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Abstract of a thesis submitted in fulfilment 

of the requirements for the degree of Doctor of Philosophy. 

THE POTENTIAL OF SCLEROTINIA SCLEROTIORUM AS A MYCOHERBICIDE FOR 

THE PERENNIAL PASTURE WEED RANUNCULUS ACRIS subsp. ACRIS L. 

by S. Green 

Ranunculus acris subsp. acris L. is a vigorous, perennial weed, and a serious problem in 

dairying regions of New Zealand. Evolved resistance to the phenoxy herbicides (MCP A, 

MCPB and 2,4-D) prompted the search for an alternative method of control, based on the 

mycoherbicide strategy. 

Nineteen isolates of Sclerotinia sclerotiorum and three isolates of Sclerotinia minor were 

inoculated onto excised tissues and intact plants of R. acris to evaluate their pathogenicity. 

All isolates proved pathogenic, with S. sclerotiorum more pathogenic than S. minor, on both 

excised tissues and intact plants. Seven of the S. sclerotiorum isolates were more pathogenic 

than the others on excised tissues, but no differences in pathogenicity were found between 

any of the isolates when inoculated onto intact plants. Many plants were able to recover from 

buds on the crown, the underground perennating organ of R. acris. The results from the two 

- screening tests did not correlate because the capacity of an isolate to invade the living crown 

could not be determined using the excised tissue method. This indicated that the excised 

tissue method could not be used to predict whole plant mortality, nor therefore the 

mycoherbicide potential of isolates of S. sclerotiorum for this weed. 

Aspects of the infection process in intact plants, and in the crown of R. acris, were 

investigated. The apical and axillary buds on the crown were identified as the specific targets 

for S. sclerotiorum inoculation since recovery occurred from these sites. The relative 

importance of crown resistance, and rapid rate of regrowth of R. acris, were ascertained by 

inoculating plants with and without pre-treatment with chlorsulfuron to suppress regenerative 

growth. Crown resistance prevented plant mortality, and all plants retained potentially viable 

axillary buds on remaining crown fragments. Crown resistance was identified as the key 
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factor facilitating plant recovery. 

An anatomical study of the crown of R. acris was combined with histopathological studies of 

S. sclerotiorum infection in the crown. Crown tissues varied in their susceptibility to S. 

sclerotiorum. Resistance was largely related to morphological features of the crown, these 

being a thickened, possibly suberised peripheral cortex, apparent deposition of lignin and 

suberin at the margin of infected tissue, and the resistance of the crown's dense network of 

vascular tissues. In addition, flowering stems were not rapidly invaded by the pathogen. 

Together, these non-specific defence mechanisms limited infection within the crown of 

vegetative and flowering plants, and enabled recovery of the plant from the regenerative buds. 

Factors influencing the regenerative potential of R. acris were investigated. The biomass and 

available carbohydrate status of the crown, and the regenerative potential of R. acris were 

studied at six phenological stages from pre- to post-flowering. There was no obvious period 

of reserve depletion in the crown during' flowering to provide an opportunity for control with 

S. sclerotiorum. The crown biomass and available carbohydrate status were lowest at pre

flowering, and increased during the flowering period. Crown available carbohydrate reserves 

constituted 60 % of crown dry weight at post-flowering. The regenerative potential of R. acris 

after S. sclerotiorum inoculation was generally lowest at pre-flowering, and greatest at late

flowering. The capacity of this weed for vegetative multiplication following S. sclerotiorum 

inoculation, particularly at late-flowering, was an important factor influencing regenerative 

potential, and hence plant survival. 

The effect of repeated defoliation on regenerative potential, crown biomass, crown available 

carbohydrate, and susceptibility to S. sclerotiorum, was evaluated. Six month old plants of R. 

acris maintained regrowth during repeated defoliation without depletion of crown biomass nor 

crown available carbohydrate. This indicated that these plants utilised resources other than 

carbohydrate reserves to support regrowth. In contrast, the regenerative potential of two year 

old plants of R. acris declined during repeated defoliation, and the crown biomass, and 

available carbohydrate reserves were depleted. This provided strong evidence for utilisation of 

carbohydrate reserves to support regrowth in these plants. Six month old plants which had 

been repeatedly defoliated were more susceptible to S. sclerotiorum. In all plants, repeated 

defoliation reduced the recovery response following S. sclerotiorum inoculation. 
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The results of this study have demonstrated how the perennial nature of R. acris limits the 

efficacy of S. sclerotiorum as a mycoherbicide. An effective control strategy for R. acris may 

require an integrated approach which combines defoliation followed by inoculation with S. 

sclerotiorum during the pre-flowering phase, when regenerative potential may be lowest. 

KEYWORDS: Ranunculus acris; perennial weed; Sclerotinia sclerotiorum; mycoherbicide; 

isolates; pathogenicity; screening tests; crown resistance; histopathological studies; 

regenerative potential; crown biomass; crown available carbohydrate; defoliation; integrated 

approach 
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CHAPTER 1 

INTRODUCTION 

1.1 The caSe for alternative weed control 

Weed control in the developed world has relied almost exclusively on synthetic chemical 

herbicides since the late 1940's (Watson, 1992; Orson, 1993). Chemical herbicides represent a 

large portion of total pesticide use, and accounted for 44 % of world pesticide sales in 1985 

(Hoagland, 1990). This has been reflected in weed research around the world, which, during 

the last 40 years, has been largely directed towards chemical control (Watson, 1992). 

However, lack of effective chemical control for some weeds, along with controversial issues 

associated with the prolonged use of chemical herbicides, has prompted research into new, 

alternative weed control measures. 

The environmental effects of many chemical herbicides have evoked increasing public 

criticism regarding their use. Detrimental effects on non-target organisms, as well as 

contamination of soil, ground water and food, are particularly important and sensitive issues, 

with ground water contamination very much in the forefront of discussion. Cohen (1990) 

stated that water soluble herbicides were the most common source of ground water 

contamination, and investigations in the Netherlands have identified such compounds as 

atrazine and simazine in a number of aquifers (Leistra, 1988). The use of the herbicide, 

chlorsulfuron, in cereals in the United Kingdom, caused damage to the sugar beet crop two 

years after application, where contaminated ground water moved from the water table to the 

root zone (Nicholls, 1987). In addition to problems of contamination, the long term use of 

broad spectrum herbicides has led to the development of site specific weed populations 

resistant to these chemicals (LeBaron and Gressel, 1982; Cullen and Hasan, 1988; Templeton 

and Heiny, 1989, 1990; Watson, 1992; Orson, 1993). 

Regulatory requirements for the registration of chemical pesticides are becoming 

progressively more stringent with increasing awareness of environmental and toxicological 

issues (Templeton and Heiny, 1990). As a result, the cost of development of chemical 

herbicides has increased. In addition, it has become necessary to screen many more chemical 

compounds in the search for herbicides to control new, more site specific weed targets which 



often only constitute a small market (Templeton, Smith and TeBeest, 1986). One of the key 

costs in chemical herbicide development is to achieve true selectivity against specific crops 

(Templeton et al., 1986; Templeton and Heiny, 1990). Therefore, environmentally and 

economically, the current climate in weed management is such that a more integrated 

approach is warranted, and one which utilises biological control techniques, often in 

association with cultural control methods (Templeton and Heiny, 1990; Watson, 1992). 

1.2 Biological weed control using pathogenic fungi 

2 

The use of fungi to control weeds is not a new concept. As early as 1910, trials were being 

conducted in New Zealand to assess the potential of Puccinia punctiformis (Str.) Rohl. (as P. 

hieracii) and Fusarium spp. as control agents of Cirsium arvense (L.) Scop. (Cockayne, 

1910). However, Cockayne (191O) regarded the use of fungi to control weeds as a "forlorn 

hope", to be tried only when all other methods were ineffective. Cunningham (1927) reported 

on the potential of fungi as control agents of a range of noxious weeds in New Zealand, 

including C. arvense, Cytisus scoparius (L.) Link., Ulex europaeus L., Rubus fruticosus L. 

agg., and Pteridium esculentum (L.) Kuhn. Cunningham (1927) concluded that fungi could 

not be used to control weeds with the knowledge and techniques available at that time. 

In recent years, there has been renewed interest in the use of fungi to control weeds. 

Currently, there are two major approaches to the biological control of weeds with plant 

pathogens. These are, i) the classical approach and ii) the inundative, or mycoherbicide 

approach (Templeton, TeBeest and Smith, 1979; Hasan and Ayres, 1990; Harris, 1993; Yang 

and TeBeest, 1993). 

1.3 The classical approach to weed control 

The classical approach is directed mainly towards the control of exotic weeds, which have 

spread in the introduced area in the absence of natural enemies. Control is achieved by the 

importation and release of pathogens virulent to the target weed in its native region. The 

objective of the classical approach is to re-create the natural balance in order to reduce the 

weed population, through self perpetuation and natural dispersal of the pathogen (Templeton 

et al., 1979; Cullen and Hasan, 1988; Watson, 1991). Therefore, classical control is best 

suited to weeds in undisturbed areas and rangelands, as disruption of the weed's population 

by human activity could reduce the efficacy of the biocontrol agent (Altman, Neate and 

. " .. 
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Rovira, 1990). 

The classical approach normally utilises highly host specific obligate parasites such as rusts 

(Watson and Wymore, 1990). An example of biological weed control using the classical taCtic 

was the introduction to Australia of the rust fungus Puccinia chondrillina Bubak and Syd. to 

control Chrondrilla juncea (L.), a native of Europe (Cullen and Hasan, 1988; TeBeest, 1993). 

This plant had become a problem weed species in the absence of specific pathogens after its· 

introduction to Australia. Following the release of the pathogen, a disease epidemic reduced 

numbers to one percent of the previous population, equivalent to the normal population of the 

plant in Europe (Cullen and Hasan, 1988). 

Classical biological control of weeds is a low· input approach, as the organisms require little 

maintenance after their introduction into the system (Hasan and Ayres, 1990; Harris, 1993). 

However, a disadvantage of this approach is that once the pathogen has established itself in a 

new area, it cannot be contained. Therefore, screening of the organism must be stringent as 

problems may occur should a change of specificity arise, or if the pathogen continues to 

spread to regions where it may have a deleterious effect (Hasan and Ayres, 1990). 

1.4 The mycoherbicide approach to weed control 

There is increasing interest in the mycoherbicide approach as an alternative weed biocontrol 

measure to that of classical control (Cullen and Hasan, 1988; Hasan and Ayres, 1990). 

Mycoherbicides can be defined as "plant pathogenic fungi developed and used inundatively to 

control weeds in the way that chemical herbicides are used" (Charudattan, 1991). Daniel, 

Templeton, Smith and Fox (1973) first introduced the mycoherbicide concept when 

demonstrating the destructiveness of a native pathogen, Colletotrichum gioeosporioides 

(Penz.) Sacco f. sp. aeschynomene to its weed host, Aeschynomene virginica (L.) B.S.P., 

following the application of the pathogen at extremely high inoculation dosage. Applications 

were carried out during a stage of growth when the weed was particularly vulnerable to 

infection, thereby creating an epidemic (Charudattan, 1991). 

The principle behind the mycoherbicide strategy is that a number of plant pathogens are 

associated with many weed plant species, but, owing to environmental or physiological 

constraints, their popUlation levels are not destructive (Templeton et ai., 1986; Hasan and 
i-.:·. " :. r. _~ ; -'-



Ayres, 1990). The inundative application of inoculum is timed to coincide with the most 

favourable environmental conditions and susceptible growth stage of the weed host, so that a 

disease epidemic occurs, and the weed population crashes. Applying such high doses of 

inoculum at the appropriate time overcomes the restrictions of unsuitable climate, poor 

dissemination and inadequate virulence, which act to keep the same pathogen at endemic 

levels on the host in the normal situation (Templeton et al., 1979; Templeton et al., 1986; 

Cullen and Hasan, 1988; Mukerji and Garg, 1988; Hasan and Ayres, 1990; Watson and 

Wymore, 1990; Charudattan, 1991). Once the weed problem has been removed, natural 

constraints ensure that the pathogen population returns to a low level once again (Templeton 

et al., 1986). 

The mycoherbicide approach has a number of advantages over the classical approach. The 

4 

fact that indigenous pathogens are generally used avoids the problems associated with the 

introduction of exotic organisms (Auld, 1990). The mycoherbicide approach also allows a 

certain level of control of the pathogen within defined areas (Hasan and Ayres, 1990). Control 

of agent distribution enables greater flexibility than the classical approach, thus reducing the 

likelihood of conflict of interests in areas where beneficial host species occur (Cullen and 

Hasan, 1988). In addition, it is possible to recover mycoherbicide development costs through 

retail of the pathogenic organism. 

The most suitable pathogens for mycoherbicide programmes are those fungi that are virulent, 

specific to the weed host, and genetically stable, but constrained by low inoculum levels and 

poor dissemination. This limits their frequency to an endemic level on the weed host under 

normal conditions (Templeton et aI., 1986; Hasan and Ayres, 1990; Templeton and Heiny, 

1990; Charudattan, 1991). In addition, the pathogen must have the capacity to produce 

abundant inoculum during in vitro culture (Mukerji and Garg, 1988; Hasan and Ayres, 1990; 

Charudattan, 1991). 

Templeton et al. (1979) described two ends to a scale of parasitism of host plants by fungi. 

At the upper end of the scale there occurs the highly host specific obligate pathogens which 

cause little host damage. At the lower end occur the facultative saprophytes which are non

specialised, and which have a wide host range which often includes many beneficial plants. 

Facultative saprophytes can survive on dead organic matter, and will be most damaging when 
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the host plant is under stress caused by environmental or other factors. Templeton et al. 

(1979) stated that a suitable candidate pathogen for a mycoherbicide should be high enough 

on the scale of parasitism to be specific, so presenting little risk to other host plants, but low 

enough to be lethal when applied inundatively. 

5 

Templeton and Heiny (1990) expressed concern over using pathogens in mycoherbicide 

programmes which have a host range including beneficial or economically important plants. 

However, these authors admit that although high specificity of a candidate mycoherbicide is 

environmentally desirable, such a small market for the product is an economic deterrent to 

commercial development. Cullen and Hasan (1988), Watson and Wymore (1990), Charudattan 

(1991) and Harris (1993), also emphasised the limitations of candidate pathogens with low 

virulence, extreme host specificity and which require very precise environmental conditions 

for infection. In general, it is the facultative saprophytic fungi with broader host ranges, and 

which can be mass produced on artificial media, that are being evaluated for their role in 

mycoherbicide programmes (Templeton et al., 1986; Hasan and Ayres, 1990; Watson and 

Wymore, 1990; Charudattan, 1991). These organisms have the additional advantage of being 

able to produce new virulence types to overcome variation in resistance of the host population 

(Cullen and Hasan, 1988). 

To develop a successful mycoherbicide, it is essential that a suitable organism is selected, this 

being one that is pathogenic to the weed host in the area where control is desired (Hasan and 

Ayres, 1990). Important considerations regarding the pathogen include its disease cycle, 

inoculum source and method of dispersal of infectious propagules, means of overwintering, 

and the optimum climatic requirements for disease development on the host. The latter should 

be combined with knowledge of the climatic conditions, particularly temperature and 

moisture, which occur in the region where the weed must be controlled. Knowledge of the 

host should include its popUlation dynamics, any variation in genetic resistance to the 

pathogen, and the age or physiological state which favours or suppresses disease development 

(Templeton et al., 1986; Watson and Wymore, 1990). In addition, a detailed understanding of 

the physiology and biochemistry of the host/pathogen interaction is desirable when attempting 

to artificially initiate disease on weeds. This may require an investigation of the pathogen's 

method of host penetration, and an understanding of the role of enzymes and toxins during 

the infection process. Such knowledge might be particularly important when selecting for 
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strains of increased pathogenicity (Templeton and Heiny, 1989; Hasan and Ayres, 1990). 

1.5 The potential of mycoherbicides 

Templeton et al. (1986) list the characteristics of weeds which offer the greatest potential for 

control by mycoherbicides. These include weeds infesting small, specialised areas which 

constitute too small a market for chemical herbicide development. Mycoherbicides are 

advantageous in this respect as the cost of mycoherbicide development may be considerably 

less than that of chemical herbicides (Auld, 1990; Charudattan, 1991; Harris, 1993), since less 

time is required for research and development of mycoherbicides through to registration and 

commercial use (Templeton et al., 1986). The cost of development of one of the first 

commercial mycoherbicides, Collego, was approximately US$2 M, considerably less than the 

minimum of US$30 M required·for development of a chemical herbicide (Auld, 1990). 

Mycoherbicides may be used to control weeds showing resistance to chemical herbicides. 

Although it is possible that weeds may develop resistance to the repeated application of a 

mycoherbicide, as has happened with chemical herbicides, such a problem has not yet arisen 

(Charudattan, 1991). The variable populations of pathogens used in mycoherbicide research 

means that strains with increased virulence can be selected in response to disease resistant 

weeds, if and when these occur (Charudattan, 1991). This gives mycoherbicides a 

considerable advantage over chemical herbicides. 

In addition to controlling weeds in agriculture, mycoherbicides have the potential to control 

weeds in lawns and recreational areas, rangelands, beside rights of way and in waterways. 

These are areas in which the use of chemical herbicides may be restricted for reasons of 

environmental and human safety (Templeton et al., 1979). Lastly, mycoherbicides may have a 

role to play in developing countries (Auld, 1993), where chemical herbicides are too 

expensive to use because of import costs (Templeton et at., 1986). 

1.6 Current status of mycoherbicide programmes 

Charudattan (1991) compiled a list of active mycoherbicide projects and their various stages 

of development, based on a literature survey carried out in 1989. The number of 

host/pathogen combinations being studied had risen from 36 to 109 since 1982. This indicated 

that the field of mycoherbicide research grew considerably during the 1980's. The survey 
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showed that projects were being carried out in 44 locations across 16 countries. The majority 

of targets were crop weeds, with projects divided equally between herbaceous annual and 

perennial weeds. Aquatic weeds formed the second most studied group of weeds in 1989. 

Candidate pathogens spanned 41 genera, mainly belonging to the Hyphomycetes and 

Coelomycetes classes, and tended to be fungi that are highly destructive to the host. This 

reflects the desire for high levels of control in mycoherbicide programmes (Charudattan, 

1991). 

In response to the growing interest in myco- or bioherbicides, the First International 

Workshop on Bioherbicides was held at Orange, NSW, Australia in February 1992. During 

this workshop, an International Bioherbicide Group (I.B.G.) was established to improve 

communication and cooperation among bioherbicide workers and industry, and to assist the 

transfer of technology (Auld, 1993). 

7 

Mycoherbicide projects which have reached commercial development target mainly site 

specific weeds for which chemical control is unavailable or unsatisfactory. Up until 1994, 

three mycoherbicides were commercially available in North America. In 1981, the pathogen 

Phytophthora palmivora (Butler) Butler was registered as a mycoherbicide under the name 

DeVine, for the control of Morrenia odorata (H. & A.) Lindl., a serious weed in citrus groves 

of Florida (Templeton et ai., 1986; Cullen and Hasan, 1988; Charudattan, 1991; TeBeest, 

1993). A single application of this mycoherbicide was able to reduce weed infestations by 

approximately 90 % for up to two to three years (TeBeest, 1990). In 1982, the pathogen 

Colletotrichum gloeosporioides (Penz.) Sacco f.sp. aeschynomene was registered as the 

mycoherbicide Collego. It is produced as a wettable powder formulation of dry spores for use 

against Aeschynomene virginica (L.) B.S.P., a leguminous weed of Oryza sativa (L.) and 

Glycine max (L.) Merr. in several US states, and has provided consistent levels of weed 

control of above 85 % of the population (Charudattan, 1991). It was suggested that Collego 

and DeVine could control agricultural weeds as effectively as could selective chemical 

herbicides (Templeton et aI., 1986; Yang and TeBeest, 1993). In Canada, Colletotrichum 

gloeosporioides (Penz.) Sacco f.sp. malvae was registered in 1992 as the mycoherbicide 

Biomal for the control of Malva pusilla Smith (Makowski, 1993). However, all three 

commercially developed mycoherbicides in North America, Collego, DeVine, and BioMal, 

were removed from the market in 1994 for reasons of limited market, problems with the mass 
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production of fungal propagules, and the high cost of re-registration (International 

Bioherbicide group News, 1994). 

Another species of Colletotrichum, C. gloeosporioides f.sp. cuscutae has been developed as a 

mycoherbicide against Cuscuta spp. in the People's Republic of China, under the name of 

LUBOA II (Charudattan, 1991; Auld, 1993). Other mycoherbicide projects are in the 

advanced stages of development. These include Alternaria cassiae Jurair & Khan. for the 

control of Cassia obtusifolia (L.) in the USA (Charudattan, 1991), and Chondrostereum 

purpureum (Pers. ex Fr) Pouzar against Prunus serotina Erhr. (Rosaceae) in the Netherlands 

(International Bioherbicide Group News, 1992). The latter appears to be the only one for 

which a detailed risk analysis has been done (de Jong et al., 1990). 

1.7 Constraints to mycoherbicide development 

8 

Although a substantial number of fungal pathogens have been screened for their potential as 

mycoherbicides, only seven out of a total of 109 have been developed commercially, 

according to the 1989 survey (Charudattan, 1991). This is because of certain biological, 

technological, regulatory and economic constraints to mycoherbicide development (Templeton 

and Heiny, 1989, 1990; Watson and Wymore, 1990; Charudattan, 1991), which have been 

highlighted by the recent removal from the market of Collego, De Vine and BioMal. 

Biological limitations such as low virulence and very narrow environmental requirements for 

infection, may limit the efficacy of the mycoherbicide agent (Templeton and Heiny, 1990; 

Watson and Wymore, 1990; Yang and TeBeest, 1993). Because of this, the level and rapidity 

of weed control may be less than that achieved with chemical control, against which 

mycoherbicides are often measured (Watson and Wymore, 1990). This may create problems 

with user acceptance, particularly if mycoherbicides have to compete against chemical 

herbicides for certain markets (Charudattan, 1991). Chemical control will generally result in 

higher and more immediate weed mortality, whereas the aim of the mycoherbicide approach 

is to weaken the weed, so favouring crop competition, and provide a source of secondary 

inoculum for subsequent infections (Templeton and Heiny, 1989, 1990; Watson and Wymore, 

1990; Charudattan, 1991). Yang and TeBeest (1993) identified two major epidemiological 

components which control the efficacy of mycoherbicides. These were i) "a window of 

temperature and moisture affecting the number of initial infections", and ii) "the subsequent 
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dispersal and infection of the pathogen within the target weed population". These authors 

stated that, in general, current mycoherbicide research does not address the importance of 

secondary disease development, since mycoherbicides are still being treated as chemical 

herbicides. It was suggested that epidemiological studies on biocontrol agents could allow a 
better approach towards reducing the environmental dependency of mycoherbicides, and also 

enable the selection of pathogens with a high potential for post-application disease 

development. Such studies could help improve the field effectiveness of control agents (Yang 

and TeBeest, 1993). 

Technological difficulties may arise in mycoherbicide research, associated with the mass 

production of the agent, maintenance of viability in storage, and the development of a 

commercially acceptable method of formulation and application of the product (Auld, 1993). 

The latter two are particularly important in the case of pathogens which require exact 

conditions for infection (Cullen and Hasan, 1988; Watson and Wymore, 1990). 

Regulatory constraints apply to mycoherbicides as well as to chemical herbicides. The 

formulation and application of fungal pathogens using techniques similar to those of chemical 

herbicides means that mycoherbicides are treated as pesticides, and therefore subject to 

pesticide regulations governing performance and safety standards (Charudattan, 1991). These 

regulations may be inappropriate for biocontrol in which a native organism is used. Because 

of this, the registration process for mycoherbicides is slowed down and the cost increased 

unnecessarily with regard to public protection (Harris, 1993). The small market potential of 

most mycoherbicides means that they may take approximately 10-15 years for cost recovery, 

when the majority of companies require a 4 year period (Harris, 1993). Therefore, an 

improvement in the regulatory system for mycoherbicides, and a reduction in the registration 

costs, should increase the rate of return for mycoherbicides developed to the commercial stage 

(Harris, 1993). 

The economic importance of the weed must be taken into consideration if the aim of the 

research is to develop a commercial product (TeBeest, 1990). Often, weed targets of 

mycoherbicides occupy niche markets of limited size. This presents a strong economic 

deterrent to commercial development (Templeton and Heiny, 1989, 1990; Auld, 1993) which 

is largely governed by the international chemical pesticide companies. These companies tend 



to favour chemical herbicides, with more sizeable markets and larger profit margins. 

Therefore, small companies or larger private sector industries, which are prepared to venture 

into niche markets, are likely to play an increasing role in promoting the commercial 

development of mycoherbicides (Charudattan, 1991). 

1.8 Future prospects in mycoherbicide research, 

There is much scope to reduce certain technological and economical constraints to 

mycoherbicide development, but increased cooperation is required between research and 

industry. Effort must be concentrated on improving technology in product fermentation, 

formulation, storage and application (Cullen and Hasan, 1988; Charudattan, 1991). Such 

advances could improve the efficacy of the biocontrol agent, particularly if sub-optimal 

environmental conditions occur during the desired infection period (Hasan and Ayres, 1990; 

Boyette, Quimby, Connick, Daigle and Fulgham, 1991). 

10 

There has been growing interest in the combined use of mycoherbicides and chemical 

herbicides or chemical growth regulators, in weed control (Altman et al., 1990). The principle 

behind this approach is that the chemical acts synergistically with the pathogen to reduce the 

plant's ability to resist disease and/or its capacity for rapid regrowth after infection. Thus, the 

pathogen is able to overwhelm the host. This may be a successful approach against weeds 

with a very high rate of vegetative growth (Templeton et ai., 1986; Mukerji and Garg, 1988; 

Hasan and Ayres, 1990; Charudattan, 1991). Although there may be incompatibility between 

synthetic and biological herbicides, certain pathogen/chemical combinations have been tested 

with success using chemical rates much lower than the recommended dose. For example, 

plants of Eichhornia crassipes (Mart.) Solms. were highly susceptible to the leaf spot 

pathogen Cercospora rodmanii Conway after treatment with 6.4 and 0.3 % of the 

recommended dose of 2,4-D and diquat respectively (Charudattan, 1986). Effective control of 

Echinochloa crus-galli (L.) Beauv. was achieved when combining the necrotrophic pathogen 

Cochliobolus lunatus Nelson & Haasis with a sub-lethal dosage of the herbicide, atrazine 

(Scheepens, 1987). However, with a combined approach such as this, the timing of 

application of each agent will be important (Murkerji and Garg, 1988). 

Combinations of fungi may be used as mycoherbicides (Mukerji and Garg, 1988; TeBeest, 

1993). This approach can increase the range of weed species controlled (Templeton et ai., 
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1986; Hasan and Ayres, 1990; Watson and Wymore, 1990; Charudattan, 1991). For example, 

two type species of Colletotrichum gloeosporioides were tank mixed to provide control of 

both Jussiaea decurrens (Watt.) DC. and Aeschynomene virginica (L.) (Boyette, Templeton 

and Smith, 1979). Also of interest in weed biocontrol are the reported synergisms between 

fungi (Hallett, Paul and Ayres, 1990; Hasan and Ayres, 1990). Morin, Auld and Brown 

(1993a
) tested for interactions between Puccinia xanthii Schweinitz and other facultative fungi 

on the weed Xanthium occidentale Bertol. A synergistic interaction was reported between P. 

xanthii and Colletotrichum orbiculare (Berk et Mont.) v. Arx since C. orbiculare infected 

leaves of X. occidentale via P. xanthii lesions (Morin, Auld and Brown, 1993b
). It was 

suggested that the use of C. orbiculare on P. xanthii-infected populations of X. occidentale 

may have the potential to control the weed in the field (Morin et al., 1993b
). 

There is much potential for exploiting biotechnology in mycoherbicide research, in order to 

overcome the biological deficiencies which reduce the efficacy of many candidate pathogens. 

Biotechnology can be used to improve virulence, environmental capabilities, compatibility 

with chemical pesticides, and increase the specificity of broad host-range pathogens (Cullen 

and Hasan, 1988; Templeton and Heiny, 1989; Sands, Ford and Miller, 1990; Sands, Miller 

and Ford, 1990; Charudattan, 1991). Biotechnological approaches already studied involve 

mutation, selection, and recombinant DNA technology to produce strains with preferred 

characteristics (Miller, Ford and Sands, 1989; Miller, Ford, Zidack and Sands, 1989; Sands et 

at., 1990ab
). The use of genetic engineering for strain improvement offers many possibilities 

in mycoherbicide research (Templeton et al., 1986; Templeton and Heiny, 1989; Charudattan, 

1991). However, the release of genetically modified organisms is a contentious issue, raising 

significant public concern (Templeton et al., 1986), which may limit the release of such 

organisms into the environment. 

1.9 Biology of Sclerotinia spp., the candidate pathogens in this study 

The taxonomy, biology, physiology and ecology of the genus Sclerotinia have been 

extensively reviewed (eg. Purdy, 1958; Abawi and Grogan, 1979; Adams and Ayres, 1979; 

Kohn, 1979; Lumsden, 1979; Willetts and Wong, 1980). These reviews provide considerable 

information on taxonomy and nomenclature, geographic distribution, host range, 

symptomology, histopathology and pathogenesis of Sclerotinia spp. Therefore only a brief 

outline of the above will be presented here. 



The taxonomic status of Sclerotinia spp. are outlined as follows (Hawks worth, Sutton and 

Ainsworth, 1983). 

Division 

Subdivision 

Class 

Order 

Family 

Genus 

Species 

Eumycotina 

Ascomycotina 

Discomycotina 

Heliotales 

Sclerotiniaceae 

Sclerotinia 

S. minor 

S. sclerotiorum 

S. trifoliorum 
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Sclerotinia spp. can be described as facultative necrotrophs, having septate mycelium and a 

sexual stage with ascospores borne in asci, and produced on an apothecia. These species lack 

an obvious conidial stage (Willetts and Wong, 1980). The genus Sclerotinia was first 

established by Fuckel in 1870 (Kohn, 1979; Purdy, 1979; Willetts and Wong, 1980). 

Sclerotinia sclerotiorum was first named as Peziza sclerotiorum by Libert in 1837 (Willetts 

and Wong, 1980). However, when Fuckel transferred this species to the genus Sclerotinia, the 

name was changed to Sclerotinia libertiania (Willetts and Wong, 1980). In 1884, de Bary 

changed the genus name back to the original Sclerotiorum, and this species name has been 

retained as Sclerotinia sclerotiorum (Lib.) de Bary (Kohn, 1979). Sclerotinia minor was 

described by Jagger (1920) as a small sclerotia type causing decay of Lactuca sativa (L.) 

(Purdy, 1979). Whetzel (1945) cited S. sclerotiorum (Lib.) de Bary as the type species of 

Sclerotinia and placed twelve species in the genus, including S. minor and S. trifoliorum. The 

genus was redefined by Kohn (1979) who retained just three species in the genus, 

distinguishable by sclerotial size and characteristics, host range and dimensions of ascospores 

and asci. These are S. sclerotiorum, S. minor, and S. trifoliorum. 

Sclerotinia spp. will cause disease on all parts of a very wide range of herbaceous plants, 

many of which are of significant economic importance, such as vegetable crops (Kohn, 1979; 

Willetts and Wong, 1980). Woody plants, grasses and cereals are rarely affected (Mordue and 

Holliday, 1976). Sclerotinia spp. have a world wide distribution, and although the disease is 

generally one of cool, moist conditions, fungi in this genus occur in hotter, dryer regions of 
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the world (Mordue and Holliday, 1976; Purdy, 1979). The host range of Sclerotinia 

sclerotiorum alone encompasses over 350 plant species in 60 families, including many weed 
\ 

species (Kohn, 1979; Purdy, 1979). Sclerotinia sclerotiorum has been recorded on over 100 

13 

different hosts in New Zealand (Pennycook, 1989). Sclerotinia minor has a narrower host 

range to that of S. sclerotiorum, although this also includes a range of economically important 

crop plants (Kohn, 1979; Willetts and Wong, 1980). Thus, Sclerotinia spp. are of great 

economic significance worldwide (Purdy, 1979), causing a reduction in yield and quality of 

crop plants, and post harvest damage during transport and storage (Willetts and Wong, 1980). 

The common name given to disease caused by Sclerotinia spp. is white mould (Abawi and 

Grogan, 1979) or cottony or watery soft rot (Mordue and Holliday, 1976; Willetts and Wong, 

1980) which will occur on most plant parts at any stage of plant development., The soft rot of 

tissues is followed by the development of white mycelia which aggregate externally, or in the 

pith of the diseased host to form sclerotia (Mordtie and Holliday, 1976). These are the 

primary survival structures which enable Sclerotinia spp. to survive in host plant and soil 

debris for several years. The sclerotia may germinate either myceliogenically, giving rise to 

infective hyphae, or carpogenically, to produce apothecia after a resting period in suitable 

conditions (Willetts and Wong, 1980). Sexual spores develop, and are produced in large 

numbers within apothecia. These airborne ascospores are an important means of spread of the 

fungus and will infect new tissue under cool and moist conditions (Mordue and Holliday, 

1976). 

Sclerotinia spp. infect host plants via two sources, mycelium from sclerotia, and by 

germination of ascospores (Lumsden, 1979). The success of host infection depends on the 

presence of free moisture (Abawi and Grogan, 1979) and an adequate food base (Lumsden, 

1979). Host infection is at an optimum at temperatures of 20-25 °C (Abawi and Grogan, 

1979). These pathogens produce a range of enzymes including pectinases, cellulases, 

hemicellulases and phosphatidases for chemical dissolution of host tissue (Hancock, 1966, 

1967; Lumsden, 1969, 1970). A mobile toxin, oxalic acid, is also produced (Marciano, Di 

Lenna and Magro, 1983), which works synergistically with the pectolytic enzymes to disrupt 

host cells (Maxwell and Lumsden, 1970; Noyes and Hancock, 1981; Godoy, Steadman, 

Dickman and Dam, 1990). Thus, a range of mechanisms enable the pathogen to attack and 

overwhelm the host plant rapidly (Lumsden, 1979). 
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Diseases caused by Sclerotinia spp. are difficult to control by cultural and physical methods 

because of the prolonged survival of sclerotia in the soil (Willetts and Wong, 1980; Archer, 

Mitchell and Wheeler, 1992). Breeding plant varieties for resistance is difficult because of the 

wide host range and lack of tissue specificity of Sclerotinia diseases (Willetts and Wong, 

1980). Chemical control of Sclerotinia spp. is variable (Willetts and Wong, 1980). Fungicides 

specifically active against sclerotium-producing fungi have been developed, such as 

vinc1ozolin, procymidone and iprodione (Dueck, Morrall and McKenzie, 1983). Dueck et al. 

(1983) found that the fungicides benomyl and vinclozolin effectively controlled Sclerotinia 

stem rot in Brassica nap us (L.) and B. campestris (L.) when applied at the early bloom stage. 

Peres, Allard, Penaud and Regnault (1992) used a combination of the fungicides vinclozolin 

and carbendazin to prevent early attacks of S. sclerotiorum on leaves of Helianthus annuus 

(L.). 

The economic and environmental costs associated with the use of fungicides and soil 

fumigants to control S. sclerotiorum have led to alternative disease control measures (Whipps 

and Budge, 1992). There has been increasing interest in the biological control of Sclerotinia 

spp. using antagonistic ~oil microorganisms. The hyperparasite Sporidesmium sclerotivorum 

Uecker, Ayres & Adams is able to infect and degrade sclerotia of S. minor in soil (Ayres and 

Adams, 1979; Adams, 1987, 1989) thus showing potential as a possible biocontrol agent. The 

soil mycoparasites Coniothyrium minitans Campbell, and Gliocladium virens Miller et aI, 

have also shown potential as biocontrol agents of S. sclerotiorum. Applications of spores of 

both antagonists killed over 90 % of sclerotia, and pre-planting applications to the soil 

reduced S. sclerotiorum disease on L. sativa (Whipps, Budge and McQuilken, 1993). In 

addition, field applications of C. minitans caused a 90 % loss of viability of sclerotia of S. 

sclerotiorum, and reduced numbers of apothecia by 90 % (Gedagh, van de Geijn, Verdam and 

Fokkema, 1993). 

1.10 Sclerotinia spp. as mycoherbicides 

Sclerotinia spp. can be placed at the lower end of the scale of parasitism described by 

Templeton et al. (1979). Although the broad host range of these pathogens poses a risk to 

beneficial host plants, they have certain characteristics of value in mycoherbicide 

programmes. For instance, S. sclerotiorum will attack weeds from over 40 genera, and is a 

highly lethal pathogen without fastidious environmental requirements for infection (Miller et 
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ai., 19898
). Sclerotinia sclerotiorum will grow well in culture and store without loss of 

virulence (Brosten and Sands, ·1986). In addition, the likelihood of the developrp.ent of host 

resistance is lower than that of other pathogens, because of its wide range of mechanisms for 

host attack (Lumsden, 1979). 

Sclerotinia sclerotiorum was first evaluated as a mycoherbicide for control of Cirsium arvense 

(L.) Scop. by Brosten and Sands (1986). These authors found that S. sclerotiorum caused 

death of 20-80 % of C. arvense shoots in the field, and by inference from lower stem 

densities the year after treatment, concluded that it was able to damage roots. These authors 

suggested that S. sclerotiorum had potential as a biological control agent for C. arvense, but 

that selection and genetic manipulation of the pathogen should be carried out to restrict its 

host range, and improve its potential asa mycoherbicide. 

Miller et ai. (19898b
) recognised the value of pathogens with high lethality for effective weed 

control, but which at the same time present no threat to non-target, beneficial plants. These 

authors attempted to generate environmentally safer strains of S. sclerotiorum, with reduced 

host range, means of spread, and survival capacity, using techniques of mutagenesis and 

selection. Ascospores of S. sclerotiorum were exposed to ultraviolet light. This produced an 

isolate, pathogenic to eight host species, but which failed to develop sclerotia on media or 

other inoculated plants. This rendered the isolate unable to spread by the production of 

ascospores, and incapable of overwintering (Miller et ai., 19898
). Using the same technique of 

irradiation, Miller et ai. (1989b
) produced an auxotrophic mutant isolate which would not 

grow on minimal agar without the addition of cytosine. More importantly, this isolate could 

only develop on the host plant when an exogenous source of cytosine was applied with the 

inoculum. Thus, Miller et ai. (1989b
) were able to develop a strain of the pathogen which 

could be "contained" to the area of application only, thereby creating a relatively host specific 

biocontrol candidate (Sands et ai., 1990b
). 

Riddle, Burpee and Boland (1991) suggested that the mutant strains developed by Miller et ai. 

(1989ab
) greatly improved the potential of Sclerotinia spp. as selective, post emergence 

mycoherbicides for the control of Taraxacum officinaie Weber in Wiggers in turfgrass. These 

authors evaluated the potential of S. sclerotiorum and S. minor for biocontrol of T. officinaie, 

after restrictions were imposed on the use of the herbicide 2,4-D in recreational areas in 
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North America. Applications of an isolate of S. sclerotiorum were found to reduce the 

numbers of T. officinale plants in a turfgrass sward by 80.7 % (Riddle et al., 1991). These 

authors suggested that the pathogen could also be used against other broadleaved weeds in 

turfgrass. 
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In the first experimental use of a mycoherbicide in New Zealand, Bourdot, Harvey, Hurrell 

and Alexander (1993) tested the potential of S. sclerotiorum for control of C. arvense. These 

authors found that field applications of S. sclerotiorum to the foliage of C. arvense resulted in 

death of a high proportion of shoots in the year of application, re-infection of the new shoots 

produced from axillary buds on the underground stems, and a reduction in the regenerative 

capacity of the root system in the year following the treatment. It was found that plants in the 

treated plots had 70 % reduction in the biomass of the roots by the autumn after the 

treatment. Sclerotinia sclerotiorum did not spread from treated to untreated plots, and results 

indicated that when S. sclerotiorum is used as a mycoherbicide in pasture, subsequent 

pathogen carry-over and spread are minimal (Harvey, Waipara and Bourdot, 1993). Figure 1.1 

illustrates the risk potential of applying S. sclerotiorum to pasture. Auxotrophic strains 

developed by Miller et al. (1989ab
) were tested for efficacy against C. arvense in New 

Zealand, but found to be substantially less virulent than wild types from both New Zealand 

and the United States (Harvey pers. comm.). 
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Figure 1.1: The risk potential of applying S. sclerotiorum to pasture (Harvey, unpublished). 
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1.11 Biology of Ranunculus acris L., a herbaceous perennial weed 

Ranuncuius acris subsp. acris L, is in the family Ranuncuiaceae which encompasses 48 

genera and some 1300 species, many of which are acrid and poisonous due to the presence of 

alkaloids in their tissues (Clapham, Tutin and Moore, 1987). In New Zealand this plant is . 

commonly known as giant buttercup (Garnock-Jones, 1981). It is a perennial herb with 

fibrous roots, an erect or creeping rhizome or stock (termed "crown" in the present study) and 

a branched, hairy stem which is hollow and 15-100 cm in length. Flowers are yellow chrome. 

The leaf lamina is palmate with 2-7 lobes, each lobe divided into three toothed stalkless 

segments. The petioles are variable in length, depending on competition, and are glabrous to 

densely hairy (Harper, 1957; Clapham et ai., 1987). Ranuncuius acris is native to Eurasia 

where it has a wide distribution. It was introduced to North America, South Africa and New 

Zealand, establishing itself best under conditions of high rainfall (Clapham et ai., 1987; 

Grime, Hodgson and Hunt, 1988). Ranuncuius acris is distributed throughout most of New 

Zealand (Garnock-Jones, 1981), although dominating in the higher rainfall areas on the west 

side of both of the North ~md South Islands. 

Ranuncuius acris was described by Harper and Sagar (1953) as a weed generally inhabiting 

grazed or mown grassland communities. The weed status of R. acris is due to a number of 

characteristics. It is persistent and vigorous with an extremely high capacity for seeding. One 

plant can produce 4000-5000 seeds per year (Tuckett, 1961). In addition, R. acris can undergo 

vegetative reproduction through branching of its crown, and separation of the new plantlets 

(Grime et ai., 1988). It is able to compete successfully with other pasture species for light, 

nutrients and water (Grime et ai., 1988), with this competitive ability enhanced by the height 

of its flowering stem (Harper, 1957). The life expectancy of individual plants may be up to 

four years (Sarukhan and Harper, 1973). The tissues of R. acris contain a glycoside, 

ranunculin, which release protoanemonin when crushed, an acrid tasting vesicant known to 

cause discomfort on chewing, and possibly damage to the digestive system (Harper and Sagar, 

1953). Ingestion of R. acris by cattle caused blistering of the tongue and lips (Shearer, 1938; 

Hill and Van Heyningen, 1951). Protoanemonin has also been shown to be phytotoxic and 

actively antibiotic to both bacteria and fungi (Holden, Seegal and Baer, 1947; Martin, San 

Roman and Dominguez, 1990). Therefore, R. acris is highly unpalatable to cattle, which tend 

to avoid it as well as vegetation closely associated with it. As a result, there is much wastage 

in infested pastures because of site specific, preferential grazing. Pastures are vulnerable to 
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the spread of R. acris under heavy grazing (Harper and Sagar, 1953; Harper, 1957). 

Ranunculus acris has become an important weed in the major dairying regions of New 

Zealand. In the North Island these areas include Taranaki, Waikato, South Hawkes Bay, 

Northern Wairapa and Horowhenua, and in the South Island, the Takaka valley (see Appendix 

I, Plate v) (Tuckett, 1961). Since the late 1940's, the phenoxy herbicides' MCPA and MCPB 

have been applied regularly to many infested dairy pastures for control of R. acris, since other 

herbicides such as 2,4,5-T and 2,4-D gave poor control (Tuckett, 1961). However, 

increasingly poor control with MCP A and MCPB has been reported in R. acris populations in 

the Takaka region (Bourdot and Hurrell, 1988; Bourdot, Hurrell and Saville, 1990). Bourdot 

et al. (1990) found a correlation between the LD50 values for MCPA applications and 

historical exposure of the populations to MCPA, thus providing considerable evidence for the 

development of R. acris populations resistant to these herbicides. Therefore, it is apparent that 

the long term use of these chemical herbicides has led to site specific, resistant populations of 

this weed. In addition to resistance, other factors have been identified which reduce the 

efficacy of herbicides for control of R. acris in Takaka valley dairy pastures (Brown, 1993). 

These are; a protracted seed germination period, vegetative reproduction during flowering, and 

the fact that the optimum spraying period coincides with early-spring calving (Brown, 1993). 

Approximately 3000 ha of dairy pasture are thought to be infested with R. acris in the Takaka 

valley (Bourdot pers. comm.), with some pastures reported to be as much as 60 % infested 

(Bourdot and Hurrell, 1990). Popay, Barlow and Bourdot (1989) used a simulation model to 

calculate the economic effects of R. acris infestations in New Zealand dairy pastures. 

Assuming a maximum yearly cover of 38 % R. acris in the absence of any control strategy, 

these authors estimated that the annual cost of R. acris was NZ$676 ha-1
• It was 

recommended that treatment with MCPA be carried out less frequently to reduce the selection 

pressure for resistance (Popay et al., 1989). 

There is potential for the development and use of mycoherbicides against some New Zealand 

weeds which cannot be controlled by other methods (Johnston, 1990a
; Popay and Cheah, 

1990), particularly since the New Zealand herbicide market is too small on a world scale for 

the economical development of new chemical herbicides (Popay and Cheah, 1990). 

Ranunculus acris has a number of the characteristics suggested by Templeton et al. (1986) 

, . 
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and Popay and Cheah (1990) which make it a suitable candidate weed for a mycoherbicide. It 

infests highly productive land, and causes obvious loss of production, but only in a small, 

specialised area. The impact of R. acris in New Zealand, relative to the importance of other 

weed species (Syrett, 1988), is low. Therefore, the development of a new chemical herbicide 

for R. acris is not an economically viable option. Importantly, R. acris has developed 

resistance to the only reliable form of chemical control. For these reasons, economical 

development and use of a mycoherbicide for R. acris may be feasible. 

1.12 The implications of targeting a perennial weed 

The perennial nature of R. acris is an important factor which must be considered when 

evaluating a potential mycoherbicide. Although approximately half of all mycoherbicide 

programmes in 1989 were directed at controlling perennial weeds (Charudattan, 1991), most 

of the mycoherbicides which have been developed to the commercial stage target annual 

weeds. The majority of mycoherbicide candidates are foliar pathogens which inflict disease on 

leaves and stems of the target weed, since 'these pathogens are more easily applied, and tend 

to have a narrower host range than root invading fungi (Hasan and Ayres, 1990). Thus, 

mycoherbicides may be less efficacious on perennial weeds than on annual weeds, because of 

regrowth from protected reserve tissues, and their capacity for asexual propagation (Forsyth 

and Watson, 1985; Charudattan, 1988; Templeton and Heiny, 1990). For instance, Huber

Meinicke, Defago and Sedlar (1989) found that the greatest problem with the perennial weed 

Rumex obtusifolius (L.) was its ability to regrow rapidly from the rhizome after leaf damage 

caused by the potential mycoherbicide Ramularia rubella (Bon.) Nannf. These authors 

suggested that other stress factors may be necessary to control R. obtusifolius in the field. 

The most efficacious pathogens for control of perennial weeds may be those which attack 

underground structures of plants. A pathogen such as S. sclerotiorum, which will attack most 

plant parts, may be of value as a mycoherbicide for a perennial weed such as R. acris, 

particularly since this pathogen infected the root system of C. arvense and prevented regrowth 

(Brosten and Sands, 1986; Bourdot et ai., 1993). In addition to invasion of the underground 

organ, the capacity of the candidate pathogen for secondary infection of the plant's 

regenerative growth may be an important factor determining its efficacy on a perennial weed. 
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1.13 Overall objectives of the study 

The aim of this study was to evaluate the potential for control of R. acris using S. 

sclerotiorum as a mycoherbicide, with a focus on the perennial nature of the weed, and the 

extent to which this may influence successful control. Since S. sclerotiorum has never 

officially been recorded on R. acris in the literature (Harvey pers. comm.), this study has 

dealt with an entirely new host/pathogen complex. 

Sclerotinia spp. were selected as candidate pathogens after extensive evaluation of field 

populations of R. acris in Golden Bay and Canterbury, New Zealand (Green, unpublished 

data). A number of fungi were isolated and identified. These were i) both the anamorph and 

teleomorph of a species of Gnomonia (identified by the International Mycological Institute), 

ii) Alternaria spp., iii) Fusarium spp., iv) Septoria spp., v) Phoma spp., and vi) S. 

sclerotiorum. Sclerotinia sclerotiorum was selected as the candidate pathogen because of its 

greater pathogenicity in preliminary tests. Another species in the genus, S.minor, was also 

selected for study. 
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The initial stage of a mycoherbicide programme requires the selection of isolates of the 

candidate pathogen most effective against the target weed. In Chapter 2, the pathogenicity of 

isolates of S. sclerotiorum and S. minor on both excised tissues and intact plants of R. acris 

are reported. One objective was to compare these two screening methods and determine the 

extent of correlation. In particular, the efficacy of the excised tissue method for screening 

candidate pathogens on perennial weeds is considered in relation to performance against intact 

plants. 

An understanding of the infection process in the weed host is an essential part of a 

mycoherbicide programme. For a perennial weed such as R. acris, the degree of infection of 

its underground organ, the crown, may strongly influence the effectiveness of control. The 

role of the crown of R. acris as the major target for S. sclerotiorum is assessed in Chapter 3. 

A histopathological study of crown infection was undertaken with the objective of 

determining the morphological basis of crown resistance, and possible survival of the 

regenerative buds. 

The regrowth capacity of perennial weeds may be influenced by the biomass and available 
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carbohydrate status of their reserve organs. In Chapter 4, the crown biomass, crown available 

carbohydrate status, and regenerative potential of R. acris at various phenological stages was 

detennined. The effect of defoliation on R. acris was also assessed. Appropriate timing of S. 

sclerotiorum inoculation of R. acris, and the possible use of a combined control strategy are 

considered. The overall objective was to determine whether manipulation of biological 

characteristics could influence the efficacy of S. sclerotiorum. Such manipulations could fonn 

the basis for detennining optimum application times in relation to plant growth and 

development characteristics. 

In the general discussion of the thesis findings (Chapter 5), the implications for control of R. 

acris with S. sclerotiorum are considered, both in tenns of what has been detennined about 

the species interaction, and the practical possibilities for the development of a mycoherbicide 

approach for the control of R. acris using S. sclerotiorum. Suggestions for future research are 

discussed. 
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CHAPTER 2 

THE PATHOGENICITY OF ISOLATES OF SCLEROTINIA SCLEROTIORUM 

AND SCLEROTINIA MINOR ON EXCISED TISSUES AND INTACT PLANTS· 

2.1 INTRODUCTION 
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The initial stage in any mycoherbicide research programme involves the collection, and 

evaluation for pathogenicity, of isolates most effective on the target weed (Mukerji and Garg, 

1988; Hasan and Ayres, 1990). This requires the collection of isolates from a variety of 

diseased host plants, including the target weed, and from geographically dispersed locations. 

This provides isolates with a wide genetic base from which to screen and select the most 

pathogenic. Pathogenicity is evaluated by comparing rates of disease progression on 

inoculated target weeds under uniform conditions (see Riddle et al., 1991). 

Sclerotinia spp. host plants have been inoculated to screen cultivars of crop plants for 

resistance to one or more isolates of the pathogen (Price and Colhoun, 1975; Hunter, 1981; 

Phipps, 1982; Cline, 1983; Boland and Hall, 1986). However, greenhouse tests of intact plants 

require much time, space and labour. Thus Chun, Kao and Lockwood (1987) devised a more 

rapid method for resistance tests, which involved the inoculation of excised stems of Glycine 

max (L.) Merr. Pathogenicity was quantified by measuring individual lesion length (Chun et 

al., 1987). Nelson, Helms and Kural (1991) used the excised stem method as devised by 

Chun et al. (1987) to screen G. max cultivars for resistance to ten isolates of S. sclerotiorum. 

Miklas, Grafton and Nelson (1992) found that excised stems could be used as a rapid method 

for screening cultivars of Phaseolus vulgaris (L.) for resistance to S. sclerotiorum. 

The excised tissue technique has potential for use in mycoherbicide programmes. Riddleet al. 

(1991) used excised leaves to test the pathogenicity of isolates of S. sclerotiorum and S. 

minor Jagger on the turfgrass weed, Taraxacum officinale Weber in Wiggers. They reported 

significant correlations between pathogenicity on detached leaves of T. officinale, reductions 

in plant dry weights during glasshouse tests, and the reduction in plant numbers during field 

tests. The results indicated that excised tissues can be used to rank isolates according to 

pathogenicity, and that these results may provide a reliable indication of the response of an 
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intact plant of T. officinale to infection by Sclerotinia spp. The experiments reported in this 

chapter were carried out with the following aims: 

1. To report the pathogenicity of isolates of S. sclerotiorum and S. minor on both excised 

tissues and intact plants of R. acris. 

2. To determine the efficacy of these screening methods for this weed/pathogen complex. 

In addition, studies carried out to evaluate factors influencing the potential pathogenicity of 

inoculum during in vitro screening are reported (Appendix III). 

2.2 METHODS 

2.2.1 Collection and maintenance of isolates and stock plants 
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Nineteen isolates of S. sclerotiorum and three isolates of S. minor were collected from 

locations around New Zealand (Table 2.1). Sclerotia and diseased tissue from infected host 

plants were surface sterilised in 0.1 % sodium hypochlorite solution and small pieces were 

plated onto 1 % water agar in Petri dishes: These were incubated at 25°C with a 12 h 

photoperiod of near-ultra violet (NUV) and daylight-fluorescent light. After 2-3 days, hyphal 

tips were transferred from the growing margin of colonies onto malt extract agar (MEA, 

Oxoid TM). Cultures were maintained on MEA slopes at 4°C, or as mycelium in sterile 

distilled water as described by Boesewinkel (1976). 

Stock plants of R. acris were grown from seed in a glasshouse. Seeds from the Takaka 

"Silcock" population resistant to phenoxy herbicides (Bourdot et ai., 1990) were germinated 

in plastic trays containing moist vermiculite, and transferred to 125 mm diameter plastic pots 

(one plant per pot) containing a peatlbark potting mix with 8-9 month release Osmocote 

fertilizer containing NPK (16-3.5-10). 

2.2.2 Experiment 1: Excised tissue tests 

Tissues were excised from the youngest fully expanded shoots of sixteen week old R. acris 

plants grown as described in section 2.2.1. Leaves with attached petiole length (20-30 mm), 

and 80 mm long sections of petioles and flowering stems were excised and placed on damp 

blotting paper in 350 mm x 300 mm x 25 mm plastic trays. Basal cut ends of flowering stems 

and petioles were inoculated as described below while moist cotton wool was wrapped around 

the distal cut ends and around the 20-30 mm length of petiole which remained at the base of 
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each leaf. 

Inoculum consisted of nineteen isolates of S. sclerotiorum and three of S. minor (Table 2.1) 

grown as colonies on MEA for five days at 25 DC with a 12 h photoperiod of NUV and 

daylight-fluorescent light. Tissues were misted with sterile distilled water within ten minutes 

of excision, then inoculated with disks of mycelial-infested MEA cut from the outer 1-2 cm 

of each colony with a 6 mm diameter cork borer. The mycelial side was applied to the cut 

basal ends of flowering stem and petiole sections and to the upper surface of the mid vein of 

the central leaflet, 35 mm from its tip. A disk of MEA medium without mycelium served as 

the control. The inoculated tissues were placed immediately inside pre-moistened plastic bags 

and stored in a refrigerator at 4 DC until all treatments were ready for incubation. The 

inoculated tissues were incubated on three layers in a growth chamber at 20 ± 2DC with 12 h 

of daylight-fluorescent light at a photon flux density of 221 ~ m-2 sec-I, and misted daily 

with sterile distilled water. 

Lesion length was measured 72 h after inoculation. On flowering stems and petioles this was 

taken as the distance from the site of inoculation to the farthest macroscopically visible extent 

of the lesion. Lesion length on the leaves was taken as the distance between the farthest 

macroscopically visible extent of the lesion along the mid vein either side of the inoculum 

disk. 

Each treatment consisted of one isolate inoculated onto four excised leaves, stems and 

petioles of R. acris. These were arranged together within a single tray which had been divided 

into three sections for tissue type. Each isolate except S 17 was replicated twice in an 

incomplete randomised block design of four blocks. Isolate S 17 was replicated six times and 

served as a standard among the four blocks. Isolate S 17 was selected as the standard as it was 

consistently highly pathogenic against Cirsium arvense (L.) Scop. during glasshouse and field 

tests (Harvey, pers. comm.). Controls were also included in each block to check technique, 

but were not used in the analysis of results. 

A regression model was used to estimate the effect of block, layer (within growth chamber), 

block x layer and isolate on lesion length data, and the significance of isolate treatment after 

the removal of block x layer effects. Regression coefficients were used to calculate predicted 
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values for mean lesion length (mm) produced by each isolate on each tissue type. The 

standard errors were also calculated for each predicted value. The difference between each 

isolate's score and the standard's (S17) score was calculated and tested for significance. The 

analysis was repeated combining data for all three tissue types to give each isolate an overall 

measurement of pathogenicity. 

2.2.3 Experiment 2: Intact plant tests 

The same nineteen isolates of S. sclerotiorum and three of S. minor were evaluated on whole 

plants. One cm2 blocks of inoculum from the margin of three day old colonies (grown on 

MEA at 25 DC with a 12 h photoperiod of NUV and daylight-fluorescent light) were mixed 

thoroughly with sterile kibbled (cracked) wheat in boiling tubes. These were incubated at 22 

DC in the dark for three days which allowed thorough colonisation by the fungus without 

sclerotia forming, as sclerotial mycelium has been associated with reduced pathogenicity 

(Appendix Ill). Control treatments were prepared by incubating boiling tubes containing 

sterile kibbled wheat. 

Two experiments (2a and 2b) were carried out on ten week old R. acris plants, grown as 

described in section 2.2.1. Plants were at the vegetative rosette stage (Appendix I, Plate i). 

Fresh inoculum of each isolate was sorted into pieces of approximately 2-3 mm in length and 

placed on the upper surface of petioles at the juncture with the crown of the plant, just above 

ground level. In Experiment 2a, plants were inoculated at the base of every petiole to achieve 

a high inoculum concentration. In Experiment 2b, the bases of only three petioles per plant 

(the emerging leaf, the mid-fully expanded leaf and the oldest expanded leaf) were inoculated 

to achieve a low inoculum concentration. 

All plants were misted with water before and immediately after inoculation, and incubated at 

17-20 DC for the duration of the experiment under a glasshouse misting unit which maintained 

almost constant leaf wetness. The glasshouse had supplementary lighting for 12 h day-I 

(supplied by 6 x 400 W bulbs spaced at 1 m intervals), with daylength extended to 16 h day-I. 

The experiment was carried out in May/June 1992. 

Disease was assessed daily for seven days after inoculation (DAI) , and then every 2-3 days 

until 14 DAI, using the disease severity index described below. 



o = No disease 

1 = Brown, water-soaked lesion on petiole base immediately surrounding site of 

inoculation. 

2 = Lesion completely encircling inoculated petiole bases, accompanied by loss of 

rigidity with lesion beginning to spread along petioles. Leaf laminae still fully turgid 

and symptomless. 
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3 = As in 2 plus necrosis and loss of rigidity of all petiole bases and some necrosis of 

basal leaf laminae. 

4 = As in 3 plus necrosis/chlorosis on less than 50% of leaf laminae. 

5 = Severe necrosis/chlorosis on 75% or more of leaf laminae. 

6 = All plant tissues withered and collapsed with all tissue completely or almost 

completely necrotic/chlorotic. Crown still potentially viable. 

7 = Plant dead. 

At 28 DAI, regeneration was recorded by counting the number of healthy leaves per plant. 

Plants were dissected to determine the presence of any remaining crown tissue. 

The experimental design was a randomised block with five replicates of 22 isolates arranged 

on the glasshouse bench under the misting unit. A total of ten plants were inoculated with 

sterile wheat as control treatments. Experimental units were re-randomised within blocks 

every 2-3 days for the first 14 DAI and then at 21 DAI to minimise variation in misting. 

The mean disease index scores up to 14 DAI and the number of regenerative leaves per plant 

within each treatment 28 DAI were analysed by analysis of variance and least significant 

contrast. The combined mean lesion length data from excised tissue tests were regressed 

against plant mortality in Experiment 2b to determine if plant mortality could be predicted 

from lesion length on excised tissues. 

2.3 RESULTS 

2.3.1 Experiment 1: Excised tissue tests 

All isolates were pathogenic on all excised tissues (Table 2.2). Seven isolates of S. 

sclerotiorum (S6, S19, S13, S12, SI, S18, S9) were not different (P<0.05) to S17 and were 
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considered to be highly pathogenic. All other isolates, including all S. minor isolates, were 

ranked as weakly pathogenic relative to S 17 (P<O.05). Mean lesion length data are presented 

in Appendix IT. 

2.3.2 Experiment 2: Intact plant tests 

All isolates were pathogenic on all plants inoculated (Table 2.3). The first visible symptoms 

appeared 24-48 h after inoculation as brown, water-soaked lesions on petiole bases 

immediately surrounding the site of inoculation. These lesions developed further along the 

petiole and completely encircled the petiole base. At this stage (2-4 DAI), infected petioles 

lost rigidity. The youngest leaves at the plant apex appeared to be susceptible to disease, 

collapsing rapidly after the appearance of brown, necrotic regions along the petioles and leaf 

laminae. Older leaf laminae generally retained their green, turgid appearance for up to 2-3 

days after necrosis of the petiole base, since the vascular tissues remained intact. Often, 

petiole tissue was completely rotted, exposing intact vascular strands. Symptoms on older leaf 

laminae normally appeared by 4-5 DAI as 'small, dark brown necrotic regions particularly 

along leaf laminae margins and along main leaf veins. These began to enlarge and coalesce, 

accompanied by loss of leaf turgor and symptoms of chlorosis. By 14 DAI, many plants 

appeared to be dead, exhibiting complete necrosis of all aerial tissues. 

When all petioles were inoculated (Experiment 2a), only isolates S2 and S12 differed 

(P<O.05) from each other, and when three petioles were inoculated (Experiment 2b), only 

isolates S5 and S9 differed (P<0.05) from each other (Table 2.3). There were no differences 

between S. minor isolates in either experiment. The overall mean disease severity for S. 

sclerotiorum was greater (P<0.05) than that for S. minor at both inoculum levels. Some plants 

at 14 DAI still retained viable crown fragments, indicating that recovery was possible and 

both experiments were left for a further two weeks to evaluate this. Recovery in such plants 

began between 14 and 28 DAI, with new leaves growing from the apex (if intact), and also 

from shoots which developed from axillary buds on surviving crown fragments. Dissection of 

non-recovering plants at 28 DAI revealed that all had complete necrosis of the crown and 

were therefore considered to be dead. 

No mortality occurred in any S. minor treated plants 28 days post-inoculation. Inoculation of 

every petiole with S. sclerotiorum caused 100 % plant mortality in all except four isolates 



(S8, S1O, SI1, S17) 28 OAI, but when three petioles per plant were inoculated, one to four 

plants out of the five treated with each S. sclerotiorum isolate, regenerated. 

The mean number of regenerative leaves 28 OAI was greater (P>O.05) in plants inoculated 

with S. minor isolates than those inoculated with S. sclerotiorum isolates at both inoculum 

levels (Experiments 2a and 2b) (Table 2.3). There was no difference in the mean number of 

regenerative leaves 28 OAI between isolates within each species. There was no correlation 

between the predicted mean lesion lengths in the excised tissue test, and plant mortality 

during Experiment 2b (Fig. 2.1). 
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Table 2.1: Origin of isolates of S. minor (M) and S. sclerotiorum (S). All isolates except S 17 
were collected in New Zealand. Isolates S11, S12, S13, SIS, S17, S18 and S19 were obtained 
as fresh mycelial cultures supplied by one of us (ICH). Isolates S1O, S14 and M3 were 
obtained as freeze dried sclerotia from DSIR Mount Albert Research Centre, Auckland. All 
other isolates were collected from diseased host material from the field. 

Isolate Host Location Date of 
collection 

Ml Lettuce (Lactuca sativa L.) Canterbury Jan. '92 

M2 French bean (Phaseolus vulgaris L.) " " " " 

M3 Lettuce (Lactuca sativa L.) unknown May'70 

SI Scotch thistle (Cirsium vulgare (Savi) Ten.) Southland Jan. '92 

S2 Oilseed rape (Brassica nap us L.) 11 11 11 11 

S3 French bean (Phaseolus vulgaris L.) Canterbury 11 11 

S4 Cabbage (Brassica oleracea L.) 11 " 11 11 

S5 Cucumber (Cucumis sativus L.) 11 11 " 11 

S6 Garlic (Allium sativum L.) " " 11 " 

S7 Pea (Pisum sativum L.) 11 11 " " 

S8 Giant buttercup (Ranunculus acris L.) Golden bay Nov. '91 

S9 " 11 Canterbury Jan. '92 

S10 Runner bean (Phaseolus coccineus L.) Pukeatea March '91 

S11 Calif. thistle (Cirsium arvense (L.) Scop.) Canterbury Dec. '90 

S12 Kiwifruit (Actinidia deliciosa A. Chev.) Motueka '91 

S13 Squash (Cucurbita moschata Duch. ex Poir.) unknown unknown 

S14 Kiwifruit (Actinidia deliciosa A. Chev.) " 11 June '87 

SIS " 11 Bay of Plenty Jan. '91 

S16 Chicory (Cichorium intybus L.) Canterbury Feb. '92 

S17 Spotted knapweed (Centaurea maculosa Lam.) Montana (USA) unknown 

S18 Kiwifruit (Actinidia deliciosa A. Chev.) Motueka '91 

S19 unknown unknown unknown 

.~ .. ~ ' .. --- .. :~~.:~.;.::. 
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Table 2.2: Difference between S 17 and other isolates in predicted mean lesion length (mm) 
on excised leaves (L), stems (S) and petioles (P) of R. acris 72 h after inoculation with S. 

",' . . . ~ -. -
"--,.- '--'~-----.' .. "--". -.-.. '. -.~~'-

sclerotiorum (S) and S. minor (M). Actual lesion lengths for S 17 given in parenthesis. ~-~~~~~:7~·~~:~.~:~·:t~~:: 

Isolate Leaves Stems Petioles Total L,S+P 

(SI7) (56) (71) (75) (202) 

S6 -10 +20 -1 +8 

S19 -6 -:1-2 -4 -8 

S13 -14 -1 +3 -11 

S12 -9 +3 -20 -26 

Sl -18 -8 -9 -35 

S18 -17 -10 -13 -40 

S9 -25 -6 -17 -48 

M2 -10 -17 -24 -50* 

S2 -34 -12 -16 -62* 

M1 -30 -8 -27 -65* 

S8 -33 -21 -18 -71 * 

S5 -24 -32 -18 -74* 

S15 -36 -17 -26 -79* 

S7 -45 -28 -18 -91 * 

S16 -43 -21 -30 -94* 

S3 -62 -17 -17 -95* 

Sll -40 -29 -34 -103* 

S4 -39 -33 -35 -108* 

M3 -34 -37 -36 -108* 

S14 -57 -40 -24 -121 * 

S10 -52 -43 -44 -139* 

LSD 5% 52 27 24 69 

* = Significantly different from standard S 17 at P<0.05 



Table 2.3: Disease severity up to 14 DAI, and number of regenerative leaves 28 DAI of R. 
acris inoculated with isolates of S. sclerotiorum (S) and S. minor (M). 

Isolate 

SI 

S2 

S3 

S4 

S5 

S6 

S7 
S8 

S9 
SlO 

Sll 

S12 

S13 

S14 

SIS 

S16 

S17 

S18 

S19 
Mean 

Ml 

M2 

M3 

Mean 

Disease severity No. of regenerative 
leaves/plant 

No. of petioles inoculated 

Threeb AlIa Threeb 

4.1 

3.7 

3.9 

4.1 

3.9 

4.3 

4.3 

3.8 

4.2 

4.2 

4.1 

4.4 

4.3 

4.3 

4.1 

4.0 

4.1 

4.0 

4.3 

4.1 

3.2 

3.8 

3.3 

3.4 

3.0 

3.1 

3.2 

3.0 

3.7 

3.4 

3.2 

3.4 

2.9 

3.0 

3.4 

3.4 

3.3 

3.3 

3.4 

3.2 

3.2 

3.0 

3.2 

2.2 

2.8 

2.2 

2.4 

(0) 

(0) 

(0) 

(0) 

(0) 

(0) 

(0) 

0.6 

(0) 

0.8 

0.8 

(0) 

(0) 

(0) 

(0) 

(0) 

2.6 

(0) 

(0) 

(0.2) 

3.4 

2.8 

4.4 

3.5 

0.8 

0.8 

1.4 

2.4 

0.4 

1.0 

1.2 

2.4 

0.4 

2.2 

1.4 

0.4 

0.2 

0.6 

0.8 

2.2 

0.6 

1.4 

1.1 

4.6 

4.4 

4.5 

4.5 

LSD (P<0.05) 0.6 0.6 2.6 2.2 

Sig. of Means 0.3 0.2 1.1 1.0 
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(P<0.05) 
Note: Isolates with zero means have been omItted from the statIstIcal analysIs. The LSD for 
comparing the means of the nineteen S. sclerotiorum isolates with the three S. minor isolates 
has been calculated using the LSD from this analysis, so is, if anything, an overestimate. 

Before Experiment 2b, isolate S 11 became contaminated during incubation and could not be 
used. 
a Experiment 2a 
b Experiment 2b 

':- '; . -.-- - .~ . ~ ,"', -: . ..: 
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-SlO 
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r2 = 0.06 ns 

-1 
50 70 90 110 130 150 170 190 210 

Lesion length (mm) 

Figure 2.1: Relationship between whole plant mortality (dead plants out of five) in R. acris 
28 days after inoculation in Experiment 2b, and mean lesion length of S. sclerotiorum and S. 
minor 72 h after inoculation onto excised tissues of R. acris in Experiment 1. 
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2.4 DISCUSSION 

All isolates of S. sclerotiorum and S. minor were pathogenic on excised tissues and ten week 

old plants of R. acris. Although there were differences (P<0.05) in pathogenicity between 

groups of isolates when tested on excised tissues (Table 2.2), the results did not correlate with 

mortality caused by these isolates on intact ten week old plants (Fig. 2.1). 

Pathogenicity tests on excised tissues were carried out following a similar method to those 

developed and used by Chun et ai. (1987), Nelson et al. (1991) and Riddle et ai. (1991). The 

method proved to be quick and simple, ranking seven isolates of S. sclerotiorum, but none of 

S. minor, as highly pathogenic (Table 2.2). In these tests, three day old inoculum was used 

for the second replication of isolate S19, due to contamination of the original colony. Three 

day old inoculum produced longer lesions on the excised tissues than the five day old 

inoculum used for the first replication of S19. This prompted further studies aimed at 

identifying sources of variation during pathogenicity testing (Appendix ill). The results from 

these studies were used to improve the standardisation of inoculum production for subsequent 

experimental work within this programme, and can be applied to future isolate screening 

programmes. 

Pathogenicity screening on intact plants of R. acris was done to check comparability of 

results and test the usefulness of the excised tissue method for predicting whole plant 

mortality. A kibbled wheat based inoculum was used in the intact plant tests as it provided an 

effective food base for the pathogen (Harvey, Alexander, Waipara and Saville, 1994), was not 

prone to rapid drying between misting intervals, and did not become displaced from the 

inoculation site when plant randomisation was carried out. Ten week old R. acris plants 

inoculated with both S. sclerotiorum and S. minor developed symptoms of water-soaking, 

tissue maceration and necrosis typical to these fungi (Willetts and Wong, 1980). These 

symptoms, together with differences in pathogenicity, have been associated with the 

synergistic activities of pectolytic enzymes and oxalic acid produced by these and closely 

related fungi during pathogenesis (Bateman and Beer, 1965; Bateman and Miller, 1966; 

Maxwell and Lumsden, 1970; Marciano et ai., 1983; Punja, Huang and Jenkins, 1985; Tu, 

1985). 

In the present study, most plants inoculated with the S. sclerotiorum isolates at every petiole, 

died (Experiment 2a). This inoculum level was considered to be possibly too high for the 

purpose of pathogenicity screening of isolates on ten week old plants, which were fairly 



small, although fully differentiated. Therefore, the experiment was repeated using a lower 

inoculum concentration to enable greater variation in infection (Experiment 2b). 
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There was greater variation in mortality when plants were inoculated at only three petioles 

(Experiment 2b), but this was only significant between Sclerotinia species and not between 

isolates within species. Sclerotinia minor was less pathogenic (P<O.05) than S. sclerotiorum, 

both on excised tissues and intact plants of R. acris. Riddle et al. (1991) also found that 

isolates of S. minor were less pathogenic than most isolates of S. sclerotiorum when screening 

on excised leaves of T. officinale. These authors suggested that this was due to 

incompatibility between host and parasite as T. officinale had not been reported to be a 

natural host of S. minor. During collection of isolates, S. minor was not found to be present 

on any naturally diseased R. acris plants collected from two regions of New Zealand (Takaka 

Valley and Canterbury), whereas S. sclerotiorum was isolated from diseased plants collected 

in both regions. 

When intact plants were treated with Sclerotinia spp., many were able to recover by 

producing new leaves from the apical meristem, and from shoots which developed from 

axillary buds on remaining crown fragments after extensive infection of leaves and petioles. 

The capacity of plants for recovery between 14 DAI and 28 DAI meant that disease index 

ratings up to 14 DAI did not evaluate all aspects of pathogenicity. The number of 

regenerative leaves per plant 28 DAI indicated the amount of viable crown material that 

remained after infection, and the capacity of each isolate to rot the crowns and cause plant 

mortality. Therefore, counting the number of leaves per plant 28 DAI was considered to be 

more reliable than the disease severity index for quantifying pathogenicity. The fact that no 

differences in pathogenicity were found between isolates within each species of Sclerotinia on 

intact plants of R. acris (Table 2.3) meant that results from the two screening tests did not 

correlate (Fig. 2.1). Since there was only a three fold difference between the least and the 

most pathogenic isolate in terms of in vitro lesion growth, the sample of isolates may not be 

representative of the total possible pathogenicity range in S. sclerotiorum. Therefore, from 

these experiments it can only be concluded that the relatively small differences between 

isolates in in vitro pathogenicity on tissues excised from sixteen week old plants do not result 

in pathogenicity difference on intact ten week old plants of R. acris. 

Although there was a six week age difference between the plants used in each test, plant 

tissues were similarly differentiated. Ten week old plants had crowns that were sufficiently 

large to be able to test the capacity of an isolate to cause crown rot and prevent regrowth, a 
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critical factor in this study. Therefore, it is suggested that the pathogenicity of isolates relative 

to each other on ten week old and sixteen week old plants is comparable. 

The lack of correlation between the two screening methods (Fig. 2.1) indicates the limitations, 

in this instance, of using excised tissues to predict the response of intact plants to pathogenic 

fungi. In this respect, these results differ from those of Riddle et ai. (1991) who found that a 

detached leaf assay could be used to select isolates of Sclerotinia spp. with superior 

mycoherbicidal characteristics on intact plants of T. officinaie. However, Burpee (1992) 

criticised the detached leaf method used by Riddle et ai. (1991), stating that although it 

enabled the identification of S. sclerotiorum isolates pathogenic on aerial tissues of T. 

officinaie, it did not indicate pathogenicity on tap roots which must be killed to prevent 

regeneration. In addition, the pathogenicity of isolates during excised tissue tests may not 

always indicate their field performance, where the capacity for survival and pathogenicity 

under less than optimal conditions becomes important. This was the suggestion of Riddle et 

al. (1991) on finding certain isolates which differed in pathogenicity during detached leaf 

assays, but did not differ in pathogenicity on intact plants under field conditions. 

Earlier plant pathological studies involving the use of excised tissues, as reviewed by 

Yarwood (1946), were concerned largely with the physiology of infection processes, or 

aspects of host resistance to a pathogen. Many of these studies were carried out using obligate 

parasites (Yarwood, 1946) which do not kill their hosts. Other studies have dealt with 

saprophytic fungi. For example, Ward (1959) found that a detached leaf assay could be used 

as a reliable method for evaluating the severity of disease caused by Phoma herbarum West. 

var. medicaginis Fckl on individual plants of Medicago sativa (L.). Lee, Tattar, Berman and 

Mount (1992) found that virulence of Cryphonectria parasitica (Murrill) Barr on excised bark 

and wood of Castanea dentata (Marsh.) Borkh. correlated well with virulence on living trees. 

Lee et al. (1992) concluded that the excised bark/wood test could be highly useful in the 

initial screening of C. parasitica isolates for hypovirulence. 

Although previous studies have reported positive correlations between pathogenicity on 

excised tissues and intact plants (Ward, 1959; Chun et aI., 1987; Lee et al., 1992; Miklas et 

al., 1992), few studies have focused on selecting isolates in order to enhance infection in the 

host. The capacity of an isolate to incite severe infection, or even kill its host, may not 

always be determined accurately by excised tissue assays, which do not take into account the 

complexity of factors involved in achieving complete infection of an entire plant. This is of 

particular importance in the case of perennial plants such as R. acris which contain 
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underground organs from which regeneration can take place. 

It is suggested that the results from screening isolates of Sclerotinia spp. on both excised 

tissues and intact plants of R. acris did not correlate because the capacity to invade the living 

crown could not be detennined using the excised tissue method. Plant death is not necessarily 

the ultimate aim in mycoherbicide research, as a reduction in weed growth and 

competitiveness is often sufficient to prevent crop yield loss (Charudattan, 1988; Watson and 

Wymore, 1990). However, this study has shown that R. acris has a high rate of regeneration 

from buds on the crown following infection. This leads to the assumption that rapid and 

complete invasion of the crown of intact plants is likely to be a key factor determining the 

mycoherbicidal fitness of an isolate. However, the crown was less rapidly degraded than 

aerial tissues and isolates within each species did not appear to differ in their potential to 

incite complete crown decay. This meant that the intact plant tests were of limited value in 

selecting those isolates of greatest mycoherbicidal potential. 

Variability in complete crown invaSIon is probably more determined by physiological 

variation between plants rather than the relative pathogenicity of isolates of S. sclerotiorum. 

Riddle et al. (1991) observed that taproots of T. officinale were resistant to decay by 

Sclerotinia spp. throughout their studies, and reported that T. officinale populations in swards 

of turfgrass were not completely eliminated by applications of inoculum of Sclerotinia spp. 

These authors suggested that plants either escaped infection or varied in their susceptibility to 

Sclerotinia spp., but they did not report the extent to which isolates differed in their ability to 

invade taproots, nor the regenerative capacity of T. officinale after necrosis of leaf tissue. This 

was addressed by Burpee (1992) who tested the potential of S. sclerotiorum fonnulations in 

preventing regeneration in T. officinale, and concluded that the ability to invade the taproots 

of this weed was an important criterion for a commercial mycoherbicide. 

These studies have highlighted the difficulties facing researchers in weed biocontrol when 

dealing with vigorous, perennial weeds. Methodology which has proved effective for isolate 

screening during previous mycoherbicide programmes do not appear to be effective for 

Sclerotinia spp. on R. acris because of the difficulty in achieving complete infection of an 

entire plant. Screening a greater range of S. sclerotiorum isolates and inoculum levels on 

intact plants of R. acris might enable some isolate differences to be identified. However, this 

is time consuming, and it would be difficult to obtain differences in isolate pathogenicity 

given the current methodology, and the apparent resistance of the crown to Sclerotinia spp. 

Testing the sensitivity of crown tissues to S. sclerotiorum isolates would provide a more rapid 

'--,",. -



indication of each isolate's mycoherbicidal potential, and would enable the selection of 

isolates with the highest capacity to cause . crown rot, and ultimately plant death. 
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Apparent crown resistance, and the capacity for regrowth shown by ten week old R. acris 

plants, suggests that these may be important factors influencing successful control of R. acris 

with S. sclerotiorum. To improve the methodology for isolate screening, and to provide a full 

evaluation of the mycoherbicidal potential of S. sclerotiorum for R. acris, a better 

understanding of the nature of the host-pathogen interaction is required. For subsequent 

experimental work within this study, isolate S13 was randomly selected from the seven 

isolates ranked as highly pathogenic during excised tissue tests. The host-pathogen interaction, 

with a focus on the crown of R. acris, is investigated in Chapter 3. The regrowth potential of 

R. acris is the focus of Chapter 4. 
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CHAPTER 3 

THE INFECTION PROCESS: IDENTIFYING THE CROWN AS THE TARGET, 

AND THE BASIS OF CROWN RESISTANCE 

3.1 INTRODUCTION 
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In Chapter 2, the capacity of an isolate to invade the crown of R. acris and prevent regrowth, 

was considered to be an important determinant of the mycoherbicidal potential of S. 

sclerotiorum for this perennial weed. Although each isolate of S. sclerotiorum screened in this 

study killed at least one inoculated plant, isolates did not differ in their overall potential to 

prevent regrowth in R. acris. This may be due to differences in the resistance or recovery 

response of R. acris plants after inoculation, which override differences in isolate 

pathogenicity. A knowledge of the factors involved in resistance of R. acris is considered to 

be an important part of this study. This requires an understanding of the biology and 

physiology of the host-pathogen interaction, an essential part of any mycoherbicide research 

programme (Templeton and Heiny, 1989; Hasan and Ayres, 1990; Watson and Wymore, 

1990). 

To debilitate R. acris severely, it is necessary to identify the major target on the plant, and 

the most important processes enabling survival of R. acris following S. sclerotiorum 

inoculation. Studies in Chapter 2 indicated that the crown, as the underground perennating 

organ, was the main target organ in R. acris. If so, the position of inoculum placement on the 

plant may determine the likelihood of crown infection. Therefore, a more detailed knowledge 

of the infection process in the whole plant, and how this relates to infection of the crown, is 

required. 

The histopathology and pathogenesis of Sclerotinia spp. on various hosts have been 

extensively documented, because of the economic importance of this pathogen worldwide 

(Lumsden, 1970; Maxwell and Lumsden, 1970; Morrell, Duczek and Sheard, 1972; Lumsden 

and Dow, 1973; Lumsden, 1976; Lumsden, 1979; Marciano et aI., 1983; Godoy et ai., 1990). 

Mycelial invasion of host tissue by S. sclerotiorum is preceded by the formation of an 

appressorium or infection cushion (Lumsden and Dow, 1973; Lumsden and Wergin, 1980; 

-,-',,:~ .;.'~ ... ~:: ·:t··:~--:" 
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Tariq and Jeffries, 1985). Cuticle penetration then occurs via the formation of an infection 

peg. Lumsden and Dow (1973) and Lumsden (1979) suggested that cuticle penetration was 

largely a result of mechanical forces. However, Tariq and Jeffries (1985) provided strong 

evidence for the involvement of cutinolytic enzyme activity during host penetration. Once the 

cuticle has been penetrated, a subcuticular vesicle develops from which the infection hyphae 

radiate (Lumsden and Dow, 1973; Lumsden, 1979). 

Lumsden and Dow (1973) and Lumsden and Wergin (1980) described two distinct types of 

hyphae involved in the colonisation of Phaseolus vulgaris (L.) hypocotyls by S. sclerotiorum. 

The infection front was characterised by large, granular infection hyphae which grew almost 

exclusively intercellularly. Once the hypocotyl tissue of P. vulgaris had been colonised, 

smaller diameter hyphae, described by the authors as ramifying hyphae, developed from 

branching of infection hyphae. Ramifying hyphae invaded dead tissue extensively, both inter

and intracellularly, and were capable of penetrating cell walls. 

Lumsden and Dow (1973) and Lumsden (1976, 1979) suggested that S. sclerotiorum infection 

hyphae at the growing margin of lesions produce endo-polygalacturonase (endo-PG) and other 

pectolytic enzymes, as well as the mobile toxin, oxalic acid. Pectolytic enzymes, particularly 

endo-PG, contribute significantly to the symptoms of tissue maceration associated with 

Sclerotinia spp. (Morrell et al., 1972), by breaking down the pectic substances of which the 

middle lamella of the host cell wall is chiefly comprised. This results in separation of 

individual cells, one to two cells ahead of invading hyphae, thus facilitating rapid invasion by 

the pathogen (Bateman and Millar, 1966; Hancock, 1966; Morrall et al., 1972; Lumsden, 

1976; Misaghi, 1982; Amadioha and Oladiran, 1993). 

Lumsden and Dow (1973) and Lumsden (1979) also suggested that ramifying hyphae produce 

cellulolytic and hemicellulolytic enzymes which degrade the host cell wall and cell contents 

of dead tissue. This provides a source of decomposed carbon for utilisation by the pathogen. 

Therefore, a nutritional role for these hyphae has been postulated (Lumsden, 1979). 

Sclerotinia spp. secrete relatively large amounts of oxalic acid during pathogenesis, compared 

with other necrotrophs (Tariq and Jeffries, 1985). Oxalic acid produced by necrotrophic 

pathogens appears to work synergistically with pectolytic enzymes during the early stages of 

. -.'--~'. ".- . 
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infection and at the advancing margin of lesions, by lowering the pH of infected tissues to the 

optimum range for enzyme action, and by combining with the calcium ions in the calcium 

pectate component of the host cell wall. This enables pectolytic enzymes to degrade the 

pectates in the middle lamella, resulting in rapid tissue maceration (Bateman, 1964; Bateman 

and Beer, 1965; Maxwell and Lumsden, 1970; Morrall et at., 1972; Punja et al., 1985; 

Conway, Sams, McGuire and Kelman, 1992; Pluim, Tewari, Knowles and Howard, 1994). 

Lumsden (1979) stated that "the success of Sclerotinia spp. as pathogens appears to be 

dependent on a complex combination of factors that can overwhelm the host plant by rapidly 

acting before the host can respond". However, host resistance to Sclerotinia spp. is less well 

understood (Lumsden, 1979). The fact that many plants of R. acris recovered following S. 

sclerotiorum inoculation implies that the spread of infection in the crown is contained, 

preventing complete crown decay (Chapter 2). 

There are a number of non-specific defence mechanisms which limit invasion by a pathogen. 

These may be anatomical features, or host responses to infection and wounding (Perry and 

Evert, 1983). Accordingly, several authors have studied the histopathology of infection in a 

variety of host-pathogen systems, with the aim of determining morphological barriers to 

fungal growth (Prior and Owen, 1964; Perry and Evert, 1983; Stockwell and Hanchey, 1987; 

Storey and Evans, 1987; Brune, Rhodes, Panciera, Riedel and Myers, 1988; Pennypacker and 

Leath, 1993). Studies have found that deposits of lignin, suberin, phenolics, waxes, cutins, 

tannins and other substances occur in the secondary walls of host cells as plant tissues 

mature, or as a defence response to wounding or invasion by a pathogen (Hijwegen, 1963; 

Ride, 1975; Sharman and Heale, 1977; Vance, Kirk and Sherwood, 1980; Friend, 1981; 

Hammerschmidt, Bonnen, Bergstrom and Baker, 1985; Robertsen, 1986; Stockwell and 

Hanchey, 1987; Fahn, 1990; McElwee, Irvine and Burge, 1990). 

The anatomical response of R. acris to S. sclerotiorum infection has not been described 

previously. The vascular tissues of R. acris have been identified already as being resistant to 

decay by S. sclerotiorum, after observations that vascular strands in the petioles of R. acris 

often remained intact after S. sclerotiorum had rotted the parenchyma tissue (Chapter 2). 

Since the roots and aerial tissues of R. acris are produced from the crown (Appendix I), it is 

probable that the crown contains a dense network of vascular tissues. This may limit the 



spread of S. sclerotiorum infection within the crown, facilitating plant recovery. Previous 

studies have reported resistance of plant vascular tissues to Sclerotinia spp. For instance, 

41 

Tariq and Jeffries (1985, 1986) found that vascular tissues within the leaves of P. vulgaris 

exhibited resistance to cell wall degrading enzymes of S. sclerotiorum. Lumsden and Dow· 

(1973) observed that S. sclerotiorum infection hyphae formed infection cushions when 

approaching xylem and phloem tissue in hypocotyls of P. vulgaris. It was suggested that 

vascular tissues may present a barrier to rapid invasion by the pathogen (Lumsden and Dow, 

1973). Prior and Owen (1964) observed thatS. trifoliorum mycelium rarely invaded the xylem 

vessels in HeZianthus annuus (L.). However, Brune et al. (1988) did not find that xylem tissue 

was an important barrier during pathogenesis of S. trifoliorum in Medicago sativa (L.). 

Anatomical studies have been carried out on the underground organs of the perennial weeds' 

Euphorbia esuia (L.) (Myers, Beasley and Derscheid, 1964) and Cirsium arvense (L.) Scop. 

(Hamdoun, 1970), to gain information on their structure, and on the origin of reproductive 

tissues. An anatomical investigation of non-inoculated crowns of R. acris may also provide 

information on tissue distribution, and the exact origin of regenerative tissues. This, together 

with a histopathological study of S. sclerotiorum infection in the crown of R. acris may 

identify resistant tissues, and other factors which limit infection and enable regeneration to 

occur. This may explain why some plants are killed, and others survive after S. sclerotiorum 

inoculation under uniform conditions. 

A knowledge of the age and physiology of the host that favours or suppresses plant infection 

is desirable in mycoherbicide research (Templeton et ai., 1986). Anatomical differences 

between vegetative and flowering plants of R. acris could influence the infection process. For 

instance, the flowering stems may act as conduit to crown invasion since they are hollow, 

enabling infection to bypass potential barriers such as the vascular tissues. Thus, flowering in 

R. acris may be associated with greater severity of crown infection. Popay and Cheah (1990) 

suggested that mown stems of C. arvense may provide a means of entry for pathogens to 

infect the roots and kill plants. There is potential for testing this in R. acris by inoculating the 

cut end of the flowering stems. 

The experiments in this chapter were carried out with the following objectives: 

1. To identify the main target for infection, and the effect of inoculum placement on death of 
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the target tissues. 

2. To determine the key factors enabling plant recovery following S. sclerotiorum inoculation. 

3. To describe the anatomy of the crown of R. acris. 

4. To identify morphological barriers to crown infection, basing studies on the relative 

resistance of the various tissue types within the crown. 

5. To define the relationship between the infection process and survival of the regeneration 

sites in flowering and vegetative plants of R. acris. 

3.2 METHODS 

3.2.1 General methods 

Plants of R. acris were grown from seed in a glasshouse as described in section 2.2.1. Unless 

otherwise stated, plants were at the vegetative rosette stage (Appendix I). Inoculum consisted 

of kibbled wheat infested with S. sclerotiorum isolate S 13 which was prepared as follows. 

Under aseptic conditions, 6 mm diameter mycelial disks were removed using a cork borer 

from the outer 1-2 cm of colonies. Colonies had been grown on Petri dishes containing MEA 

for three days at 25°C with a 12 h photoperiod of near-ultra violet (NUV) and daylight

fluorescent light. The mycelial disks were mixed thoroughly with sterile kibbled wheat in 

trays. The trays were covered with sterile aluminium foil and incubated in the dark at 25°C 

for 14 days for thorough colonisation. Fresh inoculum was air-dried for three days at 27 °C 

and ground through a 2 mm sieve. In Experiments 1 and 2, unground inoculum was used. 

Unless otherwise stated, plants were misted before and immediately after inoculation with 

sterile distilled water to aid adherence of inoculum, and incubated on a glasshouse bench 

under a misting unit which maintained almost constant leaf wetness using an electronic "wet 

leaf" sensor device connected to the misting supply. The glasshouse had supplementary 

lighting for 12 h day-l with daylength extended to 16 h day-l supplied by 6 x 400 W bulbs 

spaced at approximately 1 m intervals above the plants. The t~mperature was maintained 

between 17 and 22°C. The disease severity index used in each experiment varied because of 

differences in plant size and inoculation method. 

3.2.2 Experiment 1: Effect of crown wounding on infection and mortality 

Fifty R. acris plants of three months age (Appendix I, Plate iiA) were used in this 
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experiment. Inoculations were carried out by placing a single grain of inoculum (2-3 mm in 

length) adjacent to the crown at the petiole base of the three oldest (lower) leaves per plant. 

Crowns were wounded at the inoculation site to test whether the outer surface inhibited crown 

invasion. Twenty plants were inoculated as described above. A further twenty plants were' 

wounded as follows. A small incision (approximately 2 mm deep, 0.5 mm wide and 3 mm 

long) was made into the crown at the petiole base using a sterile scalpel. Inoculum was 

placed directly adjacent to this wound. As a control treatment, ten plants were wounded as 

described and inoculated with uninfested, sterile kibbled wheat. Plants were incubated in the 

glasshouse for 21 days. The experimental design was a randomised block, replicated ten 

times. 

Plant mortality was recorded 21 days after inoculation (DAI) and the incidence of crown 

infection in surviving plants determined visually after bisecting the crowns. The incidence of 

crown infection and plant mortality were analysed using a chi-squared test. 

3.2.3 Experiment 2: Effect of plant size, crown wounding, and inoculation position on 

infection and mortality 

Ranunculus acris plants of three sizes, small, medium and large, were used in this 

experiment, with 40 plants in each size category. The small plants were 3 months old and 

grown in 70 mm diameter pots which restricted growth. Maximum crown length and diameter 

was 1 x 1 cm. Medium plants were also 3 months old but grown in 125 mm diameter pots 

which allowed greater development of the foliage and crown (Appendix I, Plate iiA). 

Maximum crown length and diameter was 2 x 2 cm. Large plants were 6 months old, grown 

in 125 mm diameter pots and had a dense rosette of leaves around a large crown (up to 6 cm 

in length and 3 cm diameter) (Appendix I, Plate iii) which often protruded several cm above 

the soil level. 

Inoculations were carried out by placing a single grain of inoculum (2-3 mm in length) 

adjacent to the crown at the petiole base of each of three leaves per plant. Ten plants from 

each size category were inoculated either on the upper or lower leaves, with and without 

wounding of the inoculation site. To test the effect of position of inoculation relative to the 
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crown apex, the plants were inoculated either at the petiole base of the three youngest leaves,,~ , 

around the apical region of the crown, or at the petiole base of the three oldest leaves, at the 
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base of the crown. The wounding was carried out as described in section 3.2.2. Inoculum was 

placed adjacent to this wound. 

The experiment was incubated in the glasshouse for 21 days. The experimental design was a 

split plot incorporating plant size (small, medium, large) as the main plot treatment factor, 

and wounding (plus, minus) and inoculation position (lower, upper leaves) as the sub-plot 

treatment factors. Main plots were arranged in a randomised block design, with ten replicates. 

Disease was assessed daily for the first 7 days of the experiment, and then at 9, 12, 14 and 21 

DAI using the disease severity index described below. 

o = No disease 

1 = Brown, water-soaked lesion on petiole base immediately surrounding site of 

inoculation. 

2 = Lesion completely encircling infected petiole bases. Infected petiole losing 

rigidity. 

3 = As in 2 plus some necrosis of leaf laminae. 

4 = Necrosis and total loss of rigidity of all petioles. Necrosis on less than 50% of leaf 

laminae. 

5 = As in 4 plus necrosis of over 75% of leaf laminae. 

6 = Entire plant collapsed and withered. All tissue completely or almost completely 

necrotic/chlorotic. Crown potentially viable. 

7 = Plant dead (crown completely rotten). 

At 21 DAI all plants were harvested and the area of infected crown tissue as a percentage of 

total crown tissue was determined by visual examination after bisecting the crowns. The fresh 

weight of each plant was recorded and plants were then dried in an oven at 70°C until 

reaching constant weight after 4 days. Oven dry weights were recorded and percentage dry 

matter (DM %) calculated. Disease severity, crown infection, and DM % were analysed using 

analysis of variance. Plant mortality at 21 DAI was analysed using a chi-squared test. The 

linear trend in plant size was examined by specifying a linear contrast in the analysis of 

variance, and in the chi-squared test. 
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3.2.4 Experiment 3: Effect of crown-only, leaf-only, and whole plant inoculations, on 

infection and regeneration 
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The experiment used eighty R. acris plants of three months age (Appendix I, Plate iiA). 

Inoculum (1 g per plant) was applied using a hand held shaker with nine x 2 mm diameter 

holes drilled into the lid. Four treatments were applied to each of twenty plants. For crown

only inoculation, inoculum was placed around the crown, at the petiole bases. In the 

remaining treatments, a broadcast inoculation method was employed. For leaf-only 

inoculation, the crown was protected with a cone of aluminium foil and inoculum shaken over 

the leaves. For whole plant inoculation, inoculum was shaken over the entire plant. As a 

control treatment, uninfested sterile ground kibbled wheat was shaken over the leaves and 

crown of R. acris. In all treatments, aluminium foil was placed around and under the plant to 

collect inoculum which did not land on plant tissue. This was reapplied to ensure that the 

total amount of inoculum reached its target. 

The experiment was incubated in the glasshouse for 21 days. The experimental design was a 

randomised block, replicated ten times. Disease was assessed daily up to 7 DAI and then at 

11, 14 and 21 DAI using the disease severity index described below. 

o = No disease. 

1 = Lesion immediately surrounding pieces of inoculum. 

2 = Lesions enlarging, affected tissues losing rigidity. 

3 = 25-75 % of tissues lost rigidity, youngest shoots viable. 

4 = 25-75 % of tissues, including youngest shoots, necrotic and collapsed. 

5 = Over 75 % of tissues necrotic and collapsed. 

6 = Plant dead. 

A regeneration index was used to assess disease on regenerating plants. This is described 

below. 

5 = Original leaf tissue completely necrotic, regenerative leaves just appearing. 

4 = Regenerative leaves form 25 % of all plant tissue. 

3 = Regenerative leaves form 25-50 % of all plant tissue. 

2 = Regenerative leaves form 50-75 % of all plant tissue. 
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1 = Regenerative leaves form 75 % + of all plant tissue. 

At 21 DAI, the total number of healthy leaves per plant, including the regenerative leaves, 

was recorded and the area of infected crown tissue as a percentage of total crown tissue was 

determined by visual examination after bisecting the crowns. Disease severity, number of 

healthy leaves and crown infection were analysed using analysis of variance. 

3.2.5 Experiment 4: The effect of induced suppression of regenerative growth on 

infection and regeneration 

Chlorsulfuron was used to suppress regenerative growth for the purpose of this experiment as 

it did not inhibit the in vitro colony growth of S. sclerotiorum (Appendix IV). Ranunculus 

acris plants were four months old. Twenty-five plants were treated with a single dose of 

chlorsulfuron (Glean) at 0.75 g a.i./ha (l/20th of the recommended field rate) + 0.5 ml/litre of 

Tween 80 surfactant. This rate was used as previously it had been shown to inhibit the 

growth of, but not kill, R. acris (Bourdot, pers. comm.). The remaining plants were treated 

with water + surfactant. The treatments were applied with a nitrogen-gas-powered moving 

belt sprayer delivering 60 litres/ha at 210 kPa through a single 8002E flat-fan Teejet hydraulic 

nozzle mounted 50 cm above the plants. The plants were passed under the stationary nozzle 

in single file at 1.5 mlsec. 

The plants were transferred to a glasshouse and the length of the youngest leaf measured at 

day 0 and at ten days after spraying (DAS). The difference between these two measurements 

was calculated to give total growth during the ten day period. This was analysed using 

analysis of variance (Appendix IV). The growth of the youngest leaf was significantly 

reduced in chlorsulfuron-treated plants (Appendix IV). 

Plants were inoculated at 10 DAS by placing inoculum (0.5 g/plant) around the base of 

petioles adjacent to the crown. Of the 25 plants within each treatment, twenty were inoculated 

with S. sclerotiorum, and five inoculated with sterile inoculum as control treatments. The 

experiment was incubated in the glasshouse for 28 days. The experimental design was a 

randomised block with five replicates. Disease was assessed daily up to 7 DAI, and then at 

11, 14, 19, 21, 25 and 28 DAI using the disease severity index described in section 3.2.3. The 

regeneration index described in section 3.2.4 was used to assess disease on regenerating 



47 

plants. At 28 DAI, the number of regenerative leaves was recorded, and the area of infected 

crown tissue as a percentage of total crown tissue was determined by visual examination after 

bisecting the crowns. Disease severity, regeneration, and crown infection were analysed using 

analysis of variance. Since the number of plants in the inoculated and the control treatments 

differed, separate LSD's were calculated for comparison between inoculated treatments, and 

between inoculated and control treatments. 

3.2.6 Experiment 5: Crown anatomy and histopathology of crown infection 

Fifty R. acris plants of four months age were used in this experiment. Inoculum (1 g per 

plant) was placed at the petiole bases adjacent to the crown of each plant. Plants were then 

incubated in the glasshouse for 21 days. The experimental design was a randomised block, 

replicated five times. 

Ten harvests were carried out during the experimental period, as follows. At 3 DAI, and then 

every second day until 21 DAI, one plant was randomly selected from each block, the leaves 

and roots removed, and the crown dissected longitudinally and transversely. Crown pieces 

were fixed under vacuum for 24 hours in FAA (90 ml, 70 % alcohol; 5 mI, glacial acetic 

acid; 5 mI, formalin), washed in two changes of 50 % alcohol, dehydrated overnight 

(Shannon Citadel 1000 processor) in three changes of 70 % alcohol, four changes of 100 % 

alcohol and two changes of tolulol, and embedded in wax (Paraplast). Longitudinal and 

transverse sections (4 /lm thick) were stained with thionin and orange G (Stoughton, 1930). 

This stained fungal hyphae violet-purple, cellulose walls yellow, lignified tissue blue, 

amyloplasts purple, and meristematic cells deep purple. Sections were examined by light 

microscopy. Photo micrography was carried out with an Olympus OM2 camera fitted onto an 

Olympus BH2 compound microscope, using Kodak Gold 100 ASA film. Five non-inoculated 

crowns were also prepared for anatomical studies. 

3.2.7 Experiment 6: Effect of wounding on crown infection 

Twenty-six R. acris plants of six months age (Appendix I, Plate iii) were used in this 

experiment. Four to five leaves were removed from each plant to expose a section of the 

crown surface for inoculation. Inoculum consisted of 3 mm diameter disks of mycelial 

infested PDA, removed using a cork borer from the growing margin of three day old colonies 

of S. sclerotiorum isolate S13 which had been incubated at 25°C with a 12 h photoperiod of 
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near-UV and daylight-fluorescent light. Inoculum disks were dipped in 0.3 % water agar 

before inoculation to aid adherence. 

The following treatments were each applied to eight plants. 

1. For the non-wounded treatment, inoculum was placed onto the surface of the crown. 

2. For the surface wounded treatment, a 3 mm diameter sterile cork borer was used to mark 

the crown, and the external layer of tissue within this area removed by gently scraping the 

surface with a sterile scalpel. Inoculum was placed on top of this wound. 
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3. For the vascular-wounded treatment, crown tissue (3 mm diameter and 2 mm depth which 

ensured that the wound was deeper than the ring of vascular tissue) was removed using the 

cork borer, and the inoculum placed inside the wound. This treatment was carried out to test 

whether vascular tissue presented a barrier to infection. 

4. As a control, surface wounded plants were inoculated with disks of uninfested PDA. 

After inoculation, plants were placed inside plastic bags which had been pre-moistened on the 

inside, and incubated for 21 days in a growth cabinet with 16 h of daylight-fluorescent light 

at a photon flux density of 221 J1M m ·2 S·I, and day/night temperatures of 22 DC and 15 DC 

respectively. The bags remained on the plants for the duration of the experiment to provide 

high humidity as plants tended to dry out quickly under growth cabinet conditions. Plants 

were misted with sterile distilled water regularly during the experiment to maintain humidity. 

The experimental design was a randomised block with eight replicates. 

At 7 and 21 DAI, four plants within each treatment were selected at random. The crowns 

were sectioned longitudinally through the inoculated region and the severity of infection 

assessed using the index described below. 

o = No infection 

1 = Infection of tissue immediately surrounding inoculum disk. No penetration of 

vascular layer. 
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2 = Infection spreading through the peripheral cortex. No penetration of the vascular 

layer. 

3 = Infection penetrated vascular layer and beginning to spread through the inner 

cortex. 

4 = 25-90 % crown infection. 

5 = Over 90 % crown infection. 

Crown infection at 7 DAI and 21 DAI, and the average over both harvests, were analysed 

using analysis of variance. The crown sections were prepared for light microscopy as 

described in section 3.2.6. 

3.2.8 Experiment 7: Effect of wounding severity on crown infection 
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Six month old plants of R. acris were used in this experiment (Appendix I, Plate iii). 

Inoculum was prepared as described in section 3.2.7. Plants had all leaves except the 

youngest removed to expose the crowns. The plants were blocked according to crown size, 

and the following eight treatments applied to the crowns of each of six plants. The treatments 

were designed to test the relative resistance of vascular and cortical tissues. 

A: No wound + inoculation onto outer surface. 

B: Wound to 3 mm depth using a 3 mm diameter cork borer + inoculation into wound. 

C: Wound to inner cortex using a 3 mm diameter cork borer + inoculation into wound. 

D: Crowns reduced to a central 10 mm diameter plug of cortical tissue, cut using a cork 

borer, retaining apex and root system + inoculation onto side of plug. 

E: As in D but apex excised. 

F: As in D but roots excised. 

G: As in D but roots and apex excised. 

H: As in G + inoculation with non-infested agar plug as control. 

To minimise risk of contamination, a layer of plastic film was placed across the soil surface 

around each crown, and a sterile cork borer and scalpel used for wounding and inoculating. In 

Treatments Band C, the inoculum plug was pushed into position through a sterile cork borer 

to prevent mycelial contamination of the outer cortex. The plugs of cortical tissue in 

Treatments F, G and H were supported in an upright position above the layer of plastic film 
. ,. _.,:-,;., 



using a wire loop attached to a wooden peg at the side of the pot. This was done to ensure 

that all treatments were incubated similarly. 
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After inoculation, plants were placed inside pre-moistened plastic bags, and incubated for 21 

days in a growth chamber with 16 h of daylight-fluorescent light at a photon flux density of 

221 ~ m-2 S-l, and day/night temperatures of 22 DC and 15 DC respectively. All treatments 

were misted twice daily for the first three days of the experiment, and then daily until 21 

DAr, when the percentage of crown tissue that had rotted was assessed visually. The 

experiment was harvested at 21 DAI to be sure that infection had reached maximum severity 

in all treatments. 

The experimental design was a randomised block with six replicates. The mean percentage of 

rotted crown tissues at 21 DAI was determined, and the 95 % confidence limits of the means 

were calculated. 

3.2.9 Experiment 8: Infection in flowering plants 

Six month old R. acris plants were transplanted into 20 litre capacity growth bags and 

transferred to an area protected by shade cloth for a further twelve months. The experiment 

was carried out in November when all plants were eighteen months old and at the peak of 

flowering. Twelve flowering stems on each plant were inoculated (1.5 g total inoculum per 

plant). The following treatments were applied to each of four plants. 

1. Inoculum was placed around the stem bases, adjacent to the crown. 

2. Inoculum was placed at all the petiole junctions on the flowering stems, but not at the stem 

bases. 

3. Flowering stems were cut at the first node. Inoculum was placed on the cut ends (for this 

treatment, approximately 0.5-1 g per plant of inoculum was used). 

As a control, two plants were inoculated with uninfested, sterile kibbled wheat. The 

experiment was incubated in the glasshouse for 21 days. The glasshouse was air-conditioned 

to maintain a temperature below 25 DC and had no supplementary lighting as the experiment 
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was conducted in mid-summer. Misting was provided as described in section 3.2.1. The 

. experimental design was a randomised block replicated four times. 
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At 7, 14 and 21 DAI, three flowering stems per plant were randomly selected and cut to 1 cm 

above the crown. The crown/stem sections were washed, bisected longitudinally through the 

centre, and disease assessed using the following disease severity index. 

o = No disease. 

1 = Infection of the stem base, no penetration of the crown. 

2 = As in 1 but infection just penetrated the outer crown. 

3 = Infection penetrated the vascular layer of the crown; up to 20 % crown tissue 

necrotic. 

4 = 20-50 % crown infection. 

5 = 50:-90 % crown infection. 

6 = 90-100 % crown infection. 

Mean crown infection was determined at 7, 14 and 21 DAI, and crown infection was 

averaged across the three harvests. The 95 % confidence intervals of the means were 

calculated. Infected crown/stem sections were prepared for light microscopy as described in 

section 3.2.6. Non-inoculated crowns from control plants were also prepared for anatomical 

studies. 
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3.3 RESULTS 

A definition of the terms used to describe regeneration in R. acris is given in Appendix 1. 

3.3.1 Experiment 1: Effect of crown wounding on infection and mortality 

Wounding at the inoculation site increased (P<O.Ol) the incidence of crown infection, but did 

not increase plant mortality of R. acris 21 DAI (Table 3.1). Control plants did not become 

infected and this treatment was excluded from the analysis. In both the wounding and non

wounding treatments, dissection of surviving plants 21 DAI, revealed that infection was 

confined to the root systems, which were often extensively damaged, and to the basal portion 

of the crown (Plate IB). The apex generally remained intact and leaf production continued, 

enabling the majority of plants to recover. 

Table 3.1: Effect of crown wounding on a) crown infection and b) plant mortality in R. acris 
21 days after inoculation with S. sclerotiorum. 

- wound + wound 

a) Crown infection 

- crown infection 

+ crown infection 

b) Plant mortality 

19 

1 

surviving plants 19 

dead plants 1 
** = sIgmfIcant at p<O.01 
NS = not significant 

11 

9 

15 

5 
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Plate 1: 
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Bisected three month old crowns of R. acris. 

(A). Healthy crown . 

(B). Infection of the root system and lower crown 21 days after inoculation at th~ 
lower leaves with S. sclerotiorum. 



3.3.2 Experiment 2: Effect of plant size, crown wounding, and inoculation position on 

infection and mortality 
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In the most effective treatments, plants died within 21 DAI. In the least effective treatments, 

plants were able to recover from infection by producing new leaves from the apical region of 

the crown (Plate 2A), and from shoots which developed from axillary buds associated with 

infected leaves (Plate 2B). Disease severity at 21 DAI, and disease severity averaged over all 

observations, were analysed. Both assessments gave comparable results (Tables 3.2, 3.3). 

Large plants had lower (P<O.05) disease severity, percentage crown rot, DM % and mortality 

than small plants (Table 3.2a). Although no differences occurred between medium and large 

plants in any of the variables, there was a linear trend with increasing plant size (Table 3.2a). 

Wounding at the site of inoculation did not increase infection (Table 3.2b). Positioning the 

inoculum at the base of the upper leaves resulted in greater (P<O.Ol) values for all four 

variables than positioning it at the base of the lower leaves (Table 3.2c). The only significant 

interactions were those between plant size and position of inoculation (Table 3.3). 
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Table 3.2: Main effects of a) plant size, b) wounding, and c) inoculation position on infection 
of R. acris 21 days after inoculation with S. sclerotiorum. 

Disease severitya 

a) Plant size 

Small 5.0 (3.3) 

Medium 4.5 (2.9) 

Large 4.4 (2.7) 

LSD (P<O.05) 0.4 (0.2) 

Significance * (*) 

b) Wounding 

- wound 4.5 (2.9) 

+ wound 4.8 (3.0) 

LSD (P<0.05) 0.3 (0.1) 

Significance . NS (NS) 

c) Position of 
inoculation 

Upper leaves 5.7 (3.4) 

Lower leaves 3.6 (2.5) 

LSD (P<0.05) 0.3 (0.1) 

Significance ** (**) 

% of crown 
rotted 

56.7 

42.4 

33.1 

19.3 

* 

38.6 

49.6 

11.4 

NS 

70.2 

18.0 

11.4 

** 

Plant DM % 

39.9 

34.4 

29.5 

5.2 

* 

33.8 

35.5 

3.1 

NS 

40.8 

28.4 

3.1 

** 
a Data m brackets mdIcates dIsease seventy averaged over all observatIons. 

Mortalityb 

17 

12 

7 

* 

14 

22 

NS 

33 

3 

** 

b Data indicates plants dead out of 40 in a), and out of 60 in b) and c). Comparisons were 
made using chi-squared tests. 
In this and Table 3.3; 
* = significant at P<0.05 
** = significant at P<O.01 
NS = not significant 
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Table 3.3: Interaction between plant size and position of inoculation on infection of R. acris 
21 days after inoculation with S. sclerotiorum. 

Upper leaves inoculated 

Small plants 

Medium plants 

Large plants 

Lower leaves inoculated 

Small plants 

Medium plants 

Large plants 

Significance of linear 

Disease 
severityB 

6.0 (3.8) 

5.9 (3.4) 

5.4 (3.0) 

4.2 (2.7) 

3.2 (2.3) 

3.5 (2.4) 

% of crown 
rotted 

85.5 

77.5 

47.5 

28.0 

7.3 

18.7 

Plant DM % 

48.0 

44.6 

29.9 

31.8 

24.3 

29.2 

trends NS (**) * ** 
a Data in brackets mdicates dIsease seventy averaged over all observatIOns. 
b Data indicates plants dead out of 20. 

Mortalityb 

15 

12 

6 

2 

o 

1 

NS 

I· 
I 
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Plate 2: 
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~ 
Regeneration of three month old plants of R. acris 21 days after inoculation with S. 
sclerotiorum. 

(A). Regenerative leaves produced from the crown apex (arrow) . 

(B) . Regenerative shoots produced from axillary buds. 



3.3.3 Experiment 3: Effect of crown-only, leaf-only, and whole plant inoculations, on 

infection and regeneration 

Crown-only inoculation resulted in greater (P<O.Ol) disease severity and fewer (P<O.OI) 

healthy leaves 21 DAI than both leaf-only inoculation, and whole plant inoculation, and 

greater (P<0.05) percentage crown rot than leaf-only inoculation (Table 3.4). There were no 

differences between leaf-only inoculation and whole plant inoculation (Table 3.4). 
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In crown-only inoculated plants, lesions rapidly encircled petiole bases causing loss of rigidity 

by 3-4 DAI, and complete collapse of all petioles by 14 DAI. Vascular strands often remained 

intact (Plate 3A) and the leaf laminae remained turgid after collapse of the petiole bases 

(Plate 3B). Regenerating leaves first appeared in this treatment at 14 DAI. By 21 DAI, one 

crown-only inoculated plant had died, and fifteen plants were regenerating from the apex if 

intact, or from axillary buds on remaining crown tissues if the apex had been rotted (Plate 

4A). Many regenerative shoots which developed from axillary buds had the appearance of 

independent plantlets, and were beginning to develop independent crown and root systems 

(Plates 4A, 4B). 

Lesion development after leaf-only inoculation, and whole plant inoculation, was generally 

restricted to the leaf laminae and petioles. In these treatments, infection rarely spread down 

through the plant to infect the crown buds. In the whole plant inoculation, lesions developed 

around petiole bases as a result of inoculum falling adjacent to the crown, but the apical 

region did not become infected. By 7 DAI all plants given the leaf-only, and whole plant 

inoculations, were growing away from infection by the development of new leaves at the 

apex. 

Table 3.4: Effect of crown-only, leaf-only, and whole plant inoculation, on infection of R. 
acris 21 days after inoculation with S. sclerotiorum. 

Inoculation Disease severity No. of healthy leaves % of crown 
rotted 

Crown-only 2.82 3.7 11.5 

Leaf-only 1.89 5.8 0.5 

Whole plant 1.96 5.9 3.5 

Control 0.00 19.1 0.0 

LSD (P<0.05) 0.15 1.6 8.6 

LSD (P<O.Ol) 0.19 2.0 11.1 
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Plate 3: 
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Three month old plants of R. acris 14 days after inoculation with S. sclerotiorum at 
the crown. 

(A). Rotting of petiole bases with exposure of intact vascular strands. 

(B). View of the whole plant showing healthy appearance of leaf laminae. 



Plate 4: Regeneration of three month old plants of R. acris 21 days after inoculation with 
S. sclerotiorum at the crown. 

(A). Two plantlets (arrows) growing from axillary buds after extensive rotting of 
the crown and crown apex. 

(B). Various stages of regeneration. All except (iv) show regenerative shoots 
produced from axillary buds after extensive crown rot. (iv) illustrates regrowth 
from the apex, but extensive damage to the root system. 



Plate 4 



3.3.4 Experiment 4: The effect of induced suppression of regenerative growth on 

infection and regeneration 
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Inoculated plants pre-treated with chlorsulfuron had greater (P<O.OI) disease severity and 

crown infection and fewer (P<O.OI) regenerative leaves 28 DAI than plants not treated with 

chlorsulfuron (Table 3.5). Regenerative leaves first appeared at 11 DAI in non-chlorsulfuron 

treated plants, and at 25 DAI in chlorsulfuron treated plants. However, plant mortality in all 

treatments was zero. No plants had crowns that were completely rotted on dissection, 28 DAI. 

All retained crown fragments with one or more potentially viable axillary buds, indicating that 

recovery was possible. 

Table 3.5: Effect of chlorsulfuron pre-treatment on infection and regeneration of R. acris 28 
days after inoculation with S. sclerotiorum. 

Chlorsulfuron + S. 
sclerotiorum 

Water + S. sclerotiorum 

Chlorsulfuron - S. 
sclerotiorum 

Water - S. sclerotiorum 

LSD (P<O.OI)l 

Disease severity. No. of regenerative 
leavesa 

4.1 

3.7 

o 

o 

0.3 

0.9 

11.9 

4.2 

LSD (P<0.01)2 0.5 
a No data for regenerative leaves in the control treatments. 
1 LSD for comparison between inoculated treatments. 
2 LSD for comparison between inoculated and control treatments. 

% of crown 
rotted 

74.5 

27.2 

o 

o 
17.1 

27.0 
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3.3.5 Experiment 5: Crown anatomy and histopathology of crown infection 

Crown anatomy 

The vegetative crown has four main regions of tissue. A peripheral cortical layer surrounds an 

almost complete ring of vascular tissues which encompasses the inner cortical region (Pla,tes 

5A, SB). At the tip of the crown is the apical zone (Plate SB). This extends into the stem 

during flowering (Plate SC). 

The peripheral cortex varied in depth from plant to plant, but generally consisted of mature 

cells with thickened walls, stained dark blue-purple (Plate 6A). The exact cell type was 

difficult to ascertain, but was probably modified parenchyma with suberised or lignified walls 

(Jarvis, pers. comm.). This formed a protective layer around the crown which appeared 

thicker and more developed in the crowns of two year old plants compared with the younger 

plants. Deeper within the periph{1ral cortex, cell walls became less thickened and were stained 

yellow (Plate 6A), indicating a predominance of cellulose rather than secondary wall 

depositions. These cells were densely packed with starch granules (amyloplasts). Angular 

collenchyma cells also occurred in the peripheral cortex, and were usually associated with leaf 

axils. 

Vascular tissue comprised a dense cylindrical network of interconnected vascular bundles. 

These appeared in cross section as a continuous, complex ring of bundles at about 0.S-2 mm 

from the outer crown surface, surrounded on either side by densely packed starch-containing 

parenchyma cells (Plates S, 6B). The inner cortex consisted of starch-containing parenchyma 

cells with thin walls, stained yellow. These cells became less densely packed, often breaking 

down in the centre of older crowns to form a soft pith with a central cavity. 

Each crown contained a large number of axillary buds connected to the crown vascular 

network, thus providing a considerable number of potential regrowth points upon leaf or apex 

death. Adventitious roots also grew out from the vascular region near the crown base. In 

some crowns, bud primordia emerged from within the crown vascular tissues near the main 

crown apex (Plate 7). It was unclear whether these were axillary buds, adventitious roots or 

adventitious shoots. All meristematic zones within the crown contained tightly packed cells 

with thin walls and large, purple stained nuclei. 
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Plate 5: 

p 

Tissue distribution within the crown of R. acris. Ap, apex; B, bud; FS , flowering 
stem; Ie, inner cortex ; P, peripheral cortex ; V, vascular tissues. In this and 
subsequent plates, crown sections were stained with thionin and orange G. (bars= I 
mm) 

(A). Transverse section through a four month old healthy, vegetative crown. 

(B). Longitudinal section through a four month old vegetative crown, 3 days after 
inoculation with S. sclerotiorum. Arrows indicate infected tissue. 

(C). Longitudinal section through a two year old healthy, flowering crown. 
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Plate 5 (cont.) 
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Plate 5 (cont.) 



Plate 6: Light micrographs of sections through healthy , four month old crowns of R. acris. 
(Bars= 100 11m) 

(A) . Gradation of cell wall thickening within the peripheral cortex. 

(B) . Position of interconnected vascular bundles (V) relative to the peripheral cortex 
(P) and inner cortex (lC) . Note the abundance of amyloplasts (starch granules) 
stained light purple within peripheral , and inner cortical cells. 
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Plate 7: 
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Light micrograph of a section through a healthy , four month old crown of R. acris 
showing bud primordium (B) emerging from within the vascular region (V) near the 
apex. (Bar= 100 11m) 
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Histopathology of crown infection 

The first disease symptoms were observed at 3 DAI as brown, watersoaked lesions at the base 

of petioles. These lesions spread to cause extensive infection and collapse of all older petioles 

by 7 DAI. Infection of the lower crown and root system was first observed at 11 DAI, when 

roots could be easily dislodged. By 21 DAI, most aerial tissues were completely infected and 

necrotic, although petiole vascular strands generally remained intact. In the later stages of the 

experiment, regenerative leaves began to grow from the apex, and from shoots which 

developed from axillary buds, many of which remained uninfected despite extensive infection 

of leaf tissue (Plates SB, SC). Developing axillary buds were interconnected with the crown 

vascular network (Plate SO), each giving rise to leaf primordia (Plates SA-F). Axillary bud 

growth occurred on infected crowns in which the apex remained intact (Plate SE), and in 

which the apex had been rotted (Plate SF). Shoots which developed from axillary buds on 

infected crowns often underwent further development into plantlets with an independent 

crown and adventitious root system, attached to the main or central crown. 

Large, granular, vacuolated hyphae, stained violet-purple, invaded petioles (Plate 9), and the 

peripheral cortical tissue of the crown (Plate 10). Peripheral cortical tissue was usually 

invaded close to the point of attachment of infected leaf or root tissue (Plates SB, SC). In 

petiole tissue, infection was extensive, with deeply stained inter and intra-cellular hyphae, 

which were often aligned parallel to each other (Plates 9B-D). Infection hyphae progressed 

rapidly along the long axis of the petiole. Petiole vascular tissue often remained intact, even 

after complete maceration of petiole parenchyma tissue (Plate 9E). 

Hyphae often accumulated on the outer cells of the peripheral cortical layer of the crown, and 

rarely penetrated more than a few cells deep (Plate 10A). In the peripheral cortex, hyphae 

invaded intercellularly (Plates lOB-E). Parenchyma tissue was usually macerated one to two 

cells ahead of invading hyphae (Plates lOB-D), although cell maceration did not always occur 

in the vicinity of invading hyphae (Plate lOE). 

Crown vascular tissue was rarely macerated or invaded, and, in many sections, appeared to 

form a barrier to the inward spread of infection (Plate l1A). The inner cortex was rarely 

macerated, although in one crown extensive maceration of cortical tissue occurred, either side 

of the vascular ring (Plate llB). Yellow-green crystals formed in, and around the macerated 

:-,'.-



Plate 8: Light micrographs of axillary bud growth in four month old crowns of R. acris. 

(A). Healthy bud. (Bar=l00 J.lIll) 

(B), (C). 11 days after inoculation with S. sclerotiorum. Note infection of leaf 
tissue (L) and peripheral cortex (P). (Bars=l00 11m) 

(D). 11 days after inoculation with S. sclerotiorum showing connection (arrows) c 
axillary bud with crown vascular tissues (V). (Bar=I00 11m) 

(E). Growth of three axillary buds (Ax) on crown with apex (Ap) intact, 11 days 
after inoculation with S. sclerotiorum. Note blue staining of infected peripheral 
cortex (P). (Bar=1 mm) 

(F). Growth of two axillary buds (Ax) on crown with apex rotted (Ap indicates 
position of apex before infection), 21 days after inoculation with S. sclerotiorum. 
Note degradation of peripheral cortex down to the vascular tissues (V). (Bar= 1 
mm) 
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cells. These crystals were commonly observed inside parenchyma cells (Plate 12A) and the 

lumen of xylem vessels (Plate 12B) within, or at the margin of, infected tissues. These 

crystals were not observed in uninfected tissues. A common observation was blue staining of 

the protoplast and cell walls at the infection site, and at the margin of lesions (Plates 13A," 

13B), indicating the possible deposition of lignin, as thionin and orange G stain lignified 

tissue blue. Thickening and purple staining of cells around lesions also occurred (Plate 13C). 

Towards the end of the experimental period, brown, necrotic lesions had developed in the 

inner cortical tissue of some crowns (Plate 14A). Plates 14B and 14C illustrate healthy and 

necrotic inner cortical tissue, respectively. The protoplast of parenchyma cells within these 

lesions was disrupted, but cells were not macerated and the cell walls retained their integrity 

(Plate 14C). Invading hyphae were not present. . 

3.3.6 Experiment 6: Effect of wounding on crown infection 

There was no interaction between treatment ·and time of harvest (Table 3.6). Surface 

wounding resulted in greater (P<O.05) crown infection than non-wounding, both at 7 DAI, 

and when averaged over both harvests (Table 3.7). The surface wounding and the vascular 

wounding treatments did not differ (Table 3.7). The severity of crown infection, as outlined 

by the disease index (section 3.2.7), was low for all treatments (Table 3.7). 

Infection developed on only two out of eight non-wounded crowns, and this was limited to 

cells immediately adjacent to the inoculum disk. These cells showed disruption and death of 

the protoplasts but cell walls retained their integrity. Infection hyphae and cell maceration 

were not observed. Hyphae invaded longitudinally through the peripheral cortex of surface 

wounded crowns, rather than transversely through vascular tissue and inner cortex. Plugging 

of xylem vessels was common. 

Infection in vascular wounded crowns was limited to parenchyma cells immediately 

surrounding the inoculation wound. By 7 DAI, a region of large, often elongated parenchyma 

cells had developed around the wound, the surface of which was covered with a layer of dead 

cells (Plate 15). This formation of wound tissue occurred in all wounding treatments, 

including the non-inoculated control. The outer layer of cells were stained dark blue-purple, 

indicating suberization or lignification. (Plate 15) 
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Plate 8 (cont.) 
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Plate 8 (cont.) 
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Plate 8 (cont.) 
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Plate 9: Light micrographs of petiole tissue of four month old plants of R. acris. 
(Bars=100 f,lm) 

(A). Healthy petiole. 

(B)-(D). 15 days after inoculation with S. sclerotiorum. Note in plate (D) intra
cellular branching (IB) of infection hyphae. 

(E). Rotting of parenchyma tissue (Pa) at petiole base, exposing vascular tissue 
(V), 15 days after inoculation with S. sclerotiorum. 
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Plate 9 (cont.) 
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Plate 9 (cont.) 
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Plate 10: Light micrographs of S. sclerotiorum infection in the peripheral cortex of four month 
old crowns of R. acris. 

(A). Accumulation of hyphae (Hy) outside peripheral cortex (P), 11 days after 
inoculation. Note maceration of peripheral cortex to several cells depth. (Bar= 1 00 
!lm) 

(B)-(E). Intercellular infection hyphae, 7 days after inoculation. Note absence of cell 
maceration in plate (E). (Bars= 10 11m) 
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Plate 10 (cont.) 
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Plate 11: Light micrographs of four month old crowns of R. acris infected with S. 

sclerotiorum. (Bars= 1 00 !-1m) 

(A) . Rotting of peripheral cortex (P) down to vascular bundles (V), 11 days after 
inoculation. 
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(B). Extensive maceration of peripheral cortex (P) and inner cortex (Ie) surrounding 
vascular tissues (V), 21 days after inoculation. 



Plate 12: Light micrographs of crystal formation in four month old crowns of R. acris 
infected with S. sclerotiorum. (Bars= 10 11m) 
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(A). Crystals in peripheral cortical cells at the margin of macerated tissue, 13 days 
after inoculation. 

(B) . Plugging of xylem vessels 21 days after inoculation. 



Plate 13: Light micrographs of four month old crowns of R. acris infected with S. 
sclerotiorum. 

(A). Blue staining of cell walls and protoplast at the infection site, indicating 
lignin deposition, 15 days after inoculation. (Bar=lO flID) 

(B). Blue staining of cortical tissue at the lesion margin, indicating lignin 
deposition, 21 days after inoculation. (Bar= 1 00 11m) 

(C). Thickening and purple staining (arrows) of cells surrounding infected region 
(I), 19 days after inoculation. (Bar=100 11m) 
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Plate 13 
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Plate 14: Photograph and light micrographs of a four month old crown of R. acris 21 days 
after inoculation with S. sclerotiorul11. (Bars=lOO /lm) 

(A). Necrotic lesion in inner cortex (IC) of bisected crown. Note that necrosis has 
not spread into the vascular tissues (V), which appear to form the lesion margin. 

(B). Healthy inner cortical tissue. 

(C). Disruption of cell protoplast in necrotic inner cortical tissue. 
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Plate 15: Light micrographs of wound healing in six month old crowns of R. acris. De, 

deposition of lignin/suberin/dead cells on injured surface; Ie, inner cortex; W , wound 
tissue. (Bars= 100 J.lm) 

(A). 7 days after vascular wounding + inoculation with S. sclerotiorulII. 

(B),(C). 21 days after vasc ular wounding + inoculation with S. sclerotiorum. 
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Table 3.6: Interaction table for analysis of variance of crown infection in R. acris inoculated 
with S. sclerotiorum. 

Source of DF SS MS F P 
variation 

Treatment 2 4.0833 2.0417 4.74 0.022 

Time 1 0.3750 0.3750 0.87 0.363 

Treatment x time 2 1.7500 0.8750 2.03 0.160 

Error 18 7.7500 0.4306 

Total 23 13.9583 

Table 3.7: The effect of wounding on crown infection in R. acris inoculated with S. 
sclerotiorum. 

Mean severity of crown infection 

7DAI 21 DAI . Overall 

Non-wounding O.~ 0.3 0.3 

Surface wounding 1.8 0.8 1.3 

Vascular wounding 0.8 1.0 0.9 

Controe (0.0) (0.0) (0.0) 

LSD (P<0.05) 1.0 0.7 
tiThe control treatment was excluded from the analysis since all data values were zero. 
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3.3.7 Experiment 7: Effect of wounding severity on crown infection 

The percentage of infected crown tissues 21 DAI in treatments A (no wound), B (wounded to 

3 mm depth) and H (non-inoculated control plug) did not differ, having zero or minimal 

infection. Dissection and visual assessment of crowns in treatments A and B showed that 

infection was limited to cells immediately adjacent to the inoculation site. Treatments C 

(wound to inner cortex), D (plug of inner cortical tissue, + apex, + roots), E (plug of inner 

cortical tissue, - apex, + roots), F (plug of inner cortical tissue, + apex, - roots) and G (plug 

of inner cortical tissue, - apex, - roots) did not differ, exhibiting extensive or 100 % necrosis 

of tissue 21 DAI (Table 3.8). 

Table 3.8: Effect of increased level of wounding on percentage infection of R. acris crown 
tissues 21 days after inoculation with S. sclerotiorum. 

Treatmenta 

A: No wound 

B: 3 mm wound 

C: Wound to inner cortex 

D: Inner cortex, + apex + roots 

E: Inner cortex, - apex + roots 

F: Inner cortex, + apex - roots 

G: Inner cortex, - apex - roots 

% of infected crown tissues 
21 DAI 

6.7 (±8.0t 

17.5 (±32.8) 

SO.8 (±SO.6) 

100.0 (±O.O) 

70.8 (±48.6) 

100.0 (±O.O) 

100.0 (±O.O) 

H: Non-inoculated control 0.0 (±O.O) 
a The 95 % confIdence limit for each mean IS given in brackets. 

3.3.8 Experiment 8: Infection in flowering plants 

There were no differences between any treatment at 7, 14 and 21 DAI. Inoculation at the 

stem base resulted.in greater (P<O.OS) infection than the other treatments when the overall 

means were compared (Table 3.9). The severity of crown infection, as outlined by the disease 

index (section 3.2.9), was minimal in all treatments, and regeneration had begun in all 

treatments by 14 DAI. 

Inoculation at the stem base caused rotting, collapse and breakage of stems, exposing the 

vascular strands (Plates 16A, B). However, lesions did not spread up the flowering stems, 

many of which remained turgid (Plate 16C). Hyphae invaded parenchyma tissue in the stem 
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base and in the peripheral cortex of the crown, causing maceration and death of cells. In some 

crowns, vascular bundles were also invaded and macerated, but generally this occurred after 

surrounding parenchyma tissue had been destroyed (Plate 17). Lesions did not develop into 

the inner crown cortex. 

When the petiole junctions were inoculated, brown, watersoaked lesions developed evenly 

either side of the inoculation sites causing necrosis of much of the flowering stem by 14 DAI. 

However, lesions rarely developed below the . first node of the stem, leaving the stem bases 

free of infection. Regenerative shoots developed from axillary buds on many crowns in this 

treatment (Plate 18A). 

Inoculating stems cut at the first node resulted in variable lesion development. In the majority 

of stems, lesions did not spread further than the cut end. In a few stems, brown, watersoaked 

lesions spread downwards, occasionally reaching the stem base by 14 DAI. Regenerative 

shoots developed from axillary buds on the 'crown (Plate 18B), and also from buds which 

formed at the cut first node (Plate 18C). 

Table 3.9: Effect of flowering stem inoculation on crown infection in R. acris inoculated with 
S. sclerotiorum. 

Inoculum position on Mean severity of crown infection 
flowering stem 

7DAI 14 DAI 21 DAI Overall 

Stem base 1.7 (±1.8)D 1.0 (±1.0) 1.3 (±1.5) 1.3 (±0.5) 

Petiole junctures 0.3 (±0.3) 0.0 (±O.O) 0.2 (±0.6) 0.1 (±0.1) 

Cut end 0.1 (±0.3) 0.0 (±O.O) 0.3 (±0.5) 0.1 (±0.1) 

Control 0.0 (±O.O) 0.0 (±O.O) 0.0 (±O.O) 0.0 (±O.O) 
a The 95 % confidence limits for each mean IS gIven In brackets. 
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Plate 16: Two year old flowering plants of R. (lcri.\' 21 days after inoculation at the stem bases 
with S. .l'clerolionllll. 

(A). Rotting of basal stem , expos ing vascular strands (V). 

(B). Bisected crowns after rotting of stem base, exposing vascular strands (V). Note 
growth of axillary buds (Ax). 

(C). Flowering stem still turgid after infection of stem base. 
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Plate 17: Light micrograph of S. sclerotiorum infection in a two year old crown of R. acris, 
7 days after inoculation. Note degradation of vascular bundles (V) and degradation 
of surrounding parenchyma tissue (Pa). (Bar= 1 00 11m) 
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Plate 18 



Plate 18: Two year old flowering plants of R. acris, 21 days after inoculation with S. 
sclerotiorum. 

(A). Infected original stem (St) after inoculation at the petiole junctions. Note 
growth of regenerative shoots (RS). 

(B). Inoculation at the cut end of the original stem (St). Note growth of 
regenerative shoots (RS). 

(C). Bud development at the cut node (arrow). 
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3.4 DISCUSSION 

The crown of R. acris appeared to be the key target for S. sclerotiorum in this study, as 

extensive crown rot was necessary to inflict severe, permanent damage on the plant. However, 

in these studies, incidence of complete crown rot was low because of a range of factors 

limiting infection. 

External plant tissues provide the first defensive barrier against an invading organism (Agrios, 

1978). The external surface of the crown of R. acris might act to some degree as a barrier to 

S. sclerotiorum infection, as wounding at the inoculation site facilitated greater incidence of 

crown infection (Table 3.1). However, crown wounding did not increase the percentage of 

crown rotted (Table 3.2b), nor plant mortality (Tables 3.1, 3.2b). This suggests that, after 

gaining access to internal tissues, further spread of infection within the crown was limited. 

The decrease in severity of crown infection and incidence of mortality as plant size increased 

(Table 3.2a), may be attributed to an associated increase in the biomass of potentially 

resistant crown tissues which must be completely rotted before the plant will die. 

The position of inoculum placement on R. acris had a significant (P<O.OI) effect on the 

outcome of infection (Tables 3.2c, 3.3). Plants inoculated at the lower leaves regenerated from 

an un infected apex despite necrosis of the roots, lower leaves and basal crown region 

(Experiments 1 and 2). Recovery in these plants may have occurred primarily because 

inoculation of the basal leaves, combined with slow or limited decay of the crown, enabled 

the continued production of leaves from the crown apex, which often escaped infection (Plate 

IB). Positioning the inoculum at the base of the upper leaves meant that the pathogen was 

able to invade the crown apical meristem, the region of most active tissue production (Fahn, 

1990; Bell, 1991) first, before invading the rest of the plant. As a result, the plant's capacity 

for rapid regrowth was greatly reduced. These results have highlighted the importance of the 

crown apex in post-infection recovery. Early infection of the crown apex after inoculation 

may be necessary to ensure that the regrowth potential of R. acris is significantly and 

effectively inhibited. 

Any variation in rates of infection between experiments can be attributed largely to variation 

in the age (and size) of plants used, and the efficacy of the inoculation method. Incidence of 

... '- .'\,. '. 



plant mortality was greatest in Experiment 2, when plants were wounded and inoculated 

directly adjacent to the crown apical meristem. This was carried out to highlight the 

importance of this region in plant survival. However, in Experiment 3 and in subsequent 

whole plant experiments, crown inoculation was carried out by placing ground inoculum 

around the petiole bases, adjacent to the crown, rather than specifically targeting the apical 

bud. This was done to provide a more realistic test of the pathogen's capacity for crown 

invasion at a variety of potential infection sites around the crown. 
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When inoculum was broadcast over plants (Experiment 3), lesions which developed on leaf 

petioles and laminae did not spread rapidly down petioles to the crown. Lumsden and Dow 

(1973) found that S. sclerotiorum infection spread most rapidly upward through P. vulgaris 

hypocotyls rather than downward or transversely. In the present study, limited lesion 

development down petioles meant that broadcast inoculated plants continued to grow from an 

un infected crown apex. Comparison of whole plant inoculation with leaf-only and crown-only 

inoculations (Table 3.4) may be confounded because the same rate of inoculum was applied 

over both leaf and crown tissues. In whole plant inoculation, the amount of inoculum which 

landed adjacent to the crown was insufficient to cause significant crown infection (Table 3.4). 

This suggests that broadcast inoculation, probably the simplest application method in the 

field, may not be efficacious for R. acris. 

Although crown-only inoculation caused greatest infection and delayed the onset of recovery, 

many axillary buds on the crown remained viable despite extensive rotting of tissue around 

the petiole bases (Plates 3, 4). Most plants recovered eventually, even after rotting of the 

crown apex (Plate 4). Targeting the inoculum at the crown may be the most efficacious 

application method for R. acris, but difficult to carry out in the field due to the extensive 

canopy of this plant, and adjacent, competing species. However, all inoculated plants had 

fewer (P<O.OI) healthy leaves 21 DAI compared with control plants (Table 3.4). This may 

have implications for control of R. acris in a pasture environment, where a significant 

reduction in the number of healthy leaves per plant following inoculation may enable grasses 

and clovers to out-compete R. acris. A response such as this was observed by Brosten and 

Sands (1986), when application of S. sclerotiorum to C. arvense at a pasture site enabled 

grasses to replace C. arvense in the treated plots. 
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Rapid development of regenerative leaves from an un infected apical meristem, and from 

shoots which developed from axillary buds on the crown of R. acris, facilitated plant survival 

after infection (Experiments 1-3). Crown resistance to S. sclerotiorum, and the rapid regrowth 

rate of R. acris, appear to be major factors enabling post-inoculation recovery. The relative 

importance of these factors was ascertained by inoculating plants of R. acris with and without 

pre-treatment with chlorsulfuron to suppress regenerative growth (Experiment 4). Previous 

studies have demonstrated that plants treated with chemical herbicides are more susceptible to 

fungal pathogens, largely because the chemical inhibits the capacity of the plant to resist, or 

grow away from, the effects of infection (Hasan and Ayres, 1990). The plant growth 

regulator, thidiazuron, reduced the growth of the weed, Abutilon theophrasti Medik., so that 

the leaf pathogen and potential mycoherbicide, Colletotrichum coccodes (Wallr.) Hughes, 

could infect plants completely (Wymore, Watson and Gotlieb, 1987). Application of 

glyphosate to the weed Cassia obtusijolia (L.) suppressed phytoalexin synthesis as a defence 

response to the mycoherbicide Alternaria cassiae Jurair & Khan, and enhanced the virulence 

of the pathogen, resulting in plant mortality· (Sharon, Amsellem and Gressel, 1992). In the 

present study, R. acris plants with inhibited regeneration after pre-treatment with 

chlorsulfuron, exhibited the greatest severity of infection (Table 3.5). However, S. 

sclerotiorum was unable to invade crown tissue completely and kill these plants. All plants 

retained some un-degraded crown tissues 28 DAI with one or more viable axillary buds which 

indicated that recovery was possible, even after death of all leaf tissues. Therefore as long as 

some crown fragments remain, it is likely that R. acris will survive and regenerate. 

If crown degradation by S. sclerotiorum was as rapid as the observed rate of leaf degradation 

by this pathogen, the regeneration sites would be rapidly infected and mortality in R. acris 

would be higher. It is suggested that plants are not readily killed, largely because of crown 

resistance to the pathogen. Crown resistance causes crown decay either to cease, or to 

continue at a rate slower than the regenerative rate of the crown buds, enabling regrowth to 

occur. In Experiments 1-4, regrowth of R. acris was only rarely infected by S. sclerotiorum 

from the inoculum base in the crown. Infection of regenerative growth is an aspect studied in 

Chapter 4. 

These results indicate that successful biocontrol of R. acris with S. sclerotiorum may be 

limited by its perennial nature. Templeton and Heiny (1990) suggested that perennial plants, 
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which have protected reserve tissue, are more likely to regrow away from infection and that 

mycoherbicides may be less effective on them than annual weeds. However, Brosten and 

Sands (1986), and Bourdot et ai. (1993) found that S. sclerotiorum invaded the root system of 

C. arvense and reduced its regrowth capacity from adventitious root buds, thus demonstrating 

its potential as a biocontrol agent for this perennial species. Since the roots of C. arvense 

appeared susceptible to S. sclerotiorum (Bourdot et ai., 1993), the different responses of R. 

acris and C. arvense to S. sclerotiorum may be linked to the relative resistance of their 

underground organs to degradation by this pathogen. As part of the overall assessment of the 

mycoherbicidal potential of S. sclerotiorum for R. acris, an understanding of the basis of 

crown resistance, and the way in which this facilitates bud survival, is required. 

Intercellular infection hyphae, similar to S. sclerotiorum infection hyphae described by 

Lumsden and Dow (1973) and Lumsden and Wergin (1980), invaded petioles (Plate 9) and 

crown peripheral cortical tissue of R. acris (Plate 10). While petiole infection was rapid, with 

extensive maceration of host cells, infection' and maceration of the crown peripheral cortex 

was more limited. 

The development of S. sclerotiorum infection in the crown of R. acris may be impeded to 

. . . - . '. " . . - ... " .. ~ . ~ .,- .. -

some extent by the thickened and possibly suberised cell walls in the peripheral cortex (Plates 1 " 

6, lOA). Suberisation of host tissue can be an effective barrier to invasion, as suberin is not 

readily degraded by fungi (Pahn, 1990; Cooke and Whipps, 1993). However, cells in the outer I ' 

layers of the crown are generally much more densely packed than cells comprising leaf tissue. 

This may in itself present considerable physical resistance to the intercellular movement of 

infection hyphae, which initiate the infection process in the host (Lumsden and Dow, 1973). 

Pectolytic enzymes produced by infection hyphae of S. sclerotiorum are responsible for 

symptoms of tissue maceration which facilitate rapid colonisation of the host (Hancock, 1966; 

Morrall et ai., 1972; Lumsden, 1976; Lumsden, 1979). In the present study, the limited 

maceration of cells surrounding infection hyphae in the crown peripheral cortex, indicates that 

this tissue is not highly susceptible to degradation by pectolytic enzymes. 

Cells at infection sites, or surrounding crown lesions, often exhibited dark blue staining of the 

protoplast and walls (Plates 13A, 13B), indicating lignification (Stoughton, 1930). These 

symptoms were similar to those found by Stockwell and Hanchey (1987) during investigations 
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of Rhizoctonia solani Kuhn infection of P. vulgaris hypocotyls. Stockwell and Hanchey 

(1987) suggested that the symptoms were due to deposition of lignin and phenolics within the 

cells at the lesion border, and that this created an impenneable barrier to pathogen-produced 

enzymes. Lignin is a highly persistent polymer, and resistant to extensive degradation by aU 

but a few fungi (Cooke and Whipps, 1993). Auld, Talbot and Radburn (1994) found that 

resistance of Xanthium occidentale Bertol. to the potential mycoherbicide Colletotrichum 

orbiculare Berk. and Mont., included the fonnation of lignin-like substances around leaf 

infections. The present results indicate that a similar resistance reaction could be operating in 

R. acris crown tissues, to limit the further spread of S. sclerotiorum infection. 

Intra-cellularly invading hyphae, previously described as ramifying hyphae (Lumsden and 

Dow, 1973), grew in R. acris petiole tissue, but were not observed in crown tissues. 

Colonisation of the crown was probably not extensive enough to allow the development of 

ramifying hyphae. 

In this study, crescent shaped crystals occluded the xylem vessels and fonned in parenchyma 

cells close to the infection front (Plate 12). Crystals of similar appearance were observed by 

Lumsden and Dow (1973) during histopathological studies of S. sclerotiorum infection on 

Phaseolus spp. These crystals were identified as oxalate (Lumsden, 1979). Such crystal 

fonnation probably contributes to foliar wilt symptoms associated with oxalic acid production 

during S. sclerotiorum infection (Noyes and Hancock, 1981), by plugging and blocking the 

xylem vessels (Pawlowski and Hawn, 1964; Lumsden, 1979). The rate of shoot infection of 

R. acris by S. sclerotiorum was such that only transient wilt symptoms were observed in these 

studies. 

Extensive brown rot lesions occasionally developed through the outer and inner cortex of the 

crown of R. acris, while appearing to move around the vascular tissues (Plate 14A). Infection 

hyphae were not present and parenchyma cells within these lesions were not macerated but 

exhibited protoplast disruption (Plate 14C). Evidence that oxalic acid is responsible for the 

brown rot lesions associated with S. sclerotiorum infection has been provided by Tu (198;;). 

This author induced brown rot lesions on excised leaves of tolerant and susceptible cultivars 

of P. vulgaris by feeding oxalic acid through the petioles. Oxalic acid induced cytological 

changes in host tissue, causing disruption of cellular organelles (Tariq and Jeffries, 1985; Tu, 
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1989). The absence of cell maceration but presence of cell protoplast disruption within the 

crown lesions indicates that this is the action of oxalic acid, rather than pectolytic enzymes. 
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Tolerance to S. sclerotiorum infection has been associated with tolerance of the host tissue to 

oxalic acid (Noyes and Hancock, 1981; Tu, 1985). Tu(1989) supported this by demonstrating 

that the plasma membrane of cells in a tolerant cultivar of P. vulgaris were more stable and 

had greater tolerance to oxalic acid than cell membranes of susceptible cultivars. Therefore, if 

the brown rot lesions in R. acris crown tissues are caused by oxalic acid, then the tolerance 

levels of crown tissues to diffusion and activity of oxalic acid may influence the rate of lesion 

development through crowns. The absence of infection hyphae in large crown lesions suggests 

that oxalic acid is able to diffuse extensively through the tissues of these crowns, ahead of the 

hyphal front. However, many plants with crowns exhibiting large brown rot lesions (Plate 

14A) were still able to produce regenerative tissues. It is likely that extensive colonisation by 

infection hyphae is necessary for. crown death to occur. 

Infected crowns of R. acris were not assayed for oxalic acid and pectolytic enzymes because 

the purpose of these studies was to determine the extent of lesion development in R. acris 

crown tissue in order to identify morphological barriers to infection. The process of S. 

sclerotiorum infection, and symptoms of cell disruption associated with the activity of oxalic 

acid and pectolytic enzymes have been well documented (Hancock, 1966; Maxwell and 

Lumsden, 1970; Lumsden and Dow, 1973; Lumsden, 1976; Lumsden, 1979; Noyes and 

Hancock, 1981; Marciano et ai., 1983; Tu, 1985; Tu, 1989; Godoy et al., 1990), and were 

adequately determined in the present study by staining and microscopic examination of 

infected crown sections. 

A consistent observation throughout these experiments was the greater resistance of vascular 

tissue to S. sclerotiorum infection compared with ground tissue. This was apparent in infected 

petioles of R. acris, which exhibited exposure of intact vascular strands (Plates 3, I6A, 16B). 

Similar symptoms were reported by Marciano et al. (1983). These authors inoculated S. 

sclerotiorum onto H. annuus stems and found that heavy tissue maceration occurred with 

exposure of the inner vascular bundles. In the present study, infection hyphae and cell 

maceration rarely developed past the crown's dense network of vascular bundles into the 

inner cortex (Experiments 5 and 6) (Plate IIA) which indicates that vascular tissue could play 
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an important role in limiting the spread of infection within crowns. This result agrees with 

Prior and Owen (1964), Lumdsen and Dow (1973) and Tariq and Jeffries (1985, 1986), who 

observed resistance of host vascular tissues to infection by Sclerotinia spp. Resistance of the 

vascular bundles may be due to lignification of the xylem vessel wall, since lignin itself is· 

largely resistant to enzymic degradation (Cooke and Whipps, 1993), and thus presents a 

physical barrier to the majority of plant pathogens (Ride 1975; Vance et ai., 1980; Robertsen, 

1986). 

Wounding and inoculating non-excised crowns past the vascular layer did not cause extensive 

crown infection (Table 3.7), but resulted in the formation of a wound callus with a thickened, 

possibly suberised or lignified outer layer adjacent to the wound and inoculation site (Plate 

15). This formed a continuous ring around the infected area. In some non-wounded crowns, 

the deposition of a substance, possibly suberin, occurred on the outer surface of healthy tissue 

surrounding lesions (Plate 13C). :Parenchyma cells retain the ability to divide when mature 

and deposit suberin and lignin in the cell walls. This is important in wound recovery and 

regeneration (Fahn, 1990). For example, wounds in tubers of Solanum tuberosum (L.) healed 

by deposition of suberin on healthy cells adjacent to the injured surface, followed by the 

formation of wound periderm cells beneath the suberised layer (Morris, Forbes-Smith and 

Scriven, 1989). Wound healing in S. tuberosum reduced infection by Fusarium oxysporum 

Schlecht. and Erwinia carotovora pv. carotovora (Morris et al., 1989). The present study has 

highlighted the capacity of cortical parenchyma cells in the crown of R. acris to heal after 

wounding, and prevent entry of S. sclerotiorum. 

The very inner pith tissue of R. acris crowns appears to be susceptible to S. sclerotiorum 

infection. In Experiment 7, extensive rotting of crowns occurred after wounding and 

inoculation to the inner cortex or pith. In addition, inoculation of exposed cores of inner 

cortical tissue resulted in almost consistent 100 % infection of tissue, regardless of whether 

they were excised from the roots and apex or not (Table 3.8). The cells in the inner cortical 

region are less densely packed, with many air spaces. These cells have thin, primary walls 

composed of cellulose, without secondary thickening (Plate 14B). This tissue may present less 

resistance to intercellular infection hyphae of S. sclerotiorum (Lumsden and Dow, 1973) than 

the densely packed cells in the outer cortex. 
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In whole plant experiments, complete crown infection of R. acris by S. sclerotiorum may 

have occurred as a result of infection hyphae gaining access to the more open cellular 

structure of the inner cortex, perhaps via an infected root or petiole strand, which appeared to 

provide the major points of entry of infection into inner crown tissue (Plates 8B, 8C). Entry 

to the inner cortex probably occurred more by chance, rather than because of differences in 

resistance responses between plants of R. acris. Complete crown decay may then have 

occurred by the rapid outward growth by the pathogen, after the establishment of infection in 

the inner cortex. Lumsden (1979) stated that nutrition of S. sclerotiorum is probably the most 

important factor determining the success or failure of establishment of disease in the host. 

Degradation of cellulose and starch in the inner cortex would provide an abundant carbon 

source for utilization by the pathogen (Cooke and Whipps, 1993), thus providing energy for 

the degradation of the more persistent structural components of the crown. 

Sclerotinia sclerotiorum exhibited the potential to invade crowns of R. acris completely, but 

this occurred only rarely, probably because of the difficulties of accessing the inner pith 

tissue. Most infections stopped at the peripheral cortex because of the greater cellular 

resistance in this region of the crown, and the possible barrier provided by the vascular 

tissues. This gave plants time to respond by producing new tissues vigorously, enabling 

recovery after infection. Excising crowns and inoculating them with S. sclerotiorum resulted 

in rapid and complete infection. These results have implications for virulence testing of S. 

sclerotiorum isolates on crown tissues. Crowns of intact plants should be used to provide a 

realistic system, so that the vigour of each isolate can be evaluated against the full range of 

crown defences. 

The requirement for oxygen is a limiting factor to the growth of many fungi, and oxygen 

depletion in a closed environment is a common occurrence (Cooke and Whipps, 1993). Lack 

of available oxygen may limit S. sclerotiorum infection within the intact crown of R. acris, 

since the crown is a dense, underground structure. The rapid and complete degradation of 

excised, or severely wounded crowns after inoculation (Experiment 7) may have been 

influenced by a ready supply of oxygen in their exposed tissues for the support of fungal 

growth. 

The development of lesions along the flowering stems of R. acris after S. sclerotiorum 

, , 
I . 
I 



98 

inoculation was limited, in both acropetal and basipetal directions (Experiment 8). Infection of 

the entire stem ·occurred only after inoculation of all the petiole junctions along the stem. 

. Crown infection was minimal across all treatments (Table 3.9). Although flowering stems 

have a hollow centre, stem tissue is dense and possibly lignified, particularly at the base 

which probably provides some resistance to the infection process. In addition, the crowns of 

older, flowering plants of R. acris have a particularly dense and thickened crown peripheral 

cortex. Therefore, flowering stems do not act as a conduit to crown infection, and 

regeneration from crown buds occurred in all treatments (Plates 16, 18). These results indicate 

that S. sclerotiorum infection in flowering plants of R. acris is slow and limited. This is 

contrary to field observations, at the start of this study, of flowering plants of R. acris 

severely infected with S. sclerotiorum. Evidently, there are other factors, perhaps linked with 

physiological changes during the flowering season, which may weaken the resistance of R. 

acris to S.sclerotiorum in favour of infection. This is explored further in Chapter 4. 

Observations throughout these experiments have shown that shoots growing from axillary 

buds on the crown of R. acris after S. sclerotiorum inoculation (Plates 4, 8) had the potential 

to reproduce vegetatively and develop into individual plantlets (Kigal and Koller, 1985). This 

was an important recovery response, particularly after severe crown infection, as it appeared 

that a single axillary bud on remaining crown tissue could facilitate plant survival (Plates 4, 

8F). The importance of vegetative reproduction of R. acris in recovery after S. sclerotiorum 

infection is one focus of Chapter 4. 

Axillary buds formed a continuum with the crown vascular network (Plate 8D). In addition, 

some buds were observed growing out from a region of meristematic activity closely 

associated with the crown vascular tissues (Plate 7). The crown vascular tissues are 

surrounded by cells densely packed with starch, an essential source of carbohydrate for 

. growth. Buds connected to, or originating from, a meristematic region closely associated with 

vascular tissues may be shielded to some extent from the pathogen-produced enzymes and 

toxins, as the vascular tissues have been shown to resist the spread of S. sclerotiorum 

infection (Plate 11). It is suggested that recovery is facilitated in severely infected crowns of 

R. acris because resistance of the vascular tissues inhibits infection of these meristematic 

zones. 
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Resistance to Sclerotinia spp. in host tissues is often characterised by limited lesion size 

(Lumsden, 1979; Tu, 1985). Results from these studies indicate that the resistance of R. acris 

crowns to S. sclerotiorum is not due to one specific factor, but possibly a combination of non

specific defence mechanisms, linked to the morphological features of the crown, which 

together limit infection, and allow the plant to recover. 

There is potential for further study which might yield interesting information regarding crown 

resistance mechanisms. Firstly, resistance to pathogen invasion has been associated with high 

calcium content of host tissues, resulting in the formation of the insoluble salt, calcium 

pectate (Bateman, 1964). This may build up as tissues mature, rendering them less susceptible 

to pectic enzyme degradation, and therefore, maceration (Bateman, 1964; Bateman and Beer, 

1965; Bateman and Lumsden, 1965; Bateman and Millar, 1966; Misaghi, 1982; Chrominski, 

Abia and Smith, 1987; Conway et al., 1992). However, this hypothesis has been challenged 

by Stockwell and Hanchey (1987) and Yang, Tewari and Verma (1993). No study has yet 

been made on calcium in R. acris crown tissue. 

Secondly, the tissues of R.acris contain the glycoside, ranunculin (Harper, 1957) which 

releases protoanemonin on crushing. Protoanemonin, an unsaturated lactone, is reported to be 

a phytotoxicant (Harper and Sagar, 1953) and has shown in vitro activity against fungi and 

bacteria (Martin, San Roman and Dominguez, 1990). It is possible that this compound is 

concentrated in the crown to a greater extent than other tissues and may restrict infection of 

. S. sclerotiorum. 

Studies in this chapter have highlighted the importance of crown resistance and its 

implications for the control of R. acris with S. sclerotiorum. The high regenerative rate of R. 

acris is crucial to plant survival after inoculation, and is a further potential limiting factor to 

control of this weed. The regenerative capacity of vegetative and flowering plants of R. acris 

is the focus of Chapter 4. 
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CHAPTER 4 

THE REGENERATIVE POTENTIAL OF R. ACRIS 

4.1 INTRODUCTION 

The crown of R. acris is the major target for a S. sclerotiorum mycoherbicide because it is 

the plant's underground storage organ, and the site of the regenerative buds (Chapter 3). 

However, the crown has shown resistance to S. sclerotiorum, probably due to a combination 

of non-specific defence mechanisms (Chapter 3). Crown resistance is one of the greatest 

limiting factors to the use of S. sclerotiorum as an inundative biological control agent for R. 

acris, because persistence of crown tissues after infection facilitates recovery (Chapter 3). 

Another major limiting factor is the capacity of R. acris for rapid regrowth following S. 

sclerotiorum infection (Chapters .2 and 3). Clearly the role of the crown in this process is 

critical, and requires further investigation if the overall potential of S. sclerotiorum is to be 

assessed. 

The competitive ability and regrowth capacity of herbaceous, perennial plants has been 

associated with the biomass and organic reserve status of the underground, perennating organ 

(Amy, 1932; Priestly, 1962; Turner, 1969; Mooney, 1972; Grime, 1979; Cyr, Bewley and 

Dumbroff, 1990; Henskens, 1993). According to various authors, it is the available 

carbohydrate reserve pool which provides the primary source of stored energy in perennial 

plants for utilisation in support of rapid growth (Amy, 1932; Okajima and Smith, 1964; 

Smith, Paulsen and Raguse, 1964; Mooney, 1972; McWhorter, 1974; Lym and Messersmith, 

1987; Holt, 1988; Bouhache, Boulet and EI Karakhi, 1993). Typically, the available 

carbohydrate fraction of plants is comprised of soluble sugars, such as glucose, fructose and 

sucrose, and the storage polysaccharides, starch and fructans (Priestly, 1962; Lewis, 1984; 

Nelson and Spollen, 1987). 

The biomass and available carbohydrate status of the underground storage organs of perennial 

plants follow seasonal trends (Priestly, 1962; Deregibus, Trlica and Jameson, 1982; Lym and 

Messersmith, 1987; Cyr et aI., 1990; Henskens, 1993). Numerous studies of perennial weeds 

have focused on this because of the implications for weed control. If control measures can be 
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timed to coincide with periods of low carbohydrate reserves, then regenerative capacity, and 

therefore plant survival, may be reduced (Amy, 1932; Buchholtz, 1962; Williams and Foley, 

1976; Deregibus et ai., 1982; Stites and Fick, 1982; Fick, Stites, Ohlenbusch and Kilgore, 

1983; Lym and Messersmith, 1987; Patriquin, 1988; Bouhache et al., 1993; Henskens, 199·3). 

Generally, carbohydrates in the storage organs of perennial plants decrease to a minimum in 

spring, corresponding with rapid mobilisation of reserve materials for vegetative growth at 

this time of year (Amy, 1932; Priestly, 1962; Jameson, 1963; Hill, 1977; McAllister and 

Haderlie, 1985). After this, the pattern of available carbohydrate usage and accumulation until 

the end of the growing season tends to vary between species, possibly because of differences 

in their growth patterns (Jameson, 1963; Lym and Messersmith, 1987). For example 

Agropyron repens (L.) Beauv. (note: Elytrigia repens (L.) Nevski is the current botanical 

name in New Zealand), Sonchus avensis (L.), Euphorbia esula (L.), Nasturtium austriacum 

(Crantz), Cirsium arvense (L.) Scop. (Arny, 1932), Pteridium aquilinum (L.) Kuhn (Williams 

and Foley, 1976), Cichorium intybus (L.) and Taraxacum officinale (L.) (Cyr et al., 1990) 

have a steady accumulation of available carbohydrates in their reserve organs after the onset 

of flowering, due to replenishment from photosynthesis. By contrast, McAllister and Haderlie 

(1985) found that although non-structural carbohydrate in the roots of C. arvense reached a 

maximum value of 26 % in the late autumn, levels did not increase consistently during the 

summer months . 

. Total non-structural carbohydrate in the roots of Solanum elaeagnifolium Cav. were lowest at 

flower bud formation, and accumulated between flowering and fruit formation (Bouhache et 

al., 1993). Other perennials, for instance Sorghum halepense (L.) Pers. (McWhorter, 1974), 

may have a second minimum in carbohydrate reserves following summer accumulation, due 

to the carbohydrate requirements of seed or fruit formation (Priestly, 1962; Jameson, 1963). 

Total non-structural carbohydrate content of Rosa multiflora Thunb. roots declined in the late 

summer (Fick et al., 1983). However, sometimes seed or fruit set coincides with a high point 

in carbohydrate accumulation (Jameson, 1963). Generally, autumn and winter are associated 

with maximum levels of stored reserves as senescence of summer foliage contributes to 

mobilisation of nutrients to reserve organs (Priestly, 1962; Cyr et al., 1990). 

The crown of R. acris is densely packed with starch (Harper, 1957), which appears to be a 
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principal storage component of many perennial species from dicotyledon families (Priestly, 

1962; Lewis, 1984). The crown is probably the main storage organ of R. acris, although roots 

may be an additional site of starch storage in the autumn (Harper, 1957). A study of the 

biomass partitioning and crown available carbohydrate content of R. acris at various 

phenological stages from pre- to post-flowering may indicate periods of crown depletion. If 

crown depletion occurs, it may be associated with low regenerative potential following S. 

sclerotiorum infection. In a field environment, this could enable other pasture species to 

compete successfully following mycoherbicide application at this time. 

Ranunculus acris is not dormant during the winter but exists as a rosette of small leaves 

(Harper, 1957). In the early spring there is rapid production of new foliage. This causes the 

starch reserves to be depleted and disappear from the crown which may rot away by the time 

of flowering (Harper, 1957). This indicates that crown carbohydrate reserves are utilised 

during spring growth of R. acris, and that early flOWering may be a phase in the annual cycle 

of R. acris when susceptibility to S. sclerotiorum may be high. Sarukhan (1976) studied 

energy allocation in natural populations of R. acris in Wales. It was found that root tissue of 

R. acris contributed a substantial amount to total plant biomass, and it was suggested that 

roots may have a role in food storage. Sarukhan (1976) appears to have termed all below

ground tissue, including the crown, as roots. The biomass of "root" tissue in natural 

populations of R. acris dipped to a minimum after the onset of flowering, before increasing 

later in the flowering period (Sarukhan, 1976). 

Sarukhan and Harper (1973) studied the demography of R. acris in Wales, and found that the 

major period of mortality in mature populations of R. acris occurred during spring and early 

summer. This coincided with rapid reserve depletion and strong competition from other 

pasture species. Sarukhan (1976) also reported a conspicuous post-reproductive peak of 

mortality in R. acris. Flowering of R. acris normally continues for two months, although this 

depends on geographic location (Harper, 1957). In the Golden Bay region of New Zealand, 

approximately 5 % of plants were observed flowering throughout a winter with few frosts and 

higher than average temperatures (Brown, 1993). In New Zealand, crown reserve 

replenishment and growth takes place over the summer and autumn, after the peak of 

flowering (Brown, 1993). Therefore, autumn and winter are probably periods of high 

regenerative capacity in R. acris. 
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Vegetative reproduction from axillary buds on the crown appeared to be an important 

mechanism by which R. acris survived S. sclerotiorum infection (Chapter 3). Vegetative 

reproduction is described by Kigal and Koller (1985) as "the asexual arisal of new, individual 

plants when modified apical, axillary or adventitious buds grow into autonomous, 

adventitiously rooted erect, leafy shoots which eventually become separated from each other". 

Axillary buds on the crown of R. acris developed into plantlets with individual crown and 

adventitious root systems. Leaf production by individual plantlets greatly increased the 

regrowth potential of infected plants (Chapter 3). This was crucial to plant survival, 

particularly when the main crown apex was rotted and unable to produce regenerative leaves 

(Chapter 3). 

The capacity of a plant for vegetative reproduction is of great significance to weediness (Holt, 

1988) and is influenced by seasonality (Kigal and Koller, 1985). Many weeds exhibit minimal 

capacity for vegetative reproduction in late spring and early summer when flowering and seed 

set occur, and at which time carbohydrate reserves may reach their lowest levels (Kigal and 

Koller, 1985). McAllister and Haderlie (1985) found that adventitious bud growth on roots of 

C. arvense was highest during late autumn and winter following aerial shoot death, and that 

this coincided with maximum levels of root non-structural carbohydrate reserves. 

Harper (1957), Sarukhan and Harper (1973), and Sarukhan (1974) reported that although the 

major form of reproduction is by seed, R. acris will reproduce vegetatively in the autumn, 

albeit only sparsely. This occurs via a small branch of the rhizome (crown) which develops 

into a new vegetative plant (plantlet) only a few millimetres from the parent. By the 

following spring these plantlets are fully established, separating from the parent as the 

rhizomatous connection decays. Over the years, this process leads to tightly clumped colonies 

of three to six plants (Sarukhan and Harper, 1973). Brown (1993) observed that prolific 

vegetative reproduction of R. acris occurred in the Golden Bay region of New Zealand during 

summer/autumn, with each crown able to produce up to three new plants. Seasonal trends of 

vegetative reproduction in R. acris may strongly influence survival potential after S. 

sclerotiorum infection. 

Several researchers have studied the effects of defoliation on perennial weeds in relation to 

their control (Dexter, 1936; Turner, 1969; Hidaka, 1973; McWhorter, 1974; Hogg and 
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Lieffers, 1991; Henskens, 1993). Regular defoliation of perennial plants reduces plant 

biomass, depletes the levels of available carbohydrate in the underground storage organs, and 

reduces the plant's capacity for regrowth (Dexter, 1936; Buchholtz, 1962; Jameson, 1963; 

Davidson and Milthorpe, 1966; Turner, 1969; Hidaka, 1973; Deregibus et ai., 1982; Holt, . 

1988; Henskens, 1993). 

Available carbohydrates are utilised for survival and regrowth after defoliation, at which time 

carbohydrate usage usually exceeds photosynthesis (Priestly, 1962; Smith et ai., 1964; 

Mooney, 1972; McWhorter, 1974; Teague, 1989; Baur-Hoch, Machler and Nosberger, 1990). 

Carbohydrate reserves become depleted when these plants are defoliated at intervals which do 

not allow the export of photosynthates to the perennating organs (Turner, 1969). Henskens 

(1993) found that export of total non-structural carbohydrate (TNC) from leaves to roots of 

Achillea millefolium (L.) was re-established 20 days after defoliation. The recommended 

defoliation interval for reserve depletion in A. repens was 10-14 days (Turner, 1969). 

Dexter (1936) found that repeated defoliation of A. repens resulted in decreased root reserves 

and yields of foliage. Total non-structural carbohydrate in the roots of Rumex obtusifolius (L.) 

was reduced from 37 % to 8 % and 3 % as a result of cutting at a two-week interval and a 

one-week interval, respectively, over a four week period (Hidaka, 1973). Hidaka (1973) 

concluded that regrowth after cutting depended mainly on the root reserves. Henskens (1993) 

found that E. repens, A. millefolium, and C. arvense utilised subterranean reserves to support 

. regrowth immediately after defoliation, thus resulting in depletion of subterranean total non

structural carbohydrate (TNC) reserves. The response of R. acris to repeated defoliation may 

provide useful information on the potential of integrated weed control strategies. 

In addition to reserve status, the regrowth capacity of perennial weeds will be influenced by 

the number of buds on the perennating organ, and the potential of the plant tissues for 

adventitious shoot production (Kigal and Koller, 1985). Buchholtz (1962) attributed the 

vigorous and persistent qualities of A. rep ens to its abundant supply of inactive buds, as well 

as to its large carbohydrate reserve. The vigour of C. arvense is aided by its capacity for 

adventitious shoot production from the roots (Bourdot et ai., 1993). Cirsium arvense can 

initiate new buds and shoot growth at any time of the year, following removal of existing 

shoots (McAllister and HaderIie, 1985). 
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The crown of R. acris has many extremely short internodes, each bearing an axillary bud 

which may remain dormant until activated by the death of its associated leaf (Chapter 3). 

Therefore, R. acris plants consisting of a dense cluster of many crowns contain a considerable 

number of potential regrowth sites. These may become depleted after repeated defoliation,' 

thus reducing the regrowth potential of R. acris. 

The resources of R. acris for regeneration, after having committed its axillary buds on the 

crown for regrowth, are unknown. In Chapter 3, bud primordia emerged from the vascular 

tissues (Plate 7), but whether these were adventitious roots or shoots was unknown. 

Adventitious buds may arise from a variety of plant organs and tissues as a normal part of the 

growth process, or in response to injury (Kigal and Koller, 1985). To test whether R. a~ris is 

capable of adventitious reproduction, plants must be forced into committing the majority of 

the crown buds to regrowth. This will only occur upon removal of correlative inhibition 

associated with apical dominance, a phenomenon of widespread occurrence throughout the 

plant kingdom (Philips, 1969). Most studies' on apical dominance have been carried out using 

herbaceous dicotyledonous species, and apical dominance has been found in rhizomes and 

corms as well as in aerial shoots (Philips, 1969). Axillary bud elongation in R. acris may be 

enhanced by application of exogenous giberellic acid (Tamas, 1987) thus causing more rapid 

reserve depletion and increasing stress in the plants. This should stimulate R. acris into 

utilising all available survival mechanisms. An anatomical study of regeneration in severely 

stressed R. acris crowns may enable detection of adventitious shoot production. 

The regenerative potential of R. acris is vital to its survival after S. sclerotiorum infection, 

since the pathogen normally causes complete defoliation of vegetative plants (Chapters 2 and 

3). A greater understanding of the regenerative capacity of R. acris, as affected by seasonality 

and defoliation, may indicate the potential for mycoherbicide control of this weed at various 

stages during the year, and the possible use of integrated control measures. The experiments 

reported in this chapter had the following objectives: 

1. To determine whether a period of depletion of crown biomass and available carbohydrate 

occurs in R. acris from pre- to post- flowering, and how this may be linked with whole plant 

biomass partitioning. 

2. To quantify the regenerative potential of R. acris at different phenological stages, after 

inoculation with S. sclerotiorum. 
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3. To test the susceptibility of regenerating tissues of R. acris to S. sclerotiorum, 

4. To assess the effect of repeated defoliation on regeneration, crown carbohydrate reserves, 

and susceptibility to S. sclerotiorum, of flowering and vegetative plants of R. acris. 

4.2 METHODS 

4.2.1 General methods 

Plants of R. acris were grown from seed in a glasshouse as described in section 2.2.1. The 

inoculum used was air-dried, ground kibbled wheat infested with S. sclerotiorum isolate S 13, 

prepared a's described in section 3.2.1. 

Starch content of R. acris crown tissue constituted between 51 and 72 % of total available 

carbohydrate in eight crowns sampled (Appendix V). Therefore, although starch appears to be 

a major storage carbohydrate of R. acris, as suggested by Harper (1957), other carbohydrates, 

such as soluble sugars and possibly fructans, contribute substantially to the crown 

carbohydrate pool. In the experiments reported here, crown available carbohydrates were 

assayed to enable a more comprehensive measurement of the crown carbohydrate reserves 

available to support new growth than is given by starch measurement alone (Priestly, 1962; 

Lym and Messersmith, 1987). 

4.2.2 Available carbohydrate analysis 

, Crowns were assayed for total available carbohydrates (which includes starch and soluble 

sugars) using enzymic and acid hydrolysis and the p-hydroxybenzoic method (PAHBAH) 

developed as an in-house method by the AgResearch Grasslands Research Centre, Analytical 

Laboratory, Palmerston North. The method is a modification of that described by Southgate 

(1976) and Blakeney and Mutton (1980). 

Two enzyme solutions were used. Enzyme solution I contained 2.5 ml of alpha amylase 

(Sigma Chemicals) made up to 200 ml with sodium acetate buffer (0.1 M, pH 5.2). This was 

stored in a 50°C water bath. Enzyme solution II was prepared by adding 12 ml of water to 

1.2 g of pancreatin (Sigma Chemicals), and the solution mixed for 10 minutes. The solution 

was centrifuged for 10 minutes (1000 revolutions per minute), and 2.5 ml of 

amyloglucosidase (Sigma Chemicals) added to 10 ml of the supernatant. This was mixed and 
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stored at room temperature. 

Whole crowns were ground to a fine homogenous powder. Approximately 100 mg samples of 

each crown were mixed with 0.4 ml of dimethylsulphoxide (DMSO) in capped tubes and 

placed in a boiling water bath for 30 minutes. Then 1.6 ml of enzyme solution I was added. 

Samples were mixed, replaced in the boiling water bath for 15 minutes and then removed to a 

50 DC water bath for 3 minutes, after which 100 III of enzyme solution II was added. Samples 

were incubated at 50 DC for 30 minutes. The samples were transferred to the boiling water 

bath for 10 minutes. 

Standards were prepared containing 0.4 ml of DMSO, 0.6 ml of water, and 1 ml of glucose 

stock (10 mg/ml). The samples were cooled to room temperature, and 400 III of barium 

hydroxide solution added to the samples and standard solutions. These were vortex mixed, 

100 III of zinc sulphate solution added and vortex mixed again. Next, 7.5 ml of absolute 

ethanol was added and the samples and standard solutions mixed and left to stand for 30 

minutes in iced water. Samples were then centrifuged to obtain a clear supernatant. Next, 100 

III of each supernatant and standard solution were transferred to a 10 ml capped tube and 200 

III of 0.5 M HCl added. These were placed in a boiling water bath for 30 minutes. 

The tubes were cooled and 2 ml of p-hydroxybenzoic acid hydrazide (P AHBAH) reagent 

added which contained 0.5 g per 100 ml of alkaline diluent (The alkaline diluent contained 

14.704 g/litre of trisodium citrate, 2.2 g/litre of calcium chloride, and 20 g/litre of sodium 

hydroxide). The contents were vortex mixed, and heated in a boiling water bath for 6 

minutes. The tubes were removed from the water bath, cooled and 4 ml of water added. The 

absorbance of each solution was read at a wavelength of 420 nm against a reagent blank 

using a Cecil single beam UV -VIS spectrophotometer. The percentage of available 

carbohydrate (AC) in each sample was determined from the following equation. 

AC (%) = absorbance of test solution x dilution x volume x cone. of standard x 100 

Absorbance of standard solution x sample weight 

, 
, . 
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4.2.3 Experiment 1: Dry matter partitioning, crown reserve status 

and post-infection regenerative capacity of R. acris from pre- to post-flowering 

Two-hundred-and-fifty 3 month old R. acris plants (Appendix I, Plate iiA) were categorised 

into four groups according to the size of the leaf canopy, and maintained during the 

experiment on the floor of a glasshouse. The glasshouse was heated and ventilated. The mean 

weekly maximum and minimum temperatures throughout the experimental period are 

presented in Appendix VI. The glasshouse was illuminated by natural light, with 23 % outside 

light transmittance during the summer (due to shade cloth) and 35 % outside light 

transmittance during the winter. 

Plants were observed weekly for onset of flowering. Different coloured wire was used each 

week to label plants that had just initiated the first flowering stem. This enabled future 

identification of plants of the same physiological age. Plants at the same physiological age, 

and therefore phenological stage, were harvested together as a single treatment at the same 

date. Plants were selected at random from all size categories, provided the number of plants 

at each stage was sufficient. Due to the plasticity of flowering of R. acris in the glasshouse, 

there were differences in the dates of onset of flowering between phenological stages 

(treatments) in Experiments 1a and lb. Date of onset of flowering, and date of harvest, of 

each treatment in Experiments 1a and 1b are shown in Appendix VII. Comparisons between 

treatments may be confounded because of differences in their flowering dates. Therefore, 

comparisons between treatments in Experiment 1a are restricted between those with similar 

dates of onset of flowering. Since there was greater overlap in the flowering dates of 

treatments in Experiment 1 b (Appendix VII), comparisons are not restricted. 

Experiment la: Dry matter partitioning and crown reserve status 

Forty-eight plants were destructively harvested, eight at each of the following phenological 

stages from pre-flowering to post-flowering (Date of harvest in parentheses); 

1. Pre-flowering vegetative rosette. Plants had abundant early season foliage. (18 October 

1993) 

2. Early-flowering. Plants had one fully extended flowering stem with open flowers, and 1-3 

stems elongating with immature flower buds (1-2 weeks since onset of flowering). (8 
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December 1993) 

3. Early-peak flowering. Plants had one or more fully extended flowering stems with open 

flowers. Some stems were at the beginning of seed fill with immature green seed heads. Some 

stems elongating with immature buds (4-5 weeks since onset of flowering). (7 January 1994) 

4. Late-peak flowering. Plants had one or more fully extended flowering stems. Some stems 

with open flowers. Most stems were at seed maturation with brownlblack seed heads. 

Initiation of new stems less frequent (8-9 weeks since onset of flowering). (12 January 1994) 

5. Late-flowering. Most flowering stems had shed seeds and were beginning to 

senesce/Collapse (12-13 weeks since onset of flowering). (17 January 1994) 

6. Post-flowering vegetative rosette. Complete senescence of flowering stems (20-22 weeks 
. . 

since onset of flowering). (22 March 1994) . 

At each harvest, plants were removed from the pots and washed, taking care to retain as 

much of the root system as possible. Plants were divided into root, crown, leaf and flowering 

stem components and freeze-dried for 48 h, at which constant weight was reached. The dry 

weights of each component were recorded, and the crown samples stored inside sealed plastic 

bags in a freezer until assayed for available carbohydrate content. 

Total plant dry weight, the dry weight of each component, each component as a percentage of 

total plant dry weight, available carbohydrate (g/crown-1
), and percentage crown available 

carbohydrate (gllOO g of crown tissue) were analysed using analysis of variance restricted 

between treatments with similar dates of onset of flowering. The 95 % confidence intervals of 

the means for the pre-flowering treatment were calculated. 

Experiment Ib: Post-infection regenerative potential 

Twenty plants were inoculated at the following phenological stages (date of inoculation in 

parentheses) ; 

1. Pre-flowering vegetative rosette (as described in Experiment 1a). (28 October 1993) 
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2. Early-peak flowering (as described in Experiment la) (4-5 weeks since onset of flowering). 

(13 January 1994) 

3. Late-flowering (as described in Experiment la) (12-13 weeks since onset of flowering).· (8 

February 1994) 

4. Winter vegetative rosette. Plants had a small rosette of short leaves (32-38 weeks since 

flowering). (19 August 1994) 

Plants were inoculated with 0.5 g of inoculum per crown which was placed around the base 

of the flowering stems and petioles, adjacent to the crown. Plants were then placed in a 

glasshouse with air-conditioning and heating to maintain temperature between 17-28 °C for 

the October/January/February inoculations, and 17-22 °C for the August inoculation. Misting 

was provided as described in section 3.2.1. The glasshouse was illuminated by natural light. 

The plants were incubated in the glasshouse until disease reached its maximum severity. The 

time taken for this to occur varied between treatments according to the quantity of flowering 

stem tissue present. The plants were removed from the glasshouse at the first appearance of 

regenerative growth in at least one plant in each treatment. This occurred between 14 and 20 

days after inoculation. 

At maximum disease severity, necrotic leaf and stem tissues were removed using a sterile 

scalpel and plants transferred to a growth chamber for a further 14 days to provide a standard 

environment for regenerative growth. The growth chamber had a day/night temperature of 22 

°C and 15°C respectively, and 16 h of daylight from fluorescent and incandescent light at a 

photon flux density of 220 ~ m-2 
S-I. Plants were watered daily. Inoculation at each 

phenological stage was regarded as a separate treatment with twenty replicate plants randomly 

selected from all size categories, provided plant numbers at each stage were sufficient, and 

arranged within each treatment. 

At the end of each experimental period, vegetative reproduction was determined by recording 

the number of plantlets per plant. The total number of regenerative leaves per plant was 

recorded. This included regenerative leaves produced from the parent plant apex, from shoots 
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which developed from axillary buds on the parent plant, and also regenerative leaves 

produced from plantlets (see Appendix I for definition of terms used to describe 

regeneration). The roots were removed, regenerative leaves and crowns oven dried at 70°C 

for four days, and dry weight determined. The number of plantlets, and the number and dry 

weight of regenerative leaves were analysed using analysis of variance, and means tested 

using the non-restricted LSD. 

4.2.4 Experiment 2: Susceptibility of R. acris regrowth to S. sclerotiorum 

Forty, 6 month old plants of R. acris at the vegetative rosette stage (Appendix I, Plate iii) 

were inoculated with 1 g per plant of inoculum which was placed at the base of all petioles, 

adjacent to the crown. 

The plants were incubated in a glasshouse as described in section 3.2.1. After 21 days, twenty 

plants were re-inoculated as previously, and the remaining plants inoculated with un-infested 

sterile kibbled wheat. The experiment was incubated for a further 21 days. 

The experimental design consisted of 20 randomised blocks, each containing two plants (+ 

and - re-inoculation). Infection was assessed at weekly intervals using the disease severity 

index described in section 3.2.3. The regeneration index described in section 3.2.4 was used 

to assess disease on regenerating plants. At the end of the experiment, the number of healthy 

leaves, including the regenerative leaves, were counted. The percentage area of crown, tissue 

infected was determined by visual examination after bisecting the crowns. Disease severity, 

number of healthy leaves and percentage crown infection were analysed using analysis of 

variance. 

4.2.5 Experiment 3: The effect of defoliation on R. acris 

Three categories of R. acris plants were used in this experiment, twenty-five plants per 

category. These were; two year old flowering plants, six month old flowering plants and six 

month old vegetative plants. 

Two year old flowering plants were grown as follows. Plants were transplanted when six 

months old to 20 litre growth bags and transferred outside to an area protected by shade cloth 

for a further 18 months. Two year old plants were similar in size to plants found in the field, 
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consisting of a dense cluster of crowns (Appendix I, Plate iv). At the time the experiment was 

initiated (17 January 1994), these plants were at the peak of flowering and had up to 20 fully 

extended flowering stems (Appendix I, Plate iv), with many stems at the seed filling stage. 

Six month old plants (grown as described in section 2.2.1) had a single central main crown, 

with up to three associated plantlets. Vegetative plants had a dense rosette of large leaves 

(Appendix I, Plate iii). Flowering plants were approximately at the late-peak of flowering, 

which is described in section 4.2.3, Experiment 1a. 

Fifteen plants within each category were defoliated as follows, and ten non-defoliated plants 

per category served as controls. At week 0 the leaves, flowering stems and apical bud were 

removed from each plant using a sterile scalpel; and 50 ml of 50 J1M Gibberellic acid (GA3
) 

applied to the crown. This was done to break apical dominance and stimulate axillary bud 

growth. This method was used as it had proved to be the most effective' treatment in 

preliminary tests. Regrowth was removed w'ith a sterile scalpel at weeks 1, 3, 5, 7 and 9 of 

the experiment. 

The experimental design was a split plot, incorporating plant category as the main plot factor. 

Plants were randomly allotted to the following assessments of; i) regenerative potential, ii) 

crown dry weight and available carbohydrate content, iii) susceptibility to S. sclerotiorum, and 

iv) origin of regenerative tissues, which were assigned to sub-plots. Main plots were arranged 

, , .. 
I , 
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in a randomised block design with five replicates. The experiment was incubated on a t. 
glasshouse floor with the conditions described in section 4.2.3. Mean weekly maximum and 

minimum temperatures throughout the experiment are given in Appendix VI. 

Regenerative potential 

The total number, and dry weight (oven-dried at 70°C for four days) of regenerative leaves 

(which included all regenerative leaves produced from shoots on the parent plant, and from 

plantlets) from ten plants within each category were detennined after each of the five 

defoliations. Data from the first defoliation were not analysed together with subsequent 

defoliations because they represented only one week's growth. The errors of the raw 

regenerating leaf number and DW data were not nonnally distributed, so data were 

transfonned as log (x+ 1), then analysed using ANOV A for repeated measures. The LSD's 

I 



were calculated, and means compared using transformed data. The means were back

transformed for data presentation. 

Crown dry weight and available carbohydrate content 
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At weeks 0 and 9 of the experiment, fifteen plants were harvested; five from each plant 

category. The leaves, flowering stems and roots were removed, and the crowns freeze-dried 

for 48 h. Freeze dried crowns were weighed, stored, ground, and assayed for available 

carbohydrate content as described in section 4.2.2. Crown dry weight and available 

carbohydrate content were analysed using analysis of variance. 

Effect of defoliation on susceptibility to S. sclerotiorum 

Five defoliated plants and five non-defoliated plants from each plant category were inoculated 

on week 11 of the experiment with 0.5 g per crown of inoculum which was placed around the 

petiole bases adjacent to the crown. This treatment was carried out in Marchi April. 

Plants were incubated in a glasshouse as described in section 4.2.3, Experiment lb. The 

temperature was maintained between 17-25 DC. After 14 days, necrotic leaf tissue was 

removed using a sterile scalpel, and the plants transferred to a growth chamber for a further 

14 days for regenerative growth. The growth chamber had a day/night temperature of 22°C 

and 15 °c respectively, and 16 h of daylight from fluorescent and incandescent light at a 

photon flux density of 220 11M m-2 
S-I. 

At the end of the experimental period, plant mortality was recorded. Surviving plants were 

harvested and crown fresh weight recorded. The dry weights of crowns and regenerative 

leaves were determined after being oven dried at 70°C for four days. Crown dry matter 

percentage was calculated. The dry weight of regenerative leaves, and crown percentage dry 

matter were analysed using analysis of variance. 

Origin of regenerative tissues 

At week 11, crowns from each plant category were sectioned at the point of origin of a 

regenerative shoot. Crown sections were prepared for light microscopy as described in section 

3.2.6. 
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4.3 RESULTS 

4.3.1 Experiment 1: Dry matter partitioning, crown reserve status 

and post-infection regenerative capacity of R. acris from pre- to post-flowering 

Experiment la: Dry matter partitioning and crown reserve status 

Total plant dry weight (DW) was l3.5 g at pre-flowering. There was no significant difference 

in total plant DW from early-flowering to late-peak flowering, nor from late-flowering to 

post-flowering (Table 4.1, Fig. 4.1a). 

Root DW (Table 4.1), and root DW as a percentage of total plant DW (Fig. 4.1b) did not 

differ between the phenological stages tested, constituting approximately 20-25 % of plant 

DW (Fig. 4.1b). 

Crown DW was greater (P<0.05) at early-peak flowering than at early-flowering, and greater 

(P<0.01) at post-flowering than at late-flowering (Table 4.1). Crown DW as a percentage of 

total plant DW did not change from pre-flowering to late-peak flowering (Fig. 4.1c), but 

increased (P<0.01) from 10 % at late-flowering to 21 % at post-flowering (Fig. 4.1c). 

Leaf DW was greater (P<0.05) at early-flowering than at late-peak flowering, and did not 

change from late-flowering to post-flowering (Table 4.1). Leaf DW constituted 71 % of total 

plant DW at pre-flowering (Fig. 4.1d). Leaf DW as a percentage of total plant DW was 

greater (P<0.01) at early-flowering than at early-peak and late-peak flowering. Leaf tissue 

increased (P<0.01) from 34 % of total plant DW at late-flowering to 51 % of total plant DW 

at post-flowering, (Fig. 4.1d), at which stage plants had formed a winter vegetative rosette. 

Flowering stem DW (Table 4.1), and stem DW as a percentage of total plant DW (Fig. 4.1e) 

increased (P<0.01) from early-flowering to early-peak flowering, but did not change between 

early-peak and late-peak flowering, at which stage stem tissue constituted 40 % of total plant 

DW (Fig. 4.1e). Between late-flowering and post-flowering, stem DW decreased (P<0.01) 

(Table 4.1), and stem DW as a percentage of total' plant DW decreased from 35 % of total 

plant DW at late-flowering to zero at post-flowering (Fig. 4.1e). 
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Available carbohydrate (g/crown-l) was greater (P<0.05) at early-peak flowering than at early

flowering, and greater (P<O.OI) at post-flowering than at late-flowering (Table 4.1). The 

percentage of crown available carbohydrate did not change from pre-flowering to late-peak 

flowering, but increased (P<O.OI) from 48 % at late-flowering to 61 % at post-flowering (Fig. 

4.2). 

Table 4.1: Mean dry weight (DW) of each component of R. acris, and crown available 
carbohydrate (AC) (g/crown-1

), at six phenological stages from pre- to post-flowering. 

Phenological stage 

Pre-flowering 

Early-flowering 

Early-peak flowering 

Late-peak flowering 

LSD (P<0.05) 

LSD (P<O.OI) 

Late-flowering 

Post -flowering 

LSD (P<0.05) 

Total DW 
(g) 

13.5 
(±5.4Y 

37.3 

43.2 

42.6 

9.0 

12.2 

45.5 

38.0 

10.3 

Root DW 
(g) 

3.1 
(±1.2) 

8.3 

9.6 

8.2 

2.9 

3.9 

9.8 

10.0 

2.5 

Crown 
DW (g) 

0.8 
(±0.6) 

2.5 

4.1 

3.8 

1.3 

1.8 

4.3 

7.8 

2.4 

Leaf DW 
(g) 

9.5 
(±3.9) 

21.0 

15.2 

13.3 

6.2 

8.5 

15.5 

20.1 

9.6 

Stem 
DW (g) 

0.0 

5.5 

14.3 

17.3 

4.4 

6.0 

15.8 

0.0 

5.8 

Crown 
AC (g) 

0.36 
(±0.26) 

1.11 

1.99 

1.86 

0.85 

1.16 

2.13 

4.91 

1.81 

LSD (p<0.01) 14.3 3.5 3.3 13.3 8.1 2.52 
a The 95 % confIdence mtervals of the means at pre-flowering are given m parentheses. 
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Figure 4.1 a-e: Total dry weight (DW) of R. acris and percentage of total DW of each plant 
component at six phenological stages from pre- to post-flowering. The points are the means 
of eight plants. The vertical bar at pre-flowering indicates the 95 % confidence interval of the 
mean. Other vertical bars represent the LSD (P<O.05) for comparison of means joined by an 
unbroken line. 
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Figure 4.2: Crown percentage available carbohydrate of R. acris at six phenological stages 
from pre- to post-flowering. The points are the means of eight plants. The vertical bar at pre
flowering indicates the 95 % confidence interval of the mean. Other vertical bars represent 
the LSD (P<O.05) for comparison of means joined by an unbroken line. 
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Experiment Ib: Post-infection regenerative potential 

Vegetative reproduction after infection, as indicated by the number of plantlets, was greatest 

(P<0.01) at late-flowering compared with any other stage (Table 4.2). Plantlet development at 

early-peak flowering was intermediate between pre-flowering and late-flowering (Table 4.2). 

Plantlet development was lowest (P<0.01) at both the pre-flowering and winter vegetative 

rosette stages, which did not differ from each other. 

There was no difference in the total number of regenerative leaves at the late-flowering and 

winter rosette stages (Table 4.2). The total number of regenerative leaves at late-flowering 

and winter rosette were greater (P<0.01, P<0.05 respectively) than at early-peak flowering and 

greater (P<0.01) than at pre-flowering (Table 4.2). 

The DW of regenerative leaves at late-flowering was greater (P<0.01) than at the pre

flowering and winter rosette stages, but not different to regenerative leaf DW at early-peak 

flowering (Table 4.2). 

Crown DW was lowest (P<0.01) at pre-flowering, highest (P<0.01) at the winter rosette stage, 

and did not differ between early-peak and late-flowering (Table 4.2). 

Table 4.2: Number of plantlets, and number and dry weight (DW) of regenerative leaves per 
R. acris plant, 14 days after maximum disease severity and 28-34 days after inoculation with 
S. sclerotiorum at four phenological stages. 

Phenological stage 

Pre-flowering 

Early-peak flowering 

Late-flowering 

Winter vegetative 
rosette 

LSD (P<0.05) 

LSD (P<O.Ol) 

No. of 
Plantlets 

3.5 

8.5 

12.5 

5.0 

2.3 

3.1 

No. of 
regenerative 

leaves 

11.5 

19.0 

28.1 

25.9 

6.9 

9.1 

Regenerative leaf 
DW (g) 

1.14 

1.89 

2.39 

1.44 

0.57 

0.75 

CrownDW 
(g) 

0.91 

3.79 

3.64· 

8.61 

1.5 

2.0 
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4.3.2 Experiment 2: Susceptibility of R. acris regrowth to S. sclerotiorum 

After the first inoculation, regenerative leaves grew from the apical bud, and from shoots 

which developed from axillary buds on the crowns of R. acris plants. Inoculating the 

regenerative growth had no effect on disease severity, number of healthy leaves, nor 

percentage of crown rotted 21 days after the second inoculation (Table 4.3). The regenerating 

leaves were waxy and glabrous and grew rapidly away from the infection zone around the 

crown. 

Table 4.3: Effect of inoculating the regrowth of R. acris with S. sclerotiorum on infection 21 
days after the second inoculation. 

Disease No. of healthy % of crown 
severity leaves rotted 

- regrowth inoculation 3.4 19.0 13.3 

+ regrowth inoculation 3.6 15.9 11.0 

LSD (P<O.05) 0.4 5.5 11.6 

4.3.3 Experiment 3: The effect of defoliation on R. acris 

Regenerative potential 

The effect of defoliation on the number of regenerative leaves produced was not significant, 

although it showed a strong trend towards significance (P=0.051) (Table 4.4a). Plant category 

had a significant effect on the number of regenerative leaves produced (Table 4.4a). There 

was no significant interaction between defoliation and plant category (Table 4.4a) which 

indicated that plant categories were consistently different at each defoliation level (Table 4.5, 

Fig. 4.3). Therefore, pair-wise comparisons were made between plant categories, averaged 

over the four defoliations. Six month old flowering plants produced a greater number of 

regenerative leaves than six month old vegetative plants (p=0.002). Two year old flowering 

plants produced a greater number of regenerative leaves than six month old plants (p=O.OOO). 

For regenerative leaf DW, there was a significant interaction between defoliation and plant 

category (Table 4.4b). The regenerative leaf DW of six month old flowering plants increased 

(P<O.05) between the second and third defoliations only, and was greater (P<O.05) than that 

of six month old vegetative plants at the third and subsequent defoliations (Table 4.5, Fig. 

.:.:--:---::::~ /~-·-_:..~~-2-:<··.· 
;~';::':~:::;::::::i:!:;::;:~~::~:::' 
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4.4). The regenerative leaf DW of six month old vegetative plants did not change as the 

number of defoliations increased (Table 4.5, Fig. 4.4). 
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The regenerative leaf DW of two year old flowering plants was greater (P<0.05) than for both 

types of six month old plants, up until the fourth defoliation (Table 4.5, Fig. 4.4). 

Regenerative leaf DW in two year old plants decreased (P<0.05) between the third, fourth and 

fifth defoliations, and at the fifth defoliation did not differ from the leaf DW of six month old 

flowering plants (Table 4.5, Fig. 4.4). 

Table 4.4: Interaction tables for repeated measures analysis of regeneration in R. acris plants 
defoliated five times. 

a) Number of regenerative leaves. 

Source of variation SS DF MS F P 

Block 9.353 4 2.338 3.553 0.021 
Plant category 66.210 2 33.105 50.298 0.000 
Error 15.138 23 0.658 

Source of variation SS DF MS F P 

Defoliation 1.467 3 0.489 2.714 0.051 
Defoliation x block 2.689 12 0.224 1.244 0.272 
Defoliation x 
plant category 0.805 6 0.134 0.745 0.615 
Error 12.430 69 0.180 

b) Regenerative leaf DW. 

Source of variation SS DF MS F P 

Block 0.786 4 0.196 2.264 0.093 
Plant category 4.860 2 2.430 28.009 0.000 
Error 1.995 23 0.087 

Source of variation SS DF MS F P 
Defoliation 0.715 3 0.238 9.704 0.000 
Defoliation x block 0.263 12 0.022 0.892 0.559 
Defoliation x 
plant category 0.863 6 0.144 5.854 0.000 
Error 1.695 69 0.025 
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Table 4.5: Transformed means (log x+l) for total number of regenerative leaves and dry 
weight CDW) of regenerative leaves pr~duced by R. acris defoliated five times. 

Number of defoliations 

p 2 3 4 

a) No. of regenerative 
leavesb 

Six months flowering 1.999 .1.977 2.193 2.377 

Six months vegetative 1.899 1.559 1.649 1.703 

Two year flowering 3.055 3.331 3.456 3.406 

b) Regenerative leaf 
DW 

Six months flowering 0.219 0.287 0.467 0.361 

Six months vegetative 0.062 0.213 0.214 0.153 

Two year flowering 0.429 0.852 0.853 0.572 

LSDc 0.139 
a Data from 1st defoliation not included in the analysis. 
b The LSD is not presented since the effect of defoliation was not significant. 
C LSD for comparison of means from 2nd to 5th defoliations only. 
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Figure 4.3: Number of regenerative leaves produced by six month old flowering, six month 
old vegetative, and two year old flowering plants of R. acris defoliated five times. [Note: data 
from the first defoliation cannot be compared with data from subsequent defoliations] 
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Figure 4.4: The dry weight (OW) of regenerative leaves produced by six month old 
flowering, six month old vegetative, and two year old flowering plants of R. acris defoliated 
five times. [Note: data from the first defoliation cannot be compared with data from 
subsequent defoliations] 
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Crown dry weight and available carbohydrate content 

Crown DW did not differ between defoliated and non-defoliated six month old vegetative and 

flowering plants (Table 4.6). The crown DW of defoliated two year old plants was 

approximately 60 % lower (P<O.OI) than that of the non-defoliated plants (Table 4.6). 

Crown carbohydrate (g/crown-l) did not differ between defoliated and non-defoliated six 

month old vegetative and flowering plants (Table 4.6), but the percentage crown available 

carbohydrate was approximately 25 % lower (P<O.O 1) in defoliated six month old vegetative 

and flowering plants compared with the non-defoliated plants (Table 4.6). In defoliated two 

year old flowering plants, crown carbohydrate (g/crown-l) was approximately 70 % lower 

(P<O.OI), and percentage crown available carbohydrate approximately 25 % lower (P<O.OI) 

than in the non-defoliated plants (Table 4.6). 

There was a significant interaction between plant category and defoliation treatment 

(Appendix VIII). Non-defoliated, two year old flowering plants had greater (P<O.Ol) crown 

biomass and crown carbohydrate (g) than non-defoliated, six month old vegetative and 

flowering plants, but percentage crown available carbohydrate was not different (Table 4.6). 

After defoliation, there were no differences between both categories of six month old plants, 

and two year old flowering plants, for any variate (Table 4.6). 

Table 4.6: Effect of defoliation on crown dry weight (DW) and crown available carbohydrate 
in R. acris. 

Crown DW (g) 

Defoliation 

Plant category 

Six months flowering 3.5 

Six months vegetative 2.7 

Two year flowering 8.5 

LSDa (P<O.05) 1.4 

LSDa (P<O.OI) 2.0 

LSDb (P<0.05) 2.2 
a LSD for hOrIzontal comparison only. 
b LSD for vertical comparisons. 

+ 

3.2 

2.7 

3.3 

Crown available 
carbohydrate (g/crown-l) 

Defoliation 

+ 

1.61 1.18 

1.13 0.85 

3.11 0.91 

0.65 

0.91 

1.15 

% crown available 
carbohydrate 

Defoliation 

+ 

45.4 33.7 

41.0 29.5 

36.4 27.2 

5.4 

7.6 

10.0 
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Effect of defoliation on susceptibility to S. sclerotiorum 

There was a significant interaction between plant category and defoliation treatment 

(Appendix IX). Crown DM % was lower (P<O.Ol) in defoliated six month old vegetative and 

flowering plants compared with non-defoliated plants after S. sclerotiorum infection, but 

defoliation had no effect on the crown DM % of two year old plants (Table 4.7). 

Regenerative leaf DW was lower both in defoliated six month old plants (P<O.OS) and two 

year old plants (P<O.Ol) (Table 4.7). Nearly all defoliated six month old vegetative plants 

died (Table 4.7). 

Table 4.7: Effect of defoliation on crown dry matter percentage (DM %), regeneration and 
mortality in R. acris 28 days after inoculation with S. sclerotiorum. 

Crown DM % 

Defoliation 

Plant category 

Six months flowering 

Six months vegetative 

Two year flowering 

LSDa (P<O.OS) 

LSD3 (P<O.OI) 

LSDb (P.O.OS) 

2S.8 

26.3 

22.6 

n LSD for hOrIzontal comparisons. 
b LSD for vertical comparisons. 
C Plants dead out of five. 

Origin of regenerative tissues 

8.0 

11.2 

8.3 

+ 

11.2 

4.4 

17.2 

Regenerative leaf Mortalitt 
DW (g) 

Defoliation Defoliation 

+ + 

1.8 0.7 0 1 

1.2 0.3 0 4 

3.7 O.S 0 0 

0.8 

1.1 

0.8 

All regenerative tissues originated from axillary buds on the crown of R. acris. Vegetative 

reproduction occurred throughout the experiment from axillary buds on plants in all three 

categories. Light microscopy of crown sections after repeated defoliation gave no evidence of 

adventitious shoot production. 
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4.4 DISCUSSION 

This chapter focuses on the crown biomass and available carbohydrate reserves of R. acris, 

and the influence of each on the regenerative capacity after defoliation and S. sclerotiorum 

infection. 
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There was no indication that crown DW and available carbohydrate had become depleted at 

any of the phenological stages from early-flowering to post-flowering (Table 4.1, Figs. 4.1c, 

4.2). This suggests that resources other than crown reserves were utilised for the processes of 

flowering. Crown DW and available carbohydrate (g/crown-l) were low at pre-flowering, and 

increased between early-flowering and early-peak flowering (Table 4.1), when the increase in 

stem biomass was greatest (Table 4.1; Fig. 4.1e). It is possible that nutrients released from 

senescing early-season leaf tissue (Table 4.1, Fig. 4.1d) contributed to flowering stem 

production from early to late-peak flowering. In addition, production of flowering parts may 

be carried out through utilisation of current photosynthate (Mooney, 1972). The flowering 

stems of R. acris are tall and bear leaves which, as well as providing a competitive advantage 

against other pasture species (Harper, 1957), provide considerable photosynthetic area. Thus, 

current photosynthate may have contributed significantly to the production of flowering stems 

in R. acris, with sufficient non-utilised carbohydrate to replenish crown reserves. 

The increases in crown DW and available carbohydrate (g/crown-l) between early-flowering 

and early-peak flowering (Table 4.1) were not shown by the percentage data (Figs. 4.1c, 4.2). 

This highlights a limitation of using percentage data alone to describe changes in the biomass 

of plant components, since actual DW changes of the smaller plant components may be 

concealed by concurrent changes in the biomass of the larger plant components. 

The large increases in crown biomass and available carbohydrate from late-flowering to post

flowering (Table 4.1, Figs. 4.1c, 4.2), were probably a result of nutrient mobilisation from 

senescing flowering stems, to the crown for storage (Priestly, 1962; Cyr et al., 1990). Cyr et 

al. (1990) found that storage reserves of the perennial weeds Cichorium intybus (L.) and 

Taraxacum officinale (L.) accumulated during late summer and autumn, and remained at peak 

levels throughout the winter. Accumulation of crown reserves of R. acris at the end of 

flowering indicates that reserve levels in the crowns of R. acris over the autumn and winter 

.- ~ __ "": - .:_ • .: __ , • ;; .4 ; ~".. • ',' ~', 
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period will be high, with implications for regenerative capacity during this time. 

Smith et al. (1964), Deregibus et al. (1982), and Kigal and Koller (1985) suggested that the 

regenerative capacity of plants at anyone time may be linked with the level of available 

carbohydrate in their underground organs. In the present study, crown available carbohydrate 

increased from 0.36 g/crown-1 to 4.91 g/crown-1 from pre to post-flowering (Table 4.1). This 

represented an increase in carbohydrate of 40-60 % of crown DW (Fig. 4.2). Amy (1932) 

measured readily available carbohydrate (defined by the author as total sugars, dextrins, 

soluble starches and true starch), in the underground storage organs of five perennial weeds. 

The range of values obtained, expressed as a percentage of underground organ DW, were 36-

55 % for S. avensis, 20-38 % for E. esula, 25-40 % for N. austriacum, 15-38 % for C. 

arvense, and 13-20 % for A. repens. Total available carbohydrate in the rhizomes of A. repens 

may vary between 30-50 % of rhizome dry weight (Buchholtz, 1962). These levels were 

considered high, and a major factor contributing to the vigour and persistence of regrowth of 

A. repens (Buchholtz, 1962). Total non-structural carbohydrate in the roots of C. arvense 

(McAllister and Haderlie, 1985), and E. esula (Lym and Messersmith, 1987) reached 

maximum values of approximately 25 % of organ fresh weight, and 30 % of organ dry 

weight, respectively. The levels of available carbohydrate in the crown of R. acris can be 

considered high when compared with estimates from other species, assuming that the 

analytical methods used in each case are comparable. This may contribute substantially to the 

regenerative vigour of R. acris. 

Plants at all four phenological stages demonstrated vigorous regrowth after inoculation with S. 

sclerotiorum. Some crown infection was observed in pre-flowering plants, but infection of the 

stem bases and crowns of flowering plants was limited, which supports previous observations 

(Chapter 3). The greatest number of regenerative leaves were produced at the late-flowering 

and winter rosette stages, and the lowest at pre-flowering (Table 4.2). This may be a 

reflection of increasing crown biomass (Table 4.2) and increasing crown reserves which has 

been shown to occur during the experimental period, particularly at the end of the flowering 

season (Experiment 1a). However, despite having the greatest crown biomass, and probably 

the greatest level of crown reserves, the DW of regeneration produced by winter rosette plants 

was less than at early-peak and late-flowering, and no different to pre-flowering plants (Table 

4.2). Thus, regeneration of winter rosette plants was less rapid in terms of leaf growth per 
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unit of time. These results suggest that flowering in R. acris is associated with increased 

regenerative vigour compared with the vegetative phases. This suggestion is supported by 

results from Experiment 3, in which six month old flowering plants had a greater regenerative 

capacity in response to defoliation, than vegetative plants of the same age (Table 4.5, Figs. 

4.3,4.4). 

One problem associated with long time-span experiments is the fact that time is linked with 

plant developmental stage. For instance, the large differences in crown DW and available 

carbohydrate between pre-flowering and post-flowering plants (Table 4.1, Figs. 4.1c, 4.2), 

may be due in part to total growth during the five month period which separates these two 

observations, in addition to the effect of a flowering season. If Experiment 1 were to be 

repeated, comparisons between pre-flowering and post-flowering plants might be improved by 

taking a greater number of observations at intervals during these stages. 

Restrictions imposed by the low overall numbers of flowering plants meant that the selection 

of plants at each phenological stage became less random as Experiment 1 progressed. For R. 

acris, there is no measure of the flowering response of a population of plants, and no method 

to induce flowering. Some plants were placed at 4 °C for three days to impose a chilling 

period, but this did not induce flowering. The problem may have been avoided to some extent 

by having a greater initial number of plants, but this was not possible in the present study 

since glasshouse space was limited. 

The fact that the replicate plants at each phenological stage (treatment) were harvested at the 

same time, introduced a possible confounding effect due to differences in the dates of onset 

of flowering between treatments (Appendix VII). It was not known at the start of the 

experiment exactly which phenological stages were going to be studied, nor the relationship 

between time and phenological development of R. acris during flowering under glasshouse 

conditions. The experimental design could have been significantly improved by randomly 

assigning each treatment to plants within a batch which flowered within the same time period. 

Variability in dates of flowering initiation could have been incorporated within each 

treatment, and date of onset of flowering included as a factor in the analysis of variance, 

provided plant numbers were sufficient for replication. Given the limitations imposed by 

biological and physical resources, the present design is seen as satisfactory, since the data do 



provide valuable information on dry matter partitioning and the status of crown reserves 

during phenological development. 
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Defoliation may cause plants to draw upon their available carbohydrate reserves in support of 

regrowth (Priestly, 1962; Mooney, 1972; Baur-Hoch et al., 1990). Repeated defoliation of two 

year old plants caused regenerative leaf DW to decline (Table 4.5, Fig. 4.4) and reduced 

(P<O.01) crown DW and carbohydrate reserves (Table 4.6). Thus, a significant level of 

available carbohydrates were utilised during the defoliation period. After the fifth defoliation, 

there were no differences between plant categories in crown DW nor carbohydrate content 

(Table 4.6). This is perhaps reflected in the similar biomass of regeneration produced by two 

year old flowering plants and six month old flowering plants at the end of the defoliation 

period (Fig. 4.4). The fact that defoliation reduced the crown carbohydrate reserves and 

regenerative capacity of a two year old flowering plant to that of a six month old flowering 

plant, provides strong evidence for the role of reserves in support of regrowth in two year old 

plants of R. acris. 

In contrast to two year old plants, repeated defoliation of six month old R. acris plants did 

not reduce their regenerative capacity, nor deplete crown DW and available carbohydrate 

(g/crown-l) (Tables 4.5, 4.6, Figs. 4.3, 4.4). Defoliated plants retained approximately 30 % 

crown available carbohydrate (Table 4.6), which, although less than non-defoliated plants, was 

probably sufficient not to have a limiting effect on the regenerative capability of six month 

old plants. Approximately 10 % reserve carbohydrate was necessary for rhizome survival of 

P. aquilinum (Williams and Foley, 1976), and 15 % reserve carbohydrate was necessary for 

rhizome recovery of A. repens (Turner, 1969). Hidaka (1973), found that three defoliations at 

two week intervals reduced root total non-structural carbohydrates (TNC) of R. obtusifolius to 

8 % compared with 37 % root TNC of non-defoliated plants. This was considered to be a 

factor contributing to decreased regrowth in this weed (Hidaka, 1973). Without knowing the 

biomass data for R. obtusifolius roots, it can only be assumed that a reduction in R. 

obtusifolius root TNC of 37 % to 8 % (Hidaka, 1973), is more important than a reduction of 

40 % to 30 % in crown available carbohydrate of six month old plants of R. acris. This 

emphasises the importance of presenting actual DW (g) data alongside percentage data. 

The exact role of available carbohydrate reserves in determining the regenerative potential of 

. o-
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perennial plants has been an increasingly controversial area of research, with some authors 

finding no correlation between these two variables (Jameson, 1963; Deregibus et al., 1982; 

Richards and Caldwell, 1985; Hogg and Lieffers, 1991). Carbohydrates are just part of a 

wider pool of reserves, including lipids and nitrogenous compounds, which are utilised for 

regrowth in perennial plants (Cyr et aI., 1990). In A. millefolium and E. repens, the actual 

contribution of reserve carbohydrate to regrowth following defoliation may be less than 20 % 

(Henskens, 1993), and even lower for other species (Richards and Caldwell, 1985). 

Mobilisation of nitrogenous compounds, and possibly hemicellulose, from plant reserve 

organs may also contribute significantly to regrowth following defoliation, and account for 

changes in the biomass of reserve organs (Davidson ,and Milthorpe, 1966; Richards and 

Caldwell, 1985; Culvenor, Davidson and Simpson, 1989; Cyr and Bewley, 1990; Henskens, 

1993). 

It is suggested that additional resources were utilised for regrowth in defoliated six month old 

plants. Many plants are able to respond positively to defoliation through mechanisms of 

compensatory growth (McNaughton, 1983; Belsky, 1986; Michaud, 1991), such that 

carbohydrate reserves may be required only for a short period after defoliation to produce the 

first few regenerating leaves (Orodho and Trlica, 1990). Henskens (1993) provided evidence 

that E. repens, A. millefolium, and C. arvense were able to compensate for loss of leaf area 

by increasing rates of photosynthesis in the new leaf tissues. Davidson and Milthorpe (1966), 

and Cyr and Bewley (1990) suggested that subsequent regrowth in Dactylis glomerata (L.) 

and E. esula respectively, was more dependent on carbohydrates produced by current 

photosynthesis than on carbohydrate reserves. Compensatory growth may also occur in 

response to pathogen invasion. For instance, Wymore et al. (1987) suggested that the 

potential mycoherbicide, C. coccodes, may have stimulated regenerative growth of the weed, 

A. theophrasti after killing inoculated leaves. If R. acris is able to respond positively to 

infection and defoliation by more rapid tissue production than that which occurs for normal 

growth, this may partially explain the vigorous regeneration observed after S. sclerotiorum 

infection. Such a response might also explain why shoots and leaves could grow away 

undamaged from the infection zone around the crown after a second inoculation with S. 

sclerotiorum (Table 4.3). This is in contrast to Bourdot et al. (1993), who found that the 

regrowing shoots of C. arvense were re-infected from dead parent tissue after S. sclerotiorum 

inoculation in the field. 
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Recovery of R. acris after S. sclerotiorum inoculation was weakened by repeated defoliation 

(Table 4.7). Defoliation increased infection and mortality of six month old vegetative and 

flowering plants, resulting in reduced regenerative potential (Table 4.7). A low crown DM % 

indicated severe S. sclerotiorum infection, given the symptoms of watery soft rot associated 

with Sclerotinia diseases (Table 4.7). Defoliation may have increased the number of invasion 

sites in these plants, or weakened crown resistance to S. sclerotiorum by placing stress on the 

carbohydrate reserves of R. acris, since carbon products are required for defence as well as 

for respiration, reserves and growth (Teague, 1989). Defoliation of two year old plants did not 

increase the severity of infection after inoculation with S. sclerotiorum. However, post

infection regenerative capacity was considerably lower in defoliated two year old plants 

(Table 4.7), possibly because of reserve depletion. Since two year old plants were similar to 

mature plants in the field, it is possible that repeated defoliation could be exploited as part of 

an integrated control strategy for R. acris, to increase the efficacy of S. sclerotiorum 

inoculation. 

The ability of a plant to recover after defoliation is greatly influenced by the number of buds 

or meristems which can be released from dormancy (Buchholtz, 1962; McNaughton, 1983; 

Kigal and Koller, 1985; eyr and Bewley, 1990). In the present study, six month old plants 

and two year old plants of R. acris maintained shoot production during repeated defoliation, 

without an apparent decline in the number of regrowth sites (Table 4.5, Fig. 4.3). All 

regenerative tissues appeared to grow from axillary buds on the crown of R. acris. A shoot 

meristem developing anywhere on the plant in the total absence of a subtending leaf is termed 

adventitious (Bell, 1991), and the major role of adventitious buds is played by those formed 

on roots (Kigal and Koller, 1985). If adventitious buds arose on R. acris crown tissue, this 

was difficult to detect by light microscopy. It is most likely that axillary buds on the crown 

were the sole source of regenerative shoots of R. acris, and that R. acris has an abundant 

supply of inactive buds on its crown. This was an important factor influencing the 

regenerative potential of R. acris. 

Vegetative reproduction, the further growth of an axillary bud into an independent plantlet, 

occurred in response to infection and defoliation in all experiments. Although Brown (1993) 

observed vegetative reproduction occurring from axillary buds on flowering stems of R. acris, 

this was not observed in plants during the present study, as all plantlets developed from buds 
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on the crown. Asexual reproduction in weeds presents a complex control problem (Forsyth 

and Watson, 1985). The major effect of vegetative reproduction in R. acris following S. 

sclerotiorum inoculation was to increase the number of regrowth sites per plant, and therefore 

the prolificacy of regeneration. Vegetative reproduction in response to S. sclerotiorum 

infection varied according to phenological stage, and was greatest at late-flowering (Table 

4.2). Late-flowering in R. acris may be generally associated with a greater capacity for 

vegetative reproduction since the late-flowering season coincides with vegetative reproduction 

in natural populations of R. acris (Harper, 1957; Sarukhan and Harper, 1973; Sarukhan, 1974; 

Brown, 1993). 

These studies indicate that, due to limited infection and high regenerative potential, the 

flowering season per se is probably riot an effective period for mycoherbicide control of R. 

acris with S. sclerotiorum. Based on results from three month old pre-flowering plants, it is 
. -

suggested that pre-flowering may be the most efficacious period for mycoherbicide 

inoculation, irrespective of plant age, since the pre-flowering period was associated with low 

reserves, and low regenerative potential (Experiment 1). In addition, the absence of flowering 

stems, which were not readily degraded by S. sclerotiorum, meant that infection of vegetative 

plants was generally more severe. In mycoherbicide-based management, additional control 

measures may be needed to increase stress on the weed, rendering it more susceptible to the 

pathogen (Hasan and Ayres, 1990). The fact that reserve depletion of two year old plants of 

R. acris occurred after a regime of subsequent defoliations, suggests that there is potential to 

incorporate strategies such as cutting or grazing to deplete reserves and reduce the regrowth 

capacity of R. acris. Possibilities for further research are discussed in Chapter 5. 
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CHAPTER 5 

GENERAL DISCUSSION 

5.1 The implications of targeting a perennial weed 

Control of the perennial pasture weed, R. acris, is impossible using the traditional cultural and 

herbicidal control methods currently carried out by most farmers (Brown, 1993). Although 

Bourdot et al. (1990) identified populations of R. acris resistant to the phenoxy herbicides 

MCPA and MCPB, control of R. acris is still largely based on these herbicides (Brown, 

1993), and research into herbicide control of R. acris continues (Butcher, Strachan and Field, 

1993). This study was undertaken to evaluate the potential for control of R. acris with S. 

sclerotiorum, and is the first evaluation of an alternative approach to the control of R. acris, 

based on the mycoherbicide strategy (Charudattan, 1991). The research focused on the 

constraints to successful control presented 'by the resistance of underground storage organs to 

the pathogen, and the highly vigorous regrowth capacity of the weed. These two issues 

recurred throughout each experimental chapter, and together limited the efficacy of S. 

sclerotiorum as a potential mycoherbicide for R. acris. Thus, the perennial habit and regrowth 

capability of R. acris formed a critical part of this investigation. 

The difficulties associated with controlling perennial weeds, whether by mechanical, chemical 

or biological means, have been well documented (eg. Holm, Plucknett, Pancho and Herberger, 

1977; McWhorter and Chandler, 1982; Forsyth and Watson, 1985; Holt, 1988; Huber

Meinicke et al., 1989; Henskens, 1993). Perennial weeds contain underground structures 

which may be modified stems such as stolons, rhizomes, corms and tubers (for example A. 

repens, P. aquilinum and Cyperus rotundus (L.)), tap roots (for example Rumex spp. and T. 

officinale) or complex underground root systems (for example C. arvense) (Williams and 

Foley, 1976; Holm et al., 1977; Roberts, 1982; Bell, 1991). The underground, perennating 

organ of R. acris, which is a modified stem with a dense series of nodes (see Appendix I), 

has been termed a stock (Clapham et al., 1987; Grime et al., 1988) and a rhizome (Harper, 

1957; Sarukhan and Harper, 1973; Sarukhan, 1974). There may be very little difference 

between a rhizome system with very short rhizome sympodial units and other modified stem 

structures (Bell, 1991). In the present study, the underground, perennating organ of R. acris 

has been termed a crown. 
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The underground structures of perennial weeds serve as food storage organs, and produce 

buds or meristems which can regenerate new shoots and roots (Holt, 1988). The difficulties of 

controlling perennial weeds arise largely from the persistence of the protected underground 

organs during unfavourable conditions, for instance during attempts at control (Williams and 

Foley, 1976; Kigal and Koller, 1985; Templeton and Heiny, 1990). Cultural control measures 

for perennial weeds are usually carried out to deplete the food reserves of their underground 

organs (Patriquin, 1988), and herbicide control measures may be timed to coincide with 

translocation of reserves to the underground organs (Roberts, 1982; Lym and Messersmith, 

1987). However, even when the underground structures are damaged as a result of eradication 

procedures, many perennial weeds show vigorous, vegetative reproduction from fragments, 

enabling survival during eradication attempts (Baker, 1974; Holt, 1988). Ranunculus acris 

exhibited vegetative reproduction throughout the present study, which was an important 

survival mechanism following S. sclerotiorum inoculation. 

The perennial nature of R. acris strongly influenced the direction of this mycoherbicide 

programme. Investigations concentrated on the following important aspects; i) the efficacy of 

isolate screening methodology for this perennial weed, ii) the role of the crown as the key 

target for S. scle rotio rum, and the basis of crown resistance and bud survival, and iii) the 

regenerative potential of R. acris as influenced by crown biomass, available carbohydrate 

reserve status and defoliation. 

5.2 Selection of Sclerotinia sclerotiorum as a potential mycoherbicide 

Five fungal pathogen species were isolated from natural popUlations of R. acris in the Golden 

Bay and Canterbury regions of New Zealand (section 1.13). Of these five fungal pathogens, S. 

sclerotiorum was chosen as the candidate pathogen because of its ability to inflict severe 

damage to susceptible host plants (Lumsden, 1979; Willetts and Wong, 1980), and because it 

has shown potential as a biocontrol agent for perennial weeds such as Cirsium arvense L. 

(Scop.), and Taraxacum officinale Weber in Wiggers (Brosten and Sands, 1986; Riddle et ai., 

1991; Bourdot et al., 1993). 

Specificity to the weed host is generally considered a desirable attribute for a candidate 

mycoherbicide (Templeton et al., 1986; Mukerji and Garg, 1988; Templeton and Heiny, 

1990). Sclerotinia sclerotiorum has been previously dismissed as a potential biocontrol agent 

.. ; . .: ... ~ ... : -.::-.: -. 
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of weeds in New Zealand because of its broad host range, which includes many crop plants, 

and lack of specificity (Cunningham, 1927; Johnston, 1990b
). In contrast, other authors have 

suggested that S. sclerotiorum has great potential commercial value in New Zealand as a 

weed biocontrol agent because of its high level of efficacy on a range of weeds (Popay and 

Cheah, 1990; Bourdot et al., 1993). During glasshouse evaluations, Waipara, Harvey and 

Bourdot (1993) found that S. sclerotiorum was sufficiently virulent to have mycoherbicidal 

potential against the pasture weeds C. arvense, C. vulgare (Savi) Ten., Carduus tenuiflorus 

Curt., and Senecio jacobaea L. The efficacy of S. sclerotiorum against Centaurea maculosa 

Lam. in addition to C. arvense, demonstrated the advantage of using a broad host-range 

pathogen with the potential of controlling several weeds with the same biocontrol agent 

(Sands et ai., 1990a
). Furthermore, the possibility of reducing the host range, spread, and 

survival capacity of S. sclerotiorum using biotechnological techniques, has improved the 

potential of this pathogen as a mycoherbicide (Miller et ai., 1989ab
; Sands et ai., 1990ab

). 

The benefit of a wide market potential for S. sclerotiorum against a range of target weeds, 

must be weighed against the hazards for non-target plants. Previous research involving the use 

of S. sclerotiorum as a mycoherbicide has focused largely on the control of perennial weeds 

in rangelands, turfgrass and pastures (Brosten and Sands, 1986; Riddle et al., 1991; Bourdot 

et al., 1993; Waipara et al., 1993). Sclerotinia sclerotiorum does not infect desirable grasses, 

nor clovers (Hurrell and Bourdot, 1993). A risk analysis conducted by de Jong, Scheepens 

and Zadoks (1990) showed that the fungus Chondrostereum purpureum (Pers. ex Fr) Pouzar, 

which infects many economically important fruit trees, could be used safely as a 

mycoherbicide against Prunus serotina Erhr. (Rosaceae) in pine forests in the Netherlands. As 

part of a wider risk assessment of the use of S. sclerotiorum in pastures, factors affecting 

myceliogenic and carpogenic germination of S. sclerotiorum sclerotia are currently being 

assessed (Kavelage, pers. comm.). 

5.3 The limitations of isolate screening methodology for R. acris 

Given the perennial nature of R. acris, a critical evaluation was carried out of the efficacy of 

an excised tissue method for pathogenicity testing isolates of Sclerotinia spp. on R. acris 

(Chapter 2). The excised tissue method was of limited value for pathogenicity testing S. 

sclerotiorum on R. acris, since the capacity of an isolate to invade the crown of intact plants, 

and prevent regrowth, is not taken into account (Chapter 2). For this reason, pathogenicity 
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testing Qf iSQlates Qn excised crQwns Qf R. acris was nQt a feasible QPtiQn. Similarly, Burpee 

(1992) recQgnised a weakness in the detached leaf methQd, since it didn't prQvide infQrmatiQn 

abQut virulence Qf S. sclerotiorum Qn tap roots Qf T. officinale, a factQr essential to. the 

success Qf a biQcQntrQI agent because Qf vegetative regrowth Qf the weed. An assay was 

develQped which tested the efficacy Qf S. sclerotiorum by assessing vegetative growth from 

tap rQQts Qf T. officinale (Burpee, 1992). In the present study, cQunting the number Qf 

regenerative leaves per plant after inQculation with S. sclerotiorum prQvided the best 

indicatiQn Qf the effectiveness of each iSQlate as a mycQherbicide (Table 2.3). The fact that no. 

differences in pathQgenicity Qccurred between S. sclerotiorum iSQlates Qn intact plants Qf'R. 

acris using this methQd (Table 2.3), suggested that the QutCQme Qf infectiQn was determined 

mQre by differences in plant resPQnse, rather than the effect Qf each iSQlate. In this study, 

nineteen iSQlates Qf S. sclerotiorum and three Qf S. minor, were tested. PathQgenicity testing 

Qf a greater number Qf isolates may identify iSQlates highly pathQgenic to. crown tissues. 

Because Qf the limitatiQns Qf available time and space, this was nQt PQssible within the 

bQunds Qf this study. The apparent resistance Qf the crQwn to. Sclerotinia spp., and the 

regenerati ve capacity already shQwn by ten week Qld R. acris plants inQculated at three 
/ 

petiQles (Table 2.3) suggested that these were the mQst impQrtant limiting factQrs to. 

successful weed CQntrQl. It was cQnsidered that further study shQuld fQCUS Qn understanding 

the hQst-pathQgen interactiQn and the regrowth PQtential Qf R. acris. 

5.4 The host-pathogen interaction 

An understanding Qf the biQIQgy and physiQIQgy Qf the hQst-pathQgen interactiQn, and a 

knQwledge Qf the mechanisms which determine the extent Qf infectiQn in weeds, are impQrtant 

aspects Qf mycQherbicide research (TempletQn and Heiny, 1989). FurthermQre, it is impQrtant 

to. identify the key target which the agent must reach in Qrder to. be mQst efficaciQus. MQrin et 

al. (l993b
) fQund that basal stem lesiQns were necessary to. prevent recQvery Qf the weed 

Xanthium occidentale BertQl. frQm axillary buds after inoculatiQn with the PQtential 

mycQherbicide Colletotrichum orbiculare (Berk. and MQnt.) v. Arx. In the present study, the 

hQst-pathQgen interactiQn in intact plants Qf R. acris was investigated to. cQnfirm the 

impQrtance Qf the crown as the key target fQr a S. sclerotiorum mycQherbicide, and to. identify 

factQrs enabling plant survival after infectiQn (Chapter 3). These studies highlighted the crown 

apical meristem as the main site Qf productiQn Qf regenerative tissues, and shQwed that 

infectiQn and mQrtality CQuid be increased by specifically targeting this regiQn (Tables 3.2c, 

, . ~'~'.~-, .'-';<: >-.-", ~. 
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3.3). Axillary buds associated with infected leaves were additional sites for the production of 

regenerative shoots (Plate 2B), and were important in plant recovery after death of the apex 

(Plate 4). Therefore, the apical and axillary buds on the crown of R. acris were considered to 

be the specific targets for S. sclerotiorum inoculation, since rapid regrowth occurred from 

these buds. 

Suppression of plant growth and defense responses using herbicides may weaken plant 

resistance to a mycoherbicide, and increase mortality (Wymore et al., 1987; Sharon et ai., 

1992). In the present study R. acris plants were pre-treated with chlorsulfuron, to suppress 

growth, and inoculated with S. sclerotiorum (Chapter 3). Crown resistance prevented plant 

mortality, and all plants retained the potential to recover, eventually, from axillary buds on 

remaining crown fragments. Therefore, crown resistance, rather than the rapid rate of 

regrowth, was identified as the key factor facilitating the high rate of recovery of plants 

inoculated (Chapter 3). 

An examination of the crown anatomy, together with histopathological studies of S. 

sclerotiorum infection of the crown (Chapter 3), were carried out to identify morphological 

barriers to infection, and to define the relationship between the infection process and survival 

of the regenerative buds. The crown of R. acris contained regions of different tissue types 

(Plate 5), which varied in their susceptibility to S. sclerotiorum. The inner cortex, or pith 

tissue, was highly susceptible to S. sclerotiorum (Table 3.8), but other factors halted infection 

before it could enter this inner region. These factors were identified as i) a thickened and 

possibly suberised crown peripheral cortex (Plates 6A, lOA), ii) possible deposition of lignin 

and suberin at the margin of crown lesions (Plate 13), and iii) the resistance to colonisation of 

the crown's dense vascular network (Plates 9E, 11). Since the regenerating axillary buds, and 

newly emerging buds, appeared to be closely associated with crown vascular tissues (Plates 7, 

8D), meristematic zones associated with vascular tissues may be protected to some degree 

from infection, enabling the buds to grow. Therefore, resistance and recovery of R. acris was 

based on a combination of factors. Auld et al. (1994) found that Xanthium occidentale 

exhibited multi-faceted resistance which limited lesion spread of the potential mycoherbicide, 

Colletotrichum orbiculare. Resistance consisted of a combination of existing structural 

barriers, hypersensitive cell death, and the formation of lignin-like substances around leaf 

infections (Auld et al., 1994). 
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As a necrotrophic pathogen, successful host infection by S. sclerotiorum occurs by 

overwhelming and inactivating host defences by the rapid production of enzymes and toxins 

(Lumsden, 1979; Lamb, Lawton, Dron and Dixon, 1989). In the present study, a combination 

of apparent non-specific defence mechanisms meant that S. sclerotiorum infection within the 

crown was contained, giving time for R. acris to respond. Riddle et al. (1991) found that the 

tap roots of T. officinale were resistant to decay by S. sclerotiorum. In contrast, one factor 

contributing to the success of S. sclerotiorum as a mycoherbicide for C. arvense was its 

capacity to cause substantial damage to the root system (Brosten and Sands, 1986; Bourdot et 

ai., 1993). Thus, the capacity of S. sclerotiorum to invade the underground storage organs of 

perennial weeds and prevent regrowth, appears to be an important factor influencing the 

efficacy of this pathogen as a mycoherbicide for perennial weeds. In this respect, R. acris and 

C. arvense appear to differ. 

5.5 The regenerative potential of R. acris and implications for control 

The suggestion that complete kill of a perennial weed with a mycoherbicide may not always 

be possible because of regrowth from surviving vegetative parts (Charudattan, 1988; 

Templeton and Heiny, 1990) appears to be true for R. acris. Throughout these studies, R. 

acris exhibited a capacity for vigorous regeneration and vegetative reproduction from intact 

crowns and from infected crown fragments after inoculation with S. sclerotiorum. One of the 

principles behind the mycoherbicide strategy is to apply the agent during the most susceptible 

growth stage of the weed (Templeton et al., 1986; Charudattan, 1991; Watson, 1992). Thus, 

in the case of R. acris, it would be desirable to carry out control measures involving 

mycoherbicide application when the regenerative capacity or vigour of this weed is at a 

minimum. 

The vigour of growth of perennial plants has been linked to the biomass and available 

carbohydrate reserve status of their perennating organs (Amy, 1932; Mooney, 1972; Lym and 

Messersmith, 1987; Baur-Hoch et al., 1990). Because of this, the crown biomass and crown 

available carbohydrate reserve status of R. acris were studied in relation to regenerative 

capacity (Chapter 4). Crown available carbohydrate reserves of 40-60 % of crown DW from 

pre- to post-flowering (Table 4.1, Fig. 4.2) were high compared with other perennial species 

(Amy, 1932; Buchholtz, 1962; McAllister and Haderlie, 1985; Lym and Messersmith, 1987). 

This may have contributed to the high regenerative vigour of R. acris (Chapter 4). It was 

I 
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hypothesised that flowering in R. acris would result in a reduction in crown biomass, and 

depletion of crown available carbohydrate as reserves are utilised for flowering stem 

production, and that this would in tum be associated with reduced regenerative vigour. On the 

contrary, crown biomass and available carbohydrate reserves increased as flowering 

progressed, and regenerative potential was highest at late flowering (Tables 4.1, 4.2, Figs. 

4.1c, 4.2). In addition, flowering stems showed resistance to S. sclerotiorum infection which 

limited infection of flowering plants (Chapters 3, 4). Thus, the entire flowering season of R. 

acris was considered an unsuitable period for control using S. sclerotiorum (Chapter 4). 

Brown (1993) studied aspects of the ecology of R. acris in pastures in the Takaka Valley, 

New Zealand, and concluded that R. acris had few vulnerable growth phases in its life cycle 

during which control measures could be effective. In the present study, the pre-flowering 

period of R. acris was implicated as the most suitable time for control (Chapter 4), being 

associated with low crown biomass, low carbohydrate reserves and low regenerative potential 

(Tables 4.1, 4.2, Figs. 4.1c, 4.2). In addition, vegetative plants of R. acris generally became 

more severely infected than flowering plants, as leaf decay was rapid and often provided the 

site of entry of infection to the crown (Plates 8B, C). 

Since defoliation may deplete the available carbohydrate reserves in the underground storage 

organs of perennial weeds, and reduce regrowth potential (Holt, 1988), this was evaluated in 

R. acris in the context of weakening the response of R. acris to S. sclerotiorum infection 

(Chapter 4). It appeared that six month old plants of R. acris utilised resources other than 

available carbohydrates for regrowth, and were able to maintain a constant rate of regrowth 

during repeated defoliation (Tables 4.5, 4.6, Figs. 4.3, 4.4). In contrast, evidence was provided 

for the utilisation of carbohydrate reserves in support of regrowth in two year old plants of R. 

acris, since both carbohydrate reserves and regenerative potential declined during repeated 

defoliation (Tables 4.5, 4.6, Figs. 4.3, 4.4). Repeated defoliation also had the effect of 

reducing the regenerative potential of R. acris after S. sclerotiorum inoculation (Table 4.7). 

A weed which has been weakened by a pathogen, but not necessarily killed, is desirable in 

mycoherbicide research since it provides an inoculum source for secondary infections and 

dispersal within the target weed population (Watson and Wymore, 1990; Yang and TeBeest, 

1993). In addition, weakening the growth, reproduction and competitiveness of weeds with 

! 
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mycoherbicides may reduce their impact to below economically damaging levels 

(Charudattan, 1988; Hasan and Ayres, 1990; Watson and Wymore, 1990; Watson, 1992). The 

competitiveness of R. acris in pastures is aided by the height of its leaf and stem canopy in 

spring and summer (Harper, 1957; Grime et al., 1988). Reduced fitness of R. acris through 

damage to foliage may enable desirable pasture species to compete successfully in the field 

environment, particularly if a dense pasture sward of desirable species is maintained (Bourdot, 

1983). The role of plant competition in weed control is complex, and poorly understood, but 

it can be an important factor causing the decline of weeds weakened by treatment with fungal 

control agents (Hasan and Ayres, 1990; Paul, Ayres and Hallett, 1992). The potential 

mycoherbicide, Colletotrichum coccodes (Wallr.) Hughes caused foliar lesions which reduced 

the vigour of Abutilon theophrasti (Medik.) (Wymore, Poirier, Watson and Gotlieb, 1988). 

Wymore et al. (1988) suggested that field trials were required to determine whether this 

reduction in competitiveness would be sufficient to control A. theophrasti in Zea mays (L.) 

and Glycine max (L.) Merr. crops. In the present programme, future studies could focus on 

aspects of pasture species competition after inoculation of R. acris with S. sclerotiorum in the 

field. 

The attitude of farmers towards weed control in agroecosystems is an important consideration 

in weed research. The concept of a mycoherbicide may appeal to farmers, as the method of 

application is similar to that of a chemical herbicide. However, the principles behind 

mycoherbicide control differ somewhat to those of chemical control, and many farmers must 

accept that, in general, mycoherbicides do not cause immediate and complete kill of weed 

populations (Hasan and Ayres, 1990). The efficacy of mycoherbicides may depend more on 

appropriate timing of applications than chemical herbicides, since inoculation during a period 

of optimum temperature and moisture conditions for infection is often crucial to the success 

of mycoherbicides (Yang and TeBeest, 1993). As with chemical control, applic~tions of 

mycoherbicides should coincide with the most susceptible phenological stage of the weed. 

Currently, herbicide spray operations for R. acris are often carried out during flowering, and 

into the autumn, when efficacy of the herbicide is at its lowest. This indicates a lack of 

understanding among farmers as to appropriate timing of control measures (Brown, 1993). 

Therefore, to achieve good field performance of mycoherbicides it will be essential to carry 

out effective user-education based on demonstrable performance. 
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The characteristics of the target weed determine the nature and development of successful 

control (Watson and Wymore, 1988; Hasan and Ayres, 1990). In the present study, R. acris 

exhibited several of the "ideal weed characteristics" described by Baker (1974) which enabled 

plant survival after S. sclerotiorum infection. These were; resistance and persistence of its 

underground, perennating organ, a large quantity of underground carbohydrate reserves, a 

considerable capacity for vegetative reproduction, and a rapid rate of regrowth initiated from 

a large number of protected buds (Chapters 2, 3 and 4). 

Watson (1992) stated that "the goal of any weed control strategy is to provide an environment 

which is favourable to desired plant species and unfavourable to weeds". Control of R. acris 

with S. sclerotiorum probably has greatest potential within an integrated management system, 

defined by Shaw (1982) as "a directed agroecosystem approach for the management and 

control of weeds at threshold levels that prevent economic damage in the current and future 

years". Integration of the biocontrol agent· with chemical, cultural or mechanical control 

methods is a feature of many biological control programmes as it is rare that a single strategy 

will successfully control a weed (Mukerji and Garg, 1988; Watson and Wymore, 1988; 

Watson, 1992). The use of S. sclerotiorum in combination with MCPA and MCPB, the only 

efficacious herbicides for R. acris, was ruled out at an early stage because of resistance of R. 

acris to these herbicides, and the fact that they inhibited the in vitro growth of S. 

sclerotiorum (Appendix IV). However, repeated defoliation by mowing or grazing to weaken 

R. acris, followed by inoculation with S. sclerotiorum, is a feasible control option. 

Appropriate timing of defoliation and inoculation may be crucial to the success of control 

measures based on defoliation. Timing of control measures should coincide with the spring 

vegetative growth phase of R. acris, when crown biomass and reserves may be at a minimum 

(Chapter 4). Such a strategy may severely inhibit the competitiveness of R. acris in the 

pasture during active growth of the sward, thereby significantly reducing its economic impact. 

5.6 Suggestions for future work 

These studies were carried out in the glasshouse, and therefore were a preliminary assessment 

of the potential of S. sclerotiorum and R. acris as candidate pathogen and target weed 

respectively within this mycoherbicide programme. These studies have provided a baseline for 

assessing the potential of this particular mycoherbicide approach. The following 

recommendations for further research are made: 

,,-.- ...... ". 
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To provide the final determinant of efficacy of mycoherbicide control, field performance 

under monitored environmental conditions should be assessed (Charudattan, 1988). Field

based trials carried out in early spring, in which S. sclerotiorum inoculation is combined with 

defoliation, could yield valuable results. Investigations of aspects of pasture species 

competition should form an integral part of field-based studies, to assess whether a reduction 

in competitiveness is sufficient to control R. acris. 

Optimising the formulation and application methodology of S. sclerotiorum for R. acris is an 

important part of the mycoherbicide programme. Although kibbled wheat has been used as 

the substrate base for inoculation of C. arvense with S. sclerotiorum in the field, with a high 

level of efficacy (Bourdot et al., 1993; Harvey et aI., 1994), the rate of inoculum of 50 g/m2 

currently used for field applications to C. arvense (Bourdot et al., 1993) is very high. The 

efficacy of a mycoherbicide can be increased through improved formulation, and more 

efficient application techniques (Boyette et al., 1991). Thus, formulation and application 

technology should be a focus for future work within this mycoherbicide programme. 

Combinations of plant pathogens, either fungi, bacteria or viruses, including root-infecting 

organisms, may be used in weed biocontrol (Hasan and Ayres, 1990; TeBeest, 1993). An 

extensive search could be undertaken for a pathogen with a greater capacity for crown 

invasion than S. sclerotiorum. The potential for combining S. sclerotiorum with a crown

invading organism, as a control strategy for R. acris, could present an interesting aspect for 

future research. 

Resistance of crown tissues limited the efficacy of controlling R. acris with S. sclerotiorum. 

For some improved performance to be possible, there needs to be a better understanding of 

the biochemical and physiological factors that underlie the apparent resistance of crown 

tissues. This investigation should take account of, and be related to the anatomical and 

histopathological studies conducted in this study (Chapter 3). 
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APPENDIX I 

Description of R. acris plants used in this study. 

a) Definition of terms used to describe regeneration in R. acris; 

Crown: Compact stem, thick, dense and generally below ground. Consists of a very compact 

series of nodes. Bears foliage leaves at its distal end, and adventitious roots at its proximal 

end. This organ has been termed a stock (Clapham et ai., 1987; Grime et ai., 1988), and a 

rhizome (Harper, 1957; Sarukhan and Harper, 1973; Sarukhan, 1974). 

Regenerative shoot: Growth of an axillary bud after infection of its associated leaf, or after 

death of the crown apex. Gives rise to leaves from an apical meristem. Cannot be detached as 

an independent unit at the time of observation, but has the potential to develop into a plantlet. 

Plantlet: A shoot which has developed such that it can be detached easily, and is an 

independent, adventitiously rooted unit. 

Regenerative leaf: Individual leaves produced after infection by an apical meristem situated 

either on the parent plant, on a shoot, or on a plantlet. 
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b) Illustration of plants at different ages . 

® ® 

Plate i: A ten week old plant of R. acris at the vegetative rosette stage. 

(A). Whole plant. 
(B) . Detail of vegetative reproduction . Arrow indicates plantlet. 



® 

© @ 
Plate ii : Three month old plants of R. acris. 

(A). Whole plant at the vegetative rosette stage. 
(B). Detail of vegetative reproduc tion . Arrow indicates plantlet. 
(C) . Plantlet separated from parent plant. 
(D) . Initiation of first flowerin g stem . 

163 



® 

Plate iii: Six month old plant of R. acris at the vegetative rosette stage. 

(A). Whole plant. 
(B). Bisected crown, after removal of leaves and roots. This was the maximum crown 
size observed in a six month old plant. 
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Plate iv: Two year old plants of R. acris. 

(A) . View of rosette at onset of spring vegetative growth. 
(B). Whole plant at spring vegetative rosette stage. Note that the plant consists of a 
dense cluster of plantlets. 
(C). Plantlets separated from parent plant. 
(0). Plant at peak flowering. Plants may have up to 20 flowering stems, each stem 
bearing a number of leaves and up to 1 metre in height. 
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Plate v: Dairy paddock in the Takaka valley, New Zealand, infested with R. acris. The 
photograph was taken in mid-November, during the peak of flowering. 
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APPENDIX II 

Mean lesion lengths of isolates of S. sclerotiorum (S) and S. minor (M) on excised leaves, 
stems and petioles of R. acris 72 h after inoculation. Note that each isolate was replicated 
twice in an incomplete randomised block design consisting of four blocks (section 2.2.2). 
Isolates were arranged randomly within each block as presented below. Data are the 
means of four replicates. 

Block 1 

Isolate 

Standard S17 

Ml 
SI 

S6 

S9 

S13 

S3 

M2 

S7 

SII 

S14 

S5 

Block 2 

Isolate 

Standard S17 

S13 

S3 

M2 

S7 

Sl1 

S14 

S5 

S8 

M3 

S10 

S4 

Mean lesion length (mm) 

Leaf Stem Petiole 

62.2 74.0 68.0 

7.2 51.7 40.2 

34.2 48.2 54.2 

34.7 78.7 66.7 

7.7 58.0 52.2 

31.7 76.5. 77.5 

4.5 63.2 54.7 

55.2 67.7 49.5 

6.5 64.5 56.5 

12.2 65.0 48.7 

3.7 49.0 49.7 

14.7 61.7 62.0 

Mean lesion length (mm) 

Leaf Stem Petiole 

66.0 79.0 80.0 

54.0 78.0 75.7 

0.0 56.2 59.5 

52.2 63.0 54.7 

20.5 49.5 59.7 

39.2 43.7 38.0 

12.2 47.7 60.5 

3.5 43.7 55.0 

34.2 51.2 58.7 

36.5 42.5 42.0 

0.0 33.7 33.0 

27.5 58.7 45.5 

I' 
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Mean lesion length (mm) 

Isolate Leaf Stem Petiole 

Standard S17 50.0 67.5 73.5 

S8 39.5 69.0 72.5 

M3 32.5 55.0 57.0 

S10 18.0 44.2 45.5 

S4 18.7 47.0 55.0 

S16 54.0 44.5 47.5 

S2 43.7 65.7 52.5 

S19 54.0 79.0 79.2 

S17 43.7 50.5 64.5 

S18 35.0 51.2 66.2 " 

'"'\." -

S15 5.2 35.0 36.7 

S12 40.0 ' 71.0 48.7 

Block 4 

Mean lesion length (mm) 

'Isolate Leaf Stem Petiole 

Standard S17 55.0 70.0 73.2 

Ml 31.0 54.0 42.2 

SI 16.0 50.2 68.2 

S6 35.2 74.5 72.5 

S9 28.7 44.5 54.2 

S16 0.0 41.0 43.2 

S2 27.0 43.0 60.5 

S19 34.0 52.7 61.2 

S17 59.7 58.2 77.2 

S18 34.2 47.0 47.2 

S15 13.5 43.7 53.7 

S12 38.0 48.7 53.5 

."_ . .c, 
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APPENDIX III 

Sources of variation during in vitro pathogenicity screening of isolates of Sclerotinia spp. 

on excised tissues of R. acris. 

INTRODUCTION 

During in vitro pathogenicity screening of isolates, variation can distort the true pathogenicity 

of each isolate. The inoculum used in these tests should be standardised to ensure that the 

maximum potential pathogenicity of each isolate is expressed, and to enable differences 

among isolates to be distinguished. In screening tests (Chapter 2), it was observed that 

inoculum from a three day old colony of S. sclerotiorum isolate S 19 produced longer lesions 

on excised tissues of R. acris than inoculum from a five day old colony of the same isolate. 

This indicated that inoculum age can be a source of unwanted variation in pathogenicity. 

Chun et al. (1987) found that inoculum from five day old colonies of S. sclerotiorum 

produced more severe disease on excised tissues of Glycine max (L.) Merr. than inoculum 

from eight and eleven day old colonies. The five experiments reported here were carried out 

to test for variation in inoculum pathogenicity caused by age of inoculum, and also for 

possible variation caused by conditions of colony growth. This was done to indicate how 

inoculum production can be standardised for future work within this, and other programmes. 

METHODS 

Plant material was prepared, inoculated and incubated as described in sections 2.2.1 and 2.2.2 

unless otherwise stated. All experiments were carried out twice using a split plot design in 

which each treatment was inoculated onto four excised leaves and petioles of R. acris. Lesion 

measurements were recorded 48 h after inoculation and data analysed using analysis of 

variance. Means were tested using the unrestricted LSD procedure (Saville, 1990). 

Experiment 1. Pathogenicity of inoculum from different aged colonies 

Isolates S3, S8, S13, S17 and M2 (Table 2.1) were subcultured onto the centre of 9 cm 

diameter Petri dishes containing malt extract agar (MEA), and incubated at 25°C with a 12 

hour photoperiod of near-ultra violet (NUV) and daylight-fluorescent light, either for three or 



five days. Inoculum was removed from the outer 1-2 cm of colonies. Each combination of 

isolate and colony age was a single treatment. 
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Experiment 2. Pathogenicity of inoculum taken from different points behind the growing 

margin of colonies 

Isolates S3, S8, SlO, S12, S13, S19 and M2 (Table 2.1) were subcultured onto the centre of 

14 cm diameter Petri dishes containing MEA and incubated for four days at 25°C with a 12 

h photoperiod of NUV and daylight-fluorescent light. Inoculum was taken 0.5, 2, 4, and 6 cm 

from the growing margin of each colony. Each combination of isolate and inoculum type was 

a single treatment. 

In Experiments 3-5, isolates S2, S6, S12, S13 and S17 (Table 2.1) were used. 

Experiment 3. Pathogenicity of inoculum from different regions within colonies 

Isolates were subcultured onto the edge of 14 cm diameter Petri dishes containing MEA and 

incubated for four days at 25°C with constant daylight-fluorescent light. Inoculum was 

removed from three distinct regions within colonies. These were i) growing margin, ii) 

mycelial thickening, and iii) sclerotium development (Plate i). Each combination of isolate 

and inoculum type was a single treatment. 

Experiment 4. Pathogenicity of inoculum grown under either constant light or constant 

dark 

Isolates were subcultured onto the centre of 14 cm diameter Petri dishes containing MEA and 

incubated for four days at 25°C with either 24 h of daylight-fluorescent light or 24 h of dark. 

Each combination of isolate and light regime was a single treatment. 

Experiment 5. Pathogenicity of inoculum grown on PDA, V8, MEA and Czapek dox 

agar 

Isolates were subcultured onto the centre of 9 cm diameter Petri dishes containing MEA, 

potato dextrose agar (PDA), V8 agar and Czapec dox agar (to provide a range of widely used 

mycological media) and incubated for three days at 25°C in constant daylight-fluorescent 

light. Each combination of isolate and growth medium was a single treatment. 

~.:.-. '.'<',-.-~'.',' ---'.-,' 
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RESULTS 

Experiment 1. Pathogenicity of inoculum from different aged colonies 

Three day old colonies consisted of a thin mycelial mat which had grown to the edge of Petri 

dishes but had not begun to develop sclerotia. In five day old colonies, mycelium at the edge 

of the Petri dish had thickened and sclerotium development had begun. In general, inoculum 

from the three day old colonies produced larger lesions than inoculum from five day old 

colonies (Table i). 

Experiment 2. Pathogenicity of inoculum taken from different points behind the growing 

margin of colonies 

After four days incubation, morphologically distinct regions occurred within all colonies. At 

the growing margin the mycelial mat was thin. This began to thicken 1-2 cm from the 

growing margin to forma distinct band of thick, white mycelium across the colony, varying 

in width. Occasionally within this band of thickening, the mycelial mat aggregated into 

sclerotium initials, forming mature sclerotia. The majority of sclerotia developed adjacent to 

the edge of the Petri dish. Immediately surrounding the site where the colony was originally 

subcultured, the mycelial mat was flat and grey in colour. Lesion length tended to decrease as 

inoculum was removed from an increasing distance behind the growing margin of colonies 

(Table ii). 

Experiment 3. Pathogenicity of inoculum from different regions within colonies 

In general, inoculum from the growing margin produced the longest lesions, and inoculum 

from the region of sclerotium development produced the shortest lesions (Table iii) (Plate ii). 

Experiment 4. Pathogenicity of inoculum grown under either constant light or constant 

dark 

Light regime during growth of inoculum had no effect on lesion length (Table iv). 

Experiment 5. Pathogenicity of inoculum grown on PDA, V8, MEA and Czapek dox 

agar 

Inoculum grown on Czapek dox agar tended to produce shorter lesions than inoculum grown 

on MEA, PDA or V8 agar (Table v). No differences in lesion length occurred between 
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inoculum grown on the other media. 

DISCUSSION 

Inoculum from three day old colonies of Sclerotinia spp. was more pathogenic on excised 

leaves and petioles of R. acris than five day old inoculum (Table i). Chun et al. (1987) 

reported similar findings when testing the resistance of G. max to Sclerotinia spp. In the 

present study, morphological changes associated with sclerotium initiation and development 

occurred in the mycelial mat as colonies grew radially (Plate i). Several authors have studied 

mycelial and sclerotial development in colonies of Sclerotinia spp. Willetts (1978) suggested 

that the hyphal apices at the growing margin restrain the growth of lateral or aerial hyphal 

branches. The latter are released when chemical or mechanical barriers restrict radial growth. 

The edge of the Petri dish acts as a mechanical barrier and sclerotia are formed there. 

Sclerotium development behind the growing margin may be attributed to the accumulation in 

the medium of organic acids produced by metabolising fungal hyphae. These "acid-staling" 

products lower the pH of the medium and induce morphogenetic changes in the hyphae which 

stimulate sclerotium formation (Bedi, 1958; Humpherson-Jones and Cooke, 1977). 

The lesser pathogenicity of inoculum from regions of sclerotium development (Table iii) may 

have been due to a reduced physiological capability for appressoria and infection hyphae 

development because of the active branching of aerial hyphae at this time (Willetts, 1978). 

Lumsden and Dow (1973) found that hyphae at the growing margin of three day old colonies 

of S. sclerotiorum were larger in diameter than hyphae both at the colony centre, and at the 

margin of eight day old colonies. These authors suggested that differences occur in the 

morphology and physiology of hyphae in culture. This could affect their infective capability. 

In addition, pathogenicity of Sclerotinia spp. is affected by the nutritional status of the food 

base (Lumsden, 1979). Media at the colony margin will have a higher nutrient status with 

which to support fungal requirements for infection and pathogenesis than media which have 

been supporting growth of the fungus for some time. This may have been a factor 

contributing to the greater pathogenicity of inoculum from the growing margin of colonies in 

this study (Tables ii, iii). Inoculum grown on Czapek dox agar was least pathogenic (Table v) 

probably because it is an inorganic medium and of lower nutrient status than MEA, PDA or 

V8 agar. 
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During these tests, and during the screening tests (Chapter 2), infection and lesion size on 

excised leaves of R. acris were more variable than on petioles (Appendix II). This was 

probably due to inoculating the intact surface of the leaf, whereas the cut end of each petiole 

was inoculated. The leaf cuticle, which acts as a barrier to fungal penetration, may create an 

additional source of variability. Chun et al. ( 1987) also observed variability in infection and 

lesion size of S. sclerotiorum on excised G. max stems, and found that variability could be 

reduced by inoculating directly onto the cut stem apex rather than the leaf axil. 

These studies indicate that within individual colonies of Sclerotinia spp., the thickening of the 

mycelial mat, and development of sclerotia as the mycelial mat ages, corresponds with a 

decline in inoculum pathogenicity. Therefore, the following recommendations are made for 

maximising potential pathogenicity and reducing variation during pathogenicity testing. 

Colonies should be grown on nutrient rich media and inoculum removed from the outer 1-2 

cm of the colony margin where the mycelial mat is thin and actively growing. For excised 

tissue tests, standardising the age of plant tissue and inoculating a cut surface may also assist 

in reducing unwanted variation. 

Plate i: Isolate S6 grown on MEA for four days, illustrating regions of growing margin 
(1), mycelial thickening (2) and sclerotium development (3). 



® 

® 

Plate ii: Lesions produced on excised leaves and petioles of R. acris 48 hours after 
inoculation with isolate S6. 

(A). Inoculum from the growing margin. 
(B). Inoculum from region of sclerotium development. 

174 



175 

Table i: Effect of colony age on lesion length on excised leaves and petioles of R. acris 48 h after inoculation 
with isolates of S. sclerotiorum (S) and S. minor (M). 

Mean lesion length (mm) 

Isolate Colony age (days) Leaves Petioles 

S17 3 41.2 57.0 

5 28.0 53.5 

S3 3 10.5 43.0 

5 0.0 23.2 

M2 3 40.5 40.0 

5 27.2 32.7 

S8 3 35.5 48.5 

5 10.7 17.0 

S13 3 26.7 41.0 

5 26.0 25.7 

LSD" (P<0.05) 8.5 

LSD (P<O.Ol) ll.5 

"In this and table IV, leaves and petIOles were analysed together. Therefore the LSD's shown are for all 
comparisons. 

I 



Table ii: Effect of inoculum taken 0.5, 2, 4 and 6 cm from the growing margin of S. sclerotiorum (S) and S. 
minor (M) colonies on lesion length on excised leaves and petioles of R. acris, 48 h after inoculation. 

Isolate 

SI7 

S3 

M2 

S13 

S6 

S8 

S12 

Distance from growing margin 
(em) 

0.5 

2 

4 

6 

0.5 

2 

4 

6 

0.5 

2 

4 

6 

0.5 

2 

4 

6 

0.5 

2 

4 

6 

0.5 

2 

4 

6 

0.5 

2 

4 

6 

LSD (P<0.05) = 10.2 

LSD (P<O.Ol) = 13.3 

Mean lesion length (mm) 
Leaves Petioles 

46.5 

45.5 

50.5 

39.7 

39.0 

40.2 

11.0 

9.5 

33.2 

39.0 

29.2 

28.7 

36.2 

23.5 

14.2 

5.7 

44.5 

12.0 

9.0 

0.0 

46.7 

32.5 

25.0 

13.2 

48.7 

30.2 

0.0 

4.5 

64.0 

62.5 

63.2 

66.2 

63.2 

59.0 

49.0 

30.2 

49.5 

40.5 

37.0 

35.2 

45.0 

24.0 

16.5 

20.2 

67.2 

43.2 

21.7 

16.7 

61.7 

50.7 

49.5 

47.0 

47.0 

50.0 

37.7 

41.0 
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Table iii: The effect of inoculum from the following regions"; 1. growing margin, 2. mycelial thickening, 3. 
sclerotium development, within colonies of S. sclerotiorum on lesion length on excised leaves and petioles of R. 

acris 48 h after inoculation. 

Mean lesion length (mrn) 

Isolate Inoculum source' Leaves Petioles 

S6 46.5 70.1 

2 27.1 48.7 

3 11.1 37.5 

S13 58.4 71.5 

2 39.0 59.0 

3 19.0 44.6 

S2 44.5 69.2 

2 24.6 40.9 

3 17.5 38.0 

S17 58.7 73.7 

2 44.1 65.6 

3 39.0 56.4 

S12 21.1 65.2 

2 22.0 34.6 

3 13.2 28.6 

LSDb (P<0.05) 12.3 

bLSD for comparing inoculum type for the same levels of isolate and tissue type. 

' .. , ... "-,.'. -,- -.:. . ~. 
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Table iv: The effect of light regime during growth of S. sclerotiorum inoculum on lesion length on excised 
leaves and petioles of R. acris 48 h after inoculation. 

Mean lesion length (mm) 

Isolate Light regime Leaves Petioles 

S6 Light 43.7 63.5 

Dark 43.9 65.5 

S13 Light 49.2 63.9 

Dark 48.4 64.0 

S2 Light 29.1 63.6 

Dark 28.6 65.9 

S17 Light 53.5 72.5 

Dark 49.0 70.6 

S12 Light 35.2 57.6 

Dark 25.9 64.7 

LSD' (P<0.05) 16.6 

"LSD for comparing light regime for the same levels of isolate and tissue type. 
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Table v: The effect of growth medium of S. sclerotiorum inoculum on lesion length on excised and petioles of 
R. acris, 48 h after inoculation. 

Isolate Growth medium 

S6 MEA 

PDA 

VS 

Czapec dox 

S13 MEA 

PDA 

VS 

Czapec dox 

S2 MEA 

.PDA 

VS 

Czapec dox 

S17 MEA 

PDA 

V8 

Czapec dox 

S12 MEA 

PDA 

VS 

Czapec dox 

Leaves 

32.6 

38.2 

33.0 

21.7 

43.8 

39.6 

36.1 

28.6 

34.1 

21.9 

32.4 

15.1 

44.4 

36.2 

30.0 

15.0 

31.7 

37.5 

40.6 

22.4 

a LSD for comparing growth medium for same levels of isolate and tissue type. 

Mean lesion length (mm) 

LSD' (P<0.05) 11.3 

Petioles 

57.5 

67.2 

58.1 

38.1 

57.7 

64.2 

56.6 

4S.I 

64.4 

54.1 

56.1 

45.1 

5S.2 

62.1 

57.5 

41.5 

57.4 

55.1 

57.0 

46.0 

I ~ 
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APPENDIX IV 

The effect of five herbicides on the in vitro growth of S. sclerotiorum. 

METHODS 

Five herbicides were tested for their compatibility with S. sclerotiorum by assessing colony 

growth on a medium containing the herbicide. The herbicides were added to potato dextrose 

agar (PDA) at rates equivalent to Y2 and 1,4 of the recommended field rate. The herbicides 

used in this experiment (commercial name and recommended field rate in parentheses) were; 

MCPA (2 kg a.i./ha), MCPB (2.4 kg a.i./ha), chlorsulfuron (Glean, 15 g a.i./ha), glyphosate 

(Roundup, 0.5kg a.i./ha) and bentazone (Basagran, lkg a.i./ha). PDA alone served as the 

control treatment. Sclerotinia sclerotiorum isolate S 13 was subcultured onto the centre of 9 

cm diameter Petri dishes containing the herbicide-supplemented PDA, and incubated at 25 DC 

with a 12 h photoperiod of near-ultra violet (NVV) and daylight-fluorescent light. After 24 h 

incubation, colony diameter was recorded. The experiment was carried out twice using a 

randomised block design with ten replicates. Colony diameter was analysed using analysis of 

variance. 

RESULTS 

Chlorsulfuron added to PDA at Y2 and 1,4 of the recommended field rate did not affect colony 

growth of S. sclerotiorum (Table i). All other herbicides inhibited colony growth at both rates. 

Table i: Effect of five herbicides added to PDA at Y2 and 1,4 field rate on colony diameter of 
S. sclerotiorum. 

Herbicide 

MCPA 

MCPB 

Chlorsulfuron 

Glyphosate 

Bentazone 

Control 

LSD (P<0.05) 

Colony diameter (mm) after 24 hours 

Y2 x field rate 

0.0 

0.0 

26.9 

4.4 

0.9 

27.0 

1.6 

',4 x field rate 

0.0 

0.0 

28.0 

5.4 

4.0 

27.4 

. '.,<:. 
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. Effect of chlorsulfuron pre-treatment on growth of the youngest leaf of R. acris. 

METHODS 

See section 3.2.5. 

RESULTS 

Chlorsulfuron reduced (P<O.Ol) the total growth of the youngest leaf during the first 10 days 

after spraying (DAS) (Table ii). The youngest leaves of chlorsulfuron-treated plants had 

developed symptoms of stunting and chlorosis by 10 DAS. By 38 DAS, growth of the 

youngest shoots had almost ceased in non-inoculated plants pre-treated with chlorsulfuron, but 

these plants were not killed and eventually recovered. Therefore, chlorsulfuron was used as an 

inhibitor of regenerative growth of R. acris in Experiment 4, Chapter 3. 

Table ii: Effect of chlorsulfuron on the total growth of the youngest leaf of R. acris ten days 
after spraying (DAS). 

+ Chlorsulfuron 

- Chlorsulfuron 

LSD (P<O.Ol) 

Leaf growth (mm) 

27.6 

49.3 

19.5 

! . 

i---
I"· . 

! 
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APPENDIX V 

Starch analysis. 

METHODS 

Eight R. acris crowns were assayed for starch in addition to available carbohydrate. Crowns 

from three month old vegetative plants, six month old early-peak and late-flowering plants, 

and two year old flowering plants, were assayed and the percentage of starch in the crown 

available carbohydrate pool was determined. 

Crown samples were assayed for starch using the UV -method test kit supplied by Boeringer 

Mannheim GmbH. Samples were solubilised first as follows: Crowns were ground to a fine 

homogenous powder. Samples 000 mg) were weighed into 100 ml Erlenmeyer flasks and 20 

ml of dimethylsulphoxide and 5 ml of hydrochloric acid (8 molllitre) added. Flasks were 

incubated in a 60°C shaking water bath for one hour, then quickly cooled to room 

temperature and 30 ml of nanopure water added. The pH was adjusted to 4-5 by adding 4.8 

ml of 8 molll sodium hydroxide and approximately 10-12 drops of 1 molll NaOH. The 

solutions were transferred to 100 ml volumetric flasks and made up to the mark with water. 

For starch determination, 0.1 ml of each solution was pipetted into a plastic cuvette with a 1 

cm light path, and 0.2 ml of a solution containing amyloglucosidase and citric acid buffer (pH 

4.6) in 6 ml distilled water added. The cuvettes were shaken and incubated at 55-60°C for 15 

minutes. Then, 1 ml of a solution containing triethanolamine buffer (pH 7.6), NADP (75 mg), 

ATP (190 mg) and magnesium sulphate in 27 ml distilled water was added, plus 1 mlof 

nanopure water. The solutions were mixed, left to stand for 3 minutes, and the absorbance of 

the cuvette read at 340 nm against water. Then 0.02 ml of a suspension of hexokinase and 

glucose-6-phosphate dehydrogenase was added, and the solutions mixed thoroughly. After 10-

15 minutes, the absorbance of each cuvette was read again. A reagent blank was determined 

by replacing 0.1 ml of each sample with 0.1 ml of nanopure water. The difference between 

the first and second absorption readings were determined for the reagent blank and the 

sample. The absorption difference of the reagent blank was then subtracted from the 

absorption difference of the sample. The value obtained was multiplied by 0.5970 to -', .. _;", 
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detennine the concentration of starch (gil) in the volumetric flask. The percentage of starch in 

the sample was determined from the following 

equation: 

concentration of starch in volumetric flask (gil) 
% starch = Weight of sample x 10 

RESULTS 

Of the eight crowns assayed, starch constituted an average of 61 % of the total available 

carbohydrate pool (Table i), indicating that starch is the major storage carbohydrate in R. 

acris. 

Table i: Starch as a percentage of i) crown dry weight (DW), and ii) crown total available 
carbohydrate, in three month old vegetative plants, six month old early-peak and late
flowering plants and two year old flowering plants of R. acris. 

Plant type 

Three month vegetative 

Six month early-peak 
flowering 

Six month late-flowering 

Two year flowering 

Mean 

Starch as a % of crown DW 

32 

34 

34 

26 

41 

29 

18 

19 

29 

Starch as a % of the crown 
available carbohydrate pool 

60 

72 

54 

58 

65 

58 

51 

66 

61 

1 

I.' 

. . . . .' . - . 
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APPENDIX VI 
(:.',. "" ;'~~:;"~~~-'.:.->' 

~~-::c¥q:{m" 

Weekly mean maximum and minimum glasshouse temperatures during Experiment 1 
and Experiment 3·, Chapter 4. 

Week Max.oC Min.oC Week Max.oC Min.OC 

8110/93 29.0 16.6 8/4 26.7 17.0 

15/0 28.6 16.4 15/4 26.6 16.8 

22/10 29.4 16.4 22/4 24.8 16.8 

29110 27.3 17.0 29/4 24.5 15.3 

5111 26.4 16.4 6/5 25.0 17.0 

11111 26.8 16.8 13/5 20.0 17.0 

19111 27.8 16.4 " 20/5 22.8 15.6 

26/11 26.4 16.0 27/5 22.6 16.4 

3112 26.4 "16.4 3/6 21.0 16.4 t. " --,-
,",' ! -:: -".' 

10/12 22.6 11.4 10/6 19.3 15.3 i _ 
! 

17112 29.0 15.0 17/6 19.4 15.8 

23/12 28.5 11.0 24/6 19.8 16.0 

711/94 32.3 15.0 117 19.2 14.4 

1411 31.2 17.0 817 19.8 16.2 

21/1 * 30.4 16.8 1517 20.6 16.4 

28/1 27.6 16.2 2217 20.0 15.2 

4/2 28.2 16.2 2917 20.8 16.2 

11/2 30.6 16.8 5/8 23.0 16.2 

18/2 29.0 16.8 12/8 22.6 16.4 

25/2 29.2 16.6 19/8 23.4 16.0 

4/3 27.4 17.0 26/8 23.6 16.0 

11/3 26.4 16.6 

18/3 26.8 16.6 

25/3 25.2 16.6 

31/3* 27.5 17.0 



APPENDIX VII 

Time of onset of flowering, and date of harvest of each phenological stage in 
Experiments la and Ib, Chapter 4. 
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Figure i: Experiment 1a. ( = time of onset of flowering) 
Date of harvest; (1). Pre-flowering 

(2). Early-flowering 

T 
T 
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(3). Early-peak flowering 
(4). Late-peak flowering 
(5). Late-flowering 
(6). Post-flowering 
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Figure ii: Experiment lb. ( = time of onset of flowering) 

Date of harvest; (1). Pre-flowering 
(2). Early-peak flowering 
(3). Late-flowering 
(4). Winter rosette 
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APPENDIX VIII 

Interactions tables for analysis of variance of defoliated and non-defoliated (treatment) 
six month old vegetative plants, six month old flowering plants, and two year old 
flowering plants (plant category) of R. acris in Experiment 3, Chapter 4. 

CrownDW 

Source of DF SS 
variation 

Block 4 15.214 

Plant category 2 57.281 

Error 8 30.130 

Treatment 1 24.795 

Plant category x 2 43.994 
treatment 

Error 12 12.156 

Total 29 181.662 

Crown available carbohydrate (g/crown-l) 

Source of DF 
variation 

Block 4 

Plant category 2 

Error 8 

Treatment 1 

Plant category x 2 
treatment 

Error 

Total 

12 

29 

SS 

2.0997 

5.2763 

8.4026 

7.0658 

5.6613 

2.4451 

30.3469 

MS 

3.803 

28.641 

3.766 

24.795 

21.997 

1.105 

MS 

0.5249 

2.6382 

1.0503 

7.0658 

2.8306 

0.2223 

F 

1.01 

7.60 

3.41 

22.44 

19.91 

F 

0.50 

2.51 

4.73 

31.79 

12.73 

P 

0.457 

0.014 

<.001 

<.001 

P 

0.737 

0.142 

<.001 

0.001 

; ~ ... : . : .'. '. :.: . 



% Crown available carbohydrate 

Source of DF SS 
variation 

Block 4 75.16 

Plant category 2 302.90 

Error 8 645.24 

Treatment 1 879.04 

Plant category x 2 9.51 
treatment 

Error 12 168.07 

Total 29 1988.01 

MS F 

18.79 0.23 

151.45 1.88 

80.65 5.28 

879.04 57.53 

4.75 0.31 

15.28 

P 

0.912 

0.214 

<.001 

0.739 
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APPENDIX IX 

Interactions tables for analysis of variance of defoliated and non-defoliated (treatment) 
six month old vegetative plants, six month old flowering plants, and two year old 
flowering plants (plant category) of R. acris inoculated with S. sclerotiorum in 
Experiment 3, Chapter 4. 

Crown DM % 

Source of DF 
variation 

Block 4 

Plant category 2 

Error 8 

Treatment 1 

Plant category x 2 
treatment 

Error 

Total 

12 

29 

Regenerative leaf DW 

Source of DF 
variation 

Block 4 

Plant category 2 

Error 8 

Treatment 1 

Plant category x 2 
treatment 

Error 

Total 

12 

29 

SS 

75.20 

107.49 

272.05 

1454.50 

343.47 

405.12 

2657.84 

SS 

2.4087 

9.3927 

2.1473 

23.0563 

7.4447 

4.1240 

48.5737 

MS 

18.80 

53.75 

34.01 

1454.50 

171.74 

33.76 

MS 

0.6022 

4.6963 

0.2684 

23.0563 

3.7223 

0.3437 

F 

0.55 

1.58 

1.01 

43.08 

5.09 

F 

2.24 

17.50 

0.78 

67.09 

10.83 

P 

0.703 

0.264 

<.001 

0.025 

P 

0.154 

0.001 

<.001 

0.002 
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REGENERATION SITES OF RANUNCULUS ACRIS ARE THE 
TARGET FORSCLEROTINIA SCLEROTIORUM, 

A POTENTIAL MYCOlIERBICIDE 

S. GREEN', D.J. SAVILLEb, G.W. BOURDOT', I.C. HARVEyb, 
R.J. FIELD' and R.C. CLOSE' 

"Department of Plant Science, PO Box 84, Lincoln University 
bAgResearch, PO Box 60, Lincoln 

SUMMARY 
Plants ofthe perennial weed, giant buttercup (Rammcl//I/s acris L.), 

were inoculated with an isolate of Sclerotinia sclerotionlm and the 
influence of the following treatments were determined; i} plant size, ii) 
wounding at inoculation site and iii) position of inoculum placement 
relative to the plant's regeneration reserves in the crown. Disease level 
and plant mortality 21 days after inoculation were measured. Small 
plants were most susceptible and large plants least susceptible to the 
pathogen. Wounding the crown had no effec!. Disease levels and 
mortality were higher in plants inoculated near the apex of the crown 
than near its base. It is concluded that application of inoculum to ensure 
initial and rapid infection of the crown apex is important in determining 
the efficacy of S. sclerotionlm as a mycoherbicide for control of giant 
buttercup. 
Keywords: giant buttercup, Sclerotinia sclerotionlm, mycoherbicide 

INTRODUCTION 
Giant buttercup (Rammcl//lls acris L.) is a serious weed in a number of dairying 

regions in New Zelllllnd. Cllltle nvoid ellting it so tlmt it invndes pustures nt the expense 
of grasses and clovers, and reduces productivity. Tolerance to the chemical herbicides 
MCPA and MCPB (Bourdot and Hurrell (988) has prompted the search for alternative 
methods of control (Bourdot and Harvey 11)1)2). Over the past 20 years there has been 
increasing interest in the use offungi ns biological control ugents of weeds using the 
mycoherbicide approach. Mycoherbicides can be defined as plant pathogenic fungi 
developed and used inundatively to control weeds in the way chemical herbicides are 
used (Charudattan 1991). Pathogenicity ofSclemtinia sclerotinnlln to a large number 
ofimportant crop plants has previously deterred its use in biological control systems. 
However, host range, and the ability to spread to non-target plants may be reduced by 
the use of new strains selected using recently developed biotechnological techniques. 
This will improve the potential of Sclerotinia spp. in biological weed control (Miller 
et al. 1989). 

Previous experiments in which giant buttercup plants have been inoculated with 
S. sclerotiorum have shown that it has a large capacity for regrowth post-infection, 
with regeneration occurring from the apical region and also from axillary buds. All of 
these regeneration sites are situated in the crown at the base of the plant. Observations 
from these studies show that recovery after infection is dependent on the presence of 
some remaining healthy crown tissue, and will occur even after extensive necrosis of 
the roots and shoots. This paper describes an experiment to determine how plant size, 
wounding at the site ofinoculation, and site of inoculation relative to the apical region 
of the crown, affect disease progression and plant mortality in giant buttercup plants 
inoculated with an isolate of S. sclerotiorum. 

Proc. 46th N.Z. Plant Protection Con/. 1993: 274-277 

I ) ~; 

x ~ 

~t 
~ 

~ 

~ ii 
i j 

4~ 

.'!.! 

Pasture Weeds 275 

METHODS 
The inoculum used in the experiment was air-dried kibbled wheat infested with 

isolate S 13 of S. sclerotionlm, originally isolated from squash (Harvey, pers. comm). 
Three sizes ofplnnts, small, medium and large, were used, with 40 plants in each size 
category. All plants were grown in a glasshouse prior to the experiment. The small 
plants were 3 months old and grown in 70 mm diameter pots which restricted growth. 
They had small crowns. Medium plants were 3 months old but grown in 125 mm 
diameter pots which allowed development of a greater amount of foliage and crown 
tissue. Large plants were 6 months old, grown in 125 mm diameterpots and had a dense 
rosette ofleaves around a large crown which often protruded several em above the soil 
level. All inoculations were carried out by placing a single grain ofinoculum (2-3 mm 
in length) adjacent to the crown at the petiole base of each ofthree leaves per plan!. Ten 
plants from each size category were inoculated either on the upper or lower leaves, 
with and without wounding ofthe inoculation site. The plants were inoculated either 
at the petiole base of the three youngest leaves, around the apical region of the crown, 
or at the petiole base of the three oldest leaves, at the base ofthe crown. The wounding 
was carried out by making a small incision into the crown (approximately 2 mm deep, 
0.5 mm wide and 3 mm long) at the petiole base using a sharp scalpel blade. Inoculum 
was placed adjacent to this wound. 

The experimental design was a split plot incorporating plant size (small, medium, 
large) as the'main plot treatment factor, and wounding (plus, minus) and inoculation 
position (lower, upper'leaves) as the sub-plot treatment factors. Main plots were 
ammgcd in a mndomised block design, with ten replicates. 

Plants were misted with water prior to and immediately after inoculation. All 
plants were incubated for the duration of the experiment in a glasshouse, under a 
misting unit which maintained almost constant leaf wetness using an electronic "wet 
lear' sensor device connected to the misting supply. The glasshouse had supplemen
tary lighting for a 12 h daylength and the temperature was maintained between 17 and 
22°C. The experiment was c .. rried out in September, before the onset of nowering. 
I>iseuse ussessment 

Disease progression on each plant was assessed daily for the first 7 days of the 
experiment, and then at 9, 12, 14 and 21 days after inoculation (DAI) using the 0-7 scale 
disease index described helow. 

o '" No dise;Ise 
I = Brown, water-soaked lesion on petiole base immediately surrounding site of 

inoculation. 
2 = Lesion completely encircling infected petiole bases.lnfected petiole losing 

rigidity. 
3 = As in 2 plus some necrosis ofleaflaminae. 
4 = Necrosis and total loss of rigidity of all petioles. Necrosis on less than 50% of 

leaf laminae. 
5 = As in 4 plus necrosis of over 75% of leaf laminae. 
6 = Entire plant collapsed and withered. All tissue completely or almost com

pletely necrotic/chlorotic. Crown potentially viable. 
7 = Plant dead (crown completely rotten). 
At 21 DAI all plants were harvested and the percentage area of infected crown 

tissue was determined by visual examination after slicing the crowns in half. The fresh 
weight of each plant was recorded and plants were then dried in an oven at 70°C for 
4 days. Oven dry weights were recorded and percentage dry matter (DM%) calculated. 
The mean disease rating, mean percentage ofcrown which had rotted and mean DM% 
were analysed using analysis of variance. The percentage mortality 21 days after 
inoculation was analysed using a X2 test. 

RESULTS 
All inoculated plants developed symptoms of disease typical ofthose caused by 

S. sclerotionlm (Purdy 1979). In the most effective treatments, plants died within 21 
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DAI. In the least effective treatments, plants were able to recover from disease by 
producing new shoots from the apical region of the crown and from axillary buds 
associated with infected leaves. The disease ratings at 21 DAI only were used in the 
analysis, as this gave the best indication of ex tent ofinfection. The main effects of plant 
size, wounding at inoculation site and position of inoculation on mean disease rating, 
percentage of crown which had rotted, DM% and percentage mortality of giant 
buttercup plants 21 days after inoculation with isolate S 13 of S. sclerotiontm are 
presented in Table I. 

TABLE I: Main effects of a) plant size, b) wounding at the site of inoculation, 
and c) inoculation position in Ranltncltllts acris on disease rating, 
percentage of crown rotted, DM% and percentage mortality 21 
days after inoculation with isolate S13 of Sclerotinia sclerotiorltm. 

Disease rating % of crown DM% % mortality 
rotted 

a) Plant size 
Small 5.0 56.7 39.9 42 
Medium 4.5 42.4 34.4 30 
Large 4.4 33.1 29.5 17 
LSD (P<0.05) 0.4 19.3 5.2 
Significance • • • • 

b) Wounding 
-wound 4.5 38.6 33.8 23 
+ wound 4.8 49.6 35.5 36 
LSD (P<0.05) 0.3 11.4 3.1 
Significance NS NS NS NS 

c) Position ofinoclllntion 
Upper leaves 5.7 70.2 40.8 55 
Lower leaves 3.6 18.0 28.4 5 
LSD (P<0.05) 0.3 11.4 3.1 
Significance •• •• .. .* 

In this and Table 2: • = significant at P<0.05; •• = significant at P<O.OI; NS = not 
significant. 

TABLE 2: Interaction between plant size and position of inoculation in Ranltn
cltllts acrison disease rating, percentage of crown rotted, DM% and 
percentage mortality 21 days after inoculation with isolate S13 of 
Sclerotinia sclerotiorum. 

Disease rating % of crown DM% % mortality 

Upper leaves inoculated 
Small plants 6.0 85.5 48.0 75 
Medium plants 5.9 77.5 44.6 60 
Large plants 5.4 47.5 29.9 30 

Lower leaves inoculated 
Small plants 4.2 28.0 31.8 10 
Medium plants 3.2 7.3 24.3 0 
Large plants 3.5 18.7 29.2 5 

Significance of difference 
in linear trends NS • •• NS 
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Large plants had significantly lower disease ratings, percentage crown rot, OM % 
and percentage mortality than small plants (Table 101). Although no significant 
differences occurred between medium and large plants in any of the variables there 
was a significant linear decline with incrcasing plant size. Wounding at the site of 
inoculation rcsulted in apparently higher disease ratings, crown rot, DM% and plant 
mortality than non-wounding, but these effects were not significant (Table Ib). 
Positioning the inoculum at the base of the upper leaves resulted in significantly 
(P<O.OI) greater values for all four variables than positioning it at the base of the lower 
leaves (Table I c). The only significant interactions were those between plant size and 
position of inoculation (Table 2). Differences between small and large plants were 
accentuated when upper leaves were inoculated, as might be expected from the greater 
efficacy of this treatment (Table 2). 

DISCUSSION 
Disease level and plant mortality 21 DAI decreased as plant size (and therefore 

crown size) increased (Table I). The pathogen appeared to invade the small crowns 
more rapidly and completely. Larger plants have substantial crown tissue and 
therefore present a much greater area which must be completely infected before the 
plant will die. There was no evidence that wounding affected pathogenicity (Table I b). 
This suggests that the outer surface ofthe crown is unlikely to act as a physical barrier 
to penetration by the pathogen and that the slow rate of disease progression in crowns 
is caused by some other factor, possibly within the crown tissue itself. The position of 
inoculum placement on the host had the largest effect on the level of infection 21 DAI. 
Inoculation of the upper leaves resulted in significantly greater disease development, 
DM%, percentage of crown which had rotted and percentage mortality than inocula
tion of the lower"leaves (Tables I c and 2) . This was possibly because the pathogen was 
able to invade the region ofinost active tissue production at the crown apex first before 
invading the rest of the plant, thus slowing down and greatly reducing the plant's 
capacity for regrowth. 

Therefore the crown of the giant buttercup is considered to be the most important 
tnrect sitc for n Sr/em/il/ifl mycoherhicide. Templeton nnd Heiny (1990) suggested 
that perennial plants which have protected rescrve tissue are more likely to regrow 
away from infcction. and that mycoherbicides may be less effective on them than 
annllal weeds. This experiment has shown tlllltS . . ,·clem/ionll1l has sufficient virulence 
to completely infect plants of the ginnt huttercup. but inoculum must be targeted to 
facilitate rapid infection ofthe crown apex for high rates of plant mortality to occur. 
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RESISTANCE OF RANUNCULUS ACRIS CROWN TISSUE 
ENABLES SURVIVAL AFTER INFECTION BY 

SCLEROTINIA SCLEROTIORUM 

S.GREENa, G.W.BOURD6Tb, RI. FIELD' and I.e. HARVEyb 

"Department of Plant Science. PO Box 84. Lincoln University 
bAgResearch. PO Box 60. Lincoln 

SUMMARY 
Sclerotinia sclerationlm was inoculated onto plants of the giant 

buttercup (RanunclIllIs acris L.) with and without pre-treatment with 
chlorsulfuron to inhibit regenerative growth. This tested the hypothesis 
that S. sclerotiorom is unable to kill R. acris because of its very high 
regenerative capacity. Plants pre-treated with chlorsulfuron had fewer 
regenerative shoots and higher levels of leaf and crown infection 28 
days after inoculation than untreated, but complete invasion of crown 
tissue did not occur. All plants retained some crown tissue with viable 
axillary buds. It is concluded that resistance of crown tissue to decay by 
S. sclerotiorom enables survival of regenerative buds, and that this is a 
more important factor limiting the effect of S. sclero/ionlm on R. acris 
than the rapid recovery rate of this weed. 
Keywords: Sclero/inia sclero/ioM/m, Rammclllus acris, chlorsulfuron. 
mycoherbicide 

INTRODUCTION 

58 

Giant buttercup (Ranllncullls acris L.) is a persistent, perennial weed which 
invades pastures in dairying regions of New Zealand. Resistance to the herbicides 
MCP A and MCPB (Bourdot and Hurrell 1990) has prompted research into using the 
pathogenic fungus Sclerotinia scleratioM/1n (Lib.) de Bary as a mycoherbicide for the 
biological eontrol of this weed. Mycoherbicides are plant pathogenic fungi used 
inundatively to control weeds in the way chemical herbicides are used (Charudattan 
199 I). S. sclerotioM/m is pathogenic to many important crop plants but its ability to 
sporulate and cause unwanted disease is poorly understood at present. The usc of 
auxotrophic strains (Miller et al. 1989) may reduce the potential hazards of using S. 
sc/era/ionmr as mycoherbicides in biological wecd control. 

Regeneration sites on the crown of R. acris have been identified as the target for 
an S. sclero/ionlm myocherbicide (Green et al. 1993). However, further experiments 
have shown that plants inoculated at regeneration sites still exhibit a high rate of 
regeneration from the crown following the rapid leaf death caused by the pathogen 
(Green, unpublished data). This may occur because R. acris can produce regenerative 
tissues faster than the rate at which the pathogen can invade the plant. The experiment 
reported here tested this by inoculating plants with and without suppression of 
regenerative growth and comparing their susceptibility to S. sclerotioM/m. Preliminary 
tests showed that the herbicide chlorsulfuron could inhibit the growing shoots of R. 
acris plants when applied at 0.75 glha (1I20th of the recommended field rate). 
Chlorsulfuron at this concentration had no effect on the in vitro colony growth of S. 
sclerotionlm when added to an agar medium (Green, unpublished data). Therefore 
chlorsulfuron was used as an inhibitor of regeneration for the purpose of this 
experiment. 

METHODS 
The inoculum used in the experiment was air-dried, ground kibbled wheat infested 

with isolate SI3 of S. sclerotiorom, originally isolated from squash (Harvey, pers. 

Proc. 47t" N.Z Plant Protection Con! 1994: 58-61 
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comm). Fifty plants of R. acris were grown from seed in a glasshouse for 4 months 
prior to the experiment In August, 25 plants were treated with a single dose of 
chlorsulfuron (Glean) at 0.75 glha + 0.5 mi/litre of Tween 80 surfactant, and the 
remaining plants treated with wilter + surfactant. The treatments were applied with a 
nitrogen-gas-powered moving belt sprayer delivering 60 litres/ha at 2 I 0 kPa through 
a single 8002E flat-fan Teejet hydraulic nozzle mounted 50 cm above the plants. The 
plants were passed under the stationary nozzle in single file at 1.5 mlsec. The plants 
were transferred to a glasshouse and the length ofthe youngest shoot measured daily 
for the first 10 days after spraying (DAS) to determine shoot growth per day. For 
analysis, this was summed to give the total growth during the 10 day period. At 10 DAS 
inoculations were carried out by placing inoculum (0.5 glplant) around the base of 
petioles adjacent to the crown. Of the 25 plants within each treatment, 20 were 
inoculated with S. sclero/ioM/m, and five inoculated with sterile inoculum as control 
treatments. Plants were misted with water prior to and immediately after inoculation 
and incubated for 28 days in a glasshouse under a misting unit which maintained 
almost constant leaf wetness using an electronic "wet leaf' sensor device. The 
glasshquse had supplementary lighting to give a 12 h daylength and the temperature 
was maintained between 17 and 22°C. The experiment was carried out in August! 
September before the onset of flowering. 

The experimental design was a randomised block with five replicates. 
Disease assessment 

Disease progression was assessed daily for the first 7 days after inoculation (DAI), 
and tben at I 1,14,19,21,25 and 28 DAI using the 0-7 scale disease index described 
below. 
() = No disease 
I = Brown, water-soaked lesion on petiole base immediately surrounding site of 

inoculation. 
2 = Lesion completely encircling infected petiole bases. Infected petiole losing 

rigidity. 
3 = As in 2 plus some necrosis ofleaflaminae. 
4 = Necrosis :md total loss of rigidity of all petiolcs. Necrosis on less than 50% ofle:,f 

laminae, youngest shoot collapsed. 
5 = As in 4 plus necrosis of over 75% of leaf laminae. 
(, = Entire phmt coll:lpsed and withered. Alltissuc eompletcly or :llmost completely 

necrotic/chlorotic. Crown potentially viable. 
7 = Plant dead (crown completely rotten). 

The disease index was amended for regenerating plants. This is described below. 
5 = Original leaf tissue completcly necrotic, regenerative shoots just appearing. 
4 = Regenerative shoots form 25% orall phmt tissue. 
3 = Regenerative shoots form 25-50% of all plant tissue. 
2 = Regenerative shoots form 50-75% of all plant tissue. 
I = Regenerative shoots form 75% + of all plant tissue. 

At 28 DAI, the number of regenerative shoots were recorded and the number of 
infected leaves on each plant were counted and calculated as a percentage of the total 
number of leaves per plant. The area of infected crown tissue as a percentage of total 
crown tissue was determined by visual examination after slicing the crowns in half. All 
data were analysed using analysis of variance. 

RESULTS 
Chlorsulfuron significantly (P<O.OI) reduced the growth of the youngest shoot 

during the first 10 DAS (Table I). All young tissues on chlorsulfuron treated plants had 
developed symptoms of stunting and chlorosis by 10 DAS. By 38 DAS, growth of the 
youngest shoots had almost ceased in control plants pre-treated with chlorsulfuron, but 
these plants were not killed and eventually recovered. 
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TABLE I: Effect of chlorsulfuron on the growth of the youngest shoot of 
Ranunculus acris during the first 10 days after spraying (DAS). 

Shoot growth (mm) 

+ Chlorsulfuron 
- Chlorsulfuron 
LSD (P<O.O I) 

27.6 
49.3 
19.5 

TABLE 2: Effect of chlorsulfuron pre-treatment on disease rating up to 28 
days after inoculation, and on the percentage of infected leaves, 
number of regenerative shoots, and percentage of crown rotted in 
RanuncIIIIIs acris 28 days after inoculation with isolate S13 of S. 
sclerotiorllm. 

Chlorsulfuron + S. sc1erotiontm 
Water + S. sc1erotiontm 
Chlorsulfuron - S. sclerotionlm 
Water - S. sclerotionlm 
LSD (P<0.01)1 
LSD (P<0.01)2 

Disease 
rating 

4.1 
3.7 
0 
0 
0.3 
0.5 

% infected 
leaves 

96.6 
67.1 

0 
0 
9.5 

15.1 

• No data for regenerative shoots in the control treatments. 
I LSD for comparison between inoculated treatments. 

No. of %of 
regenerative crown 
shoots' rotted 

0.9 74.5 
I\.9 27.2 

0 
0 

4.2 17.1 
27.0 

2 LSD for comparison between inoculated and control trelltmcnts. 

Plants inoculated with S. sclerotionlm developed symptoms of disease typic:11 of 
this pathogen (Purdy 1979). Inoculated plants without chlorsulfuron pre-treatment 
began to produce regenerative shoots from the apex, or from axillary buds ifthe apex 
had rotted, by II DAI. At 28 DAI, 19 out ofthe 20 plants in this treatment had begun 
to regenerate. Only five out ofthe 20 inoculated plants pre-treated with chlorsulfuron 
had begun to regenerate 28 DAI, with regenerative shoots appearing at 25 DAI. 
Inoculated plants pre-treated with chlorsulfuron had significantly (P<O.OI) higher 
disease ratings, percentage infected leaves and percentage crown rot, and a signifi
cantly lower (P<O.O I) number of regenerative shoots 28 days after inoculation with S. 
sc1erotiontm than plants nottreated with chlorsulfuron (Table 2). Plant mortality in all 
treatments was zero. No plants had crowns that were completely rotted on dissection 
28 DAI. All retained some crown tissue with at least one or more viable axillary buds. 

DISCUSSION 
Chlorsulfuron applied at I glha proved to be an effective regeneration inhibitor for 

this experiment as it significantly reduced the growth of young shoots (Table I) but did 
not kill plants. Plants pre-treated with chlorsulfuron were more susceptible to S. 
sc1erotionlm than non-treated plants, having greater levels ofleaf and crown infection 
and significantly fewer regenerative shoots 28 DAI.ln addition, the interval between 
inoculation and appearance ofthe first regenerative shoots was greater in chlorsulfuron 
treated plants. Despite these effects, S. sclerotiontm was unable to completely invade 
crown tissue and kill plants which had been pre-treated with chlorsulfuron. All plants 
pre-treated with chlorsulfuron had some undegraded crown tissue 28 DAI with one or 
more viable axillary buds which indicated that recovery was possible, even after death 
of all Ie aft issues. Ifcrown degradation by S. sc1erotiontm was as rapid as the observed 
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rate of leaf degradation by this pathogen, the regeneration sites would be rapidly 
infected and mortality in R. acris would be higher. These results suggest that crown 
tissue of R. acris has greater resistance to degradation by S. sc1erotionlm than leaf 
tissues. This causes crown decay either to cease, or to continue at a rate slower than 
the regenerative rate of the crown buds, enabling them to survive and produce new 
shoots after target inoculation. Observations have shown that a single surviving 
axillary bud on remaining crown tissue can eventually develop into an individual plant 
with its own crown, shoot and root system (Green, unpublished data). Crown tissue is 
densely packed with starch reserves (Harper 1957) which helps to facilitate the 
production of regenerative tissues. Therefore as long as some crown tissue remains 
intact, it is likely that the plant will survive and regenerate. It is concluded that the 
resistance of crown tissue to decay by S. sc1erotionlm is more important than the rapid 
regenerative rate of R. acris as a factor limiting the success of S. sclerotionlm as a 
possible mycoherbicide for this perennial weed. 
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