure the success of a mycoherbicide. The correct placement 

of the inoculum for maximal effectiveness is a key factor which is often linked with spray 

application technology. V. arvensis has the ability to grow from leaf axil buds in addition 

to the main growing point. Compensatory growth from these buds after death of inoculated 

tissue has been observed, resulting quite quickly in the plant regaining full vigour. This 

might explain why in some cases the emulsion-based formulation was not significantly 

different to the control. Figure 87 shows an example of successfully controlled V. arvensis 

plant three weeks after spray application with a surfactant-based spore formulation of M. 

acerina, using the track sprayer. 

Figure 87. Diseased V. arvensis plant three weeks after spray application (24 hour dew 

at 18±1.5°C). 

The plant was part of the delayed dew period experiments. Although lesion 

development, lesion coalescence and the necrosis on the leaf blade and petiole were not 

complete, the buds in the leaf axil were killed and no compensatory growth occurred. 

Unfortunately, spray application, using the track sprayer, only resulted occasionally in 

such an ideal result. This underlines the importance of ensuring that the spray application 
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places the inoculum at the appropriate location on the plant in order to guarantee control. 
Research into biological control of Galium aparine (cleavers) with Phoma exigua at Long 

Ashton Research Station has also showed the need for specific inoculum placement in 

order to achieve effective control (Greaves, personal communication). In particular, stem 
lesions were more damaging than leaf lesions which generally resulted only in leaf drop 

and then regrowth of new shoots from the leaf axils. Similarly, death of the apical 

meristem merely resulted in axillary bud outgrowth. Plant death could only be guaranteed 

if the buds in the cotyledonary axils were killed or if the stem below the cotyledons was 

girdled. Where regrowth occurred it frequently was as multiple tillers, usually more than 

produced by a healthy plant. This resulted in the plant ultimately being bigger and more 

vigorous than control plants of the same age. The only outcome of non-lethal disease was 

a three to four week retardation of growth. This might have allowed the crops to grow 

ahead of the weed and repress, to some extent, its subsequent growth. This was not 

examined, but it was certainly clear that there was no acceptable control of the weed. 
Clearly, in experiments on microbial herbicides, particular attention should be paid to site 

and severity of lesions when assessing the potential of any agent. Mere counting of lesions 

and calculation of percent leaf of plant area diseased is not a good predictor of control 

efficacy. 

The emulsion-based spore formulation of M. acerina has been demonstrated to be 

superior to the simple surfactant-based formulation, mainly when applied on the host plant 

to run-off. Research by co-workers at Long Ashton, using the same host plant-pathogen 

system, has confirmed this conclusion (Lawrie, personal communication). Here, the 

growth stage experiment was the only experiment, using track sprayer application, to 

confirm the benefits of emulsion application. The mechanisms by which emulsions might 
increase infection by the fungus include protective effects against spore desiccation or 

damage by UV-light, provision of water, prevention of evaporation of existing leaf surface 

water and local increase of the relative humidity due to the provision of an oil film cover. 

Transmission electron microscopy studies suggest that mechanisms involving water 

are probably involved. Water-in-oil emulsion has been observed on the cuticle, instead of 

the oil-in-water emulsion that was sprayed. High shear forces exerted on the emulsion as 
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it pass through the spray nozzle can invert emulsions, a phenomenon exploited in the 

manufacture of food emulsions (Greaves, personal communication). The macro- and 

micro-droplets of water found in intra- and intercellular spaces in the leaf have, so far, 

only be seen in tissues infected by fungal hyphae. Thus, one theory is that inoculum 

applied in an emulsion benefits directly from the water provided by the invert emulsion 

while it is at the same time sheltered against desiccation through the oil phase. Water 

external to the oil phase almost certainly dries out within one hour of application. Another 

possible origin of the internal water is that it derives from the cell content by diffusion and 

is than incorporated by the penetrated oil. 

Inversion of the emulsion can also enhance spray retention on the target, and thus 

spore retention, by reducing 'bouncing off' effects. 

Oil has been observed intracellular and intercellular by both TEM and the light 

microscopy studies. The oil can either actively penetrate to these locations or has been 

passively transported with the growing hyphae. Light microscopy did show oil penetration 

in the absence of the fungus which would support the first suggestion. Davies et al. (1981) 

reported direct penetration of M. acerina, pathogenic on carrots (D. carota), and 

intracellular as well as intercellular progression of fungal growth. Intracellular and 

intercellular growth were also found for this isolate. Thus, the emulsion or oil can be 

dispersed along the path of the hyphae growth in the tissue. 

The emulsion also appears to damage the leaf tissue below the droplets. This may 

provide susceptible infection points on the leaf surface, especially for wound pathogens 

such as M. acerina. Oil penetration into intra- and intercellular spaces together with the 

effect of the emulsion on the cuticle (lifting up) contribute an extra dimension to the more 

evident damage of cell collapse. Amsellen et al. (1990) suggested that the effect of 

emulsion during infection was more than just a water-controlling function. 

In conclusion, formulation of M. acerina spores in an emulsion can be advantageous, 

but further research, particularly to link formulation and spray application techniques is 

needed to provide more reliable success in control of the target in natural conditions. 
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7 GENERAL DISCUSSION AND CONCLUSION 

Experimental results have been discussed in each individual section. This general 
discussion will summarise progress and needs for future work. 

This study has identified formulation needs for the two selected model systems C. 
dematium on C. album and M. acerina on V. arvensis (Table 39). 

Table 39. Formulation requirements, for the selected model systems C. dematium on 
C. album and M. acerina on V. arvensis. 

C. dematium on C. album M. acerina on V. arvensis 

* increase of wettability on the target 

* stimulation of spore germination 
* reduction of dew period * reduction of dew period 
* reduction of spore dose 

Although each of the model systems studied has its own individual formulation 

requirements, one of the main constraints on mycoherbicide efficacy in general, the 

dependence on prolonged periods of moisture in the pre-penetration stage of its life-cycle, 

is common to both model systems. McRae & Auld (1988) reported the need for extended 
dew periods for maximum infection by C. orbiculare on Xanthium spinosum (Bathurst 

burr) and an evaporation-retarding formulation to achieve more consistent control under 
field conditions has been evaluated for this potential mycoherbicide (Auld et al., 1990). 

Despite intensive in vitro evaluation of potential adjuvants for both pathogens, 

practical evaluation of formulations has only been carried out in vivo for M. acerina due 

to loss of pathogenicity of C. dematium. 
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In vitro, spore germination of both pathogens was enhanced by a range of 

adjuvants, belonging to different functional groups. Most of them, have not been 

incorporated in the water-retarding formulation developed here, but provide an option of 

a non-toxic adjuvant range for improvement of the formulation, for example with regard 

to emulsion stability or increase in spore adhesion to the target. 

Oil-in-water emulsions showed great potential for the reduction of dew period 

requirements of M. acerina, pathogenic to V. arvensis. The required dew period was 

halved from 36 hours to 18 hours. Using the formulation developed in this thesis with a 
different host-pathogen system, Chassot (1995) reported increased disease severity in the 

absence of dew caused by Stagonospora sp. on Convolvulus arvensis (field bindweed). 

Auld (1993) also confirmed a significant improvement in disease development, using 

spores in an oil-in-water emulsion, compared to an aqueous spore suspension in the 

absence of dew. 

The spray application method seems to play an important role in the successful use 

of emulsion-based formulation. Application of the emulsion-based spore formulation of M. 

acerina as a mist spray (Humbrol airbrush), wetting the leaf surface totally, resulted, with 

sub-optimal dew, in significantly better control of V. arvensis than was obtained with a 

surfactant-based spore formulation. When sprayed from the hydraulic nozzle, to discrete, 

different sized droplets on the leaf surface, the emulsion-based formulation was only 

occasionally superior to the surfactant-based formulation. Chassot (1995) reported that 

large droplets which contained mainly six and more Stagonospora sp. spores, were linked 

to higher in vitro spore germination and to higher in vivo control of Convolvulus arvensis 

than small droplets. This suggests that the occasionally superior effects of emulsion-based 

formulation, sprayed as discrete droplets, may be linked with the occurrence of a larger 

proportion of the more beneficial larger droplets. In contrast to the surfactant-based 

formulation, where spores are unprotected after water dry-down, a certain percentage of 

spores formulated in the emulsion remain covered with oil for a considerable time (several 

days) on the leaf surface. Thus, the size of the remaining deposit of emulsion formulations 

is more important than the initial droplet size or droplet size at spraying. Egley et al. 

(1993) demonstrated, using invert emulsions, that in vivo germination of C. truncatum 

223 



spores in a range of droplet sizes is sufficient for excellent control of Sesbania exaltata 

(hemp sesbania), although decreasing in vitro germination correlated with decreasing 

droplet diameters. This highlights the need for further research into spray characteristics 

and their implications for mycoherbicide application (germination, infection and disease 

development) in order to optimise their efficacy. These results also demonstrate that the 

usual experimental procedure of spraying potential microbial herbicides to run-off may 

grossly over-estimate their potential for successful application. 

The survival of M. acerina spores without loss of pathogenicity for up to 24 hours 

before dew occurrence and in the 16 hour non-dew periods between the multiple 8 hour 

dew intervals demonstrates that the emulsion-based formulation is able to provide spore 

protection in adverse conditions. Boyette (1994) demonstrated the potential of another 

vegetable oil, unrefined corn oil, in extending survival of C. truncatum spores between 

dew periods and before dew onset to control Sesbania exaltata (hemp sesbania). 

Possible interactions between spray deposit and mycoherbicide have been studied 

for the emulsion-based formulation developed in this thesis. TEM studies through sections 

of the V. arvensis leaf after spray application of the emulsion-based formulation as a fine 

mist sprayed to run-off reveal a water-in-oil emulsion deposit (ie an inversion of the 

original emulsion) on the leaf surface. This might have resulted in a higher water retention 

than was expected from the oil-in-water emulsion, thus providing the necessary moisture 

needed for germination and infection. Also, oil as the continuous phase may provide better 

protection of the spore against desiccation. The oil can affect leaf transpiration and might 

increase humidity locally which also can result in a higher infection rate. 

The inversion of the emulsion may be a result of the shear forces exerted on it 

during passage through the Humbrol spray nozzle. However, given the variability in nozzle 

type and size, spray pressures and volume rates which are likely to be experienced in 

practical spraying operations, it is not a process that can be exploited easily and reliably. 

Also, it would not occur in spinning disc sprayer applications, which are likely to be 

popular applicators, especially in developing countries and in small holdings elsewhere. 

Alternatively, the inversion may arise from entrapment of water being lost from the plant 
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tissue. Although there is as yet no direct evidence of this so far, it is notable that only 

diseased tissues have been studied for this phenomenon so far. In all the electron 

micrographs obtained to date inverted emulsion is seen overlying tissue infected with 

fungal hyphae. This might suggest the phenomenon arises as a result of damage to the 

tissue. Overall, then, it seems that water-in-oil emulsions, as used by other workers 

(Boyette et al., 1993; Womack & Burge, 1993), may be a more promising formulation 

strategy to optimise mycoherbicidal efficacy. 

This thesis has shown that formulation can enhance mycoherbicidal efficacy, but 

also showed its limitations. The importance of inoculum placement has been highlighted 

in particular. Clearly more emphasis on other areas like spray technology are required to 

reach repeated, reliable control. Other aspects requiring attention are strain selections 

towards eg. good performance under cooler temperatures (field temperatures at times of 

application) and to ensure greater stability of the mycoherbicide during its practical life. 

Christy et al. (1993) pointed out the benefits of synergizing mycoherbicides with chemical 

herbicides. Research at the University of Florida (Charudattan, personal communication) 

is currently investigating the interactions of insect damage and my' coherbicide efficacy. All 

these factors, and many others, need to be investigated in detail before it will be possible 

to routinely isolate and develop plant pathogenic microorganisms as reliable, practical 

weed control agents that will be easily and widely accepted by crop protection 

practitioners. 
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9 APPENDIX 

* Potato-dextrose-agar (PDA) 
per litre: 

potato extract 4g 
dextrose 20 g 
agar No. 1 (Oxoid Ltd., Basingstoke, England) 15 g 

* V-8 agar 
per litre: 

agar No. 3 (Oxoid Ltd., Basingstoke, England) 20 g 
V-8 juice (filtered) 150 ml 
H2O dest. 850 ml 

* Modified Richard's solution agar I 
per litre: 

glucose 25 g 
potassium nitrate (KNO3) 10 g 
potassium hydrogen phosphate (KH2PO4) 5g 
magnesium sulphate (MgSO4.7H20) 2.5 g 
iron chloride (FeC13) 0.02 g 
agar No. 3 20 g 
V-8 juice 150 ml 
H2O dest. 850 ml 

pH 6 adjusted with 50% w/v NaOH 

(Weidemann, 1988) 
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* Modified Richard's solution agar II 
per litre: 

sucrose 50 g 
potassium nitrate (KNO3) 10 g 
potassium hydrogen phospate (KH2PO4) 5g 
magnesium sulphate (MgSO4.7H20) 2.5 g 
iron chloride (FeC13) 0.02 g 
agar No. 3 20 g 
V-8 juice 150 ml 
H2O dest. 850 ml 

pH 6 adjusted with 50% w/v NaOH 

(Daniel et al., 1973) 

* Host plant infusion medium 
per litre: 

host plant 20 g 
agar No. 3 20 g 
H2O dest. 1000 ml 

The plant material was cut into small pieces, blended for 10 minutes using a Warring 

Blender and added to the agar solution prior to autoclaving. 
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