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ABSTRACT 

Scentless chamomile is a noxious weed in the Canadian prairies and has natural 

tolerance to most post-emergent herbicides. A fungal pathogen, Colletotrichum 

truncatum, was identified as a potential biocontrol agent with moderate efficacy when 

broadcast at a spore concentration of7x106 spores mr1 and a water volume of 

200 L ha·1
• In this study, potential synergy of herbicides with the fungus was 

investigated by tank-mix applications in the greenhouse. Most of the herbicides tested at 

full label rates delayed fungal spore germination temporarily, but this inhibition was not 

observed after 24 hr incubation. On scentless chamomile, the efficacy of the herbicide 

influenced the interaction between fungus and herbicide, with less effective products 

more likely exhibiting synergy although weed control might not be optimum. Clopyralid 

plus MCP A ester and metribuzin provided more effective scentless chamomile control 

when applied with the fungus and provided ideal tank mixes at the 8-leaf and 11-leaf 

stages, respectively. The addition of clodinafop to clopyralid plus MCPA ester plus the 

fungus did not further improve control of scentless chamomile, but this tank-mix option 

may be practical for targeting a broad weed spectrum in cereals. Increasing fungal dose 

generally enhanced biocontrol efficacy, but this effect eased rapidly at higher doses. The 

addition of synergistic herbicides helped alleviate the high fungal dose required for 

weed control. There were no major differences in herbicide interaction among six fungal 

isolates tested, with metribuzin and clopyralid plus MCPA ester consistently exhibiting 
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the highest weed control with all the isolates. Field trials with appropriate formulations 

are needed to validate the feasibility of this control strategy for scentless chamomile in 

the prairie climate. 
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1.0 INTRODUCTION 

Scentless chamomile (Matricaria perforata Merat) is a noxious weed in 

Saskatchewan (Kessler, 1989c ), existing as an annual, biennial or a short-lived 

perennial. This plant is a prolific seed producer and can infest an area quickly once 

introduced. Woo et al. ( 1991) reported that 25 plants m-2 caused a yield reduction of 

55% in spring wheat during a cool and wet season. A number of management 

strategies, such as tillage, mowing, hand weeding, cultural methods and chemical 

control have been used with varying levels of success. 

A novel approach for weed control is the use of natural plant pathogens that are 

effective against weed species. A research project was initiated at Agriculture and Agri

F ood Canada, Saskatoon Research Centre to discover and evaluate naturally occurring 

microorganisms for potential biocontrol of scentless chamomile in western Canada. 

Field surveys were carried out in 2000 and 2001 both in Saskatchewan and in the area of 

weed origin in Europe for biocontrol agents. A total of 706 fungal isolates were 

assessed, and several isolates of Colletotrichum caused severe damage to young 

scentless chamomile plants, while showing no negative impact on crops, including 

lentil, Lens culinaris Medik. (Peng and Bailey, 2002). Species designation in this genus 

has proved most challenging to taxonomists (Skipp et al., 1995). Morphological 

characteristics are often variable and overlapping in closely related species, adding to 

the complexity in classification (Shen et al., 2001 ). The obtained isolates, represented by 
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strain 00-3B1 were considered morphologically similar to Colletotrichum truncatum 

(Schwein.) Andrus and W.D. Moore (Dr. P.F. Cannon, CABI Bioscience, pers. comm., 

2003). 

The typical anthracnose-like symptom 

associated with the strain 00-3B1 on scentless 

chamomile is illustrated in Figure 1.1. Given 

right conditions, the lesions will appear five to 

seven days after inoculation and eventually 

girdle the petiole or stem, causing severe 

damage. When broadcast with carrier volumes 

less than 200 L ha-1, this pathogen resulted in 

moderate disease and did not consistently 

achieve desired levels of efficacy (Peng et al., 

2000). 

Enhanced weed control can occur when 

Figure 1.1 Disease symptom 
caused by Colletotrichum 
truncatum on scentless chamomile. 

microbial agents are applied in combination with chemical herbicides (Christy et al., 

1993). Interactions between two weed control components may be synergistic, 

antagonistic or additive. Synergism occurs when the cooperative action of two or more 

agents results in better than expected weed control when each component is applied 

separately. Preliminary studies revealed that a number of herbicides interacted positively 

with the pathogen in question when applied sequentially, resulting in increased control 

of scentless chamomile (Peng et al., 2000). A tank mix application of herbicides and the 

pathogen was not examined. 
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A synergistic interaction between a biological control organism and herbicides 

offers several valuable benefits, including increased weed control, reduced rates of both 

herbicide and agent and potentially a broadened weed control spectrum. The objectives 

of this study were to evaluate the synergistic interactions of C. truncatum with various 

groups of herbicides on scentless chamomile and to develop an effective and practical 

application procedure for control of scentless chamomile using a C. truncatum!herbicide 

tank mix. 
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2.0 LITERATURE REVIEW 

2.1 Scentless Chamomile 

Scentless chamomile can be an annual, biennial or short-lived perennial plant 

which is becoming an increasingly problematic weed in western Canada (McClay and 

De Clerck-Floate, 1999). This plant is legislated as a noxious weed in Alberta, 

Saskatchewan, Manitoba, and part of British Columbia, and is a Class 3 secondary 

noxious weed under the Canada Seeds Act (Woo et al. 1991). This plant has many 

characteristics which make it a problem in prairie agriculture. 

2.1.1 Nomenclature and Identification 

The nomenclature of Matricaria perforata is complex and includes the 

synonyms M inodora (L.), M maritima subsp. agrestis (Knaf), M maritima subsp. 

inodora (L.), Tripleurospermum inodorum (L.), T. perforatum (Merat) and Chamomilla 

inodora (L.) (Woo et al. 1991). Scentless chamomile is also recognized by the following 

common names: wild daisy, scentless mayweed, false mayweed, false chamomile, wild 

chamomile, corn feverfew, bachelor's button, Kandahar daisy or barnyard daisy. This 

plant belongs to the family Asteraceae and the tribe Anthemideae. 

Scentless chamomile grows between 15 and 1 00 em tall and is distinguished by 

its white, daisy-like flowers and its finely divided fern-like leaves (Kessler, 1989c ). The 

flowers of scentless chamomile are solitary, 2-3 em in diameter and are found at the 
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ends of smooth erect or semi-erect branches (Cole, 1994). For annuals in Saskatchewan, 

time to flowering ranges from 58 to 108 days after emergence (Woo, 1989). At maturity, 

the achenes are about 2 mm long and are dark brown to black, with three distinct brown 

ribs (Kessler, 1989c ). The only method of reproduction is by seed. 

2.1.2 Distribution and Habitat 

Scentless chamomile is native to northern and central Europe. It was introduced 

to Canada either as an ornamental or as a grain contaminant at the turn of the 20th 

century. Scentless chamomile has spread rapidly and now occurs in all ten provinces and 

the Northwest Territories, but is most abundant on the prairies and in the Atlantic 

region. Two different biotypes exist, a diploid that occurs in the Atlantic region and a 

tetraploid that occurs primarily on the prairies. Early reports indicated the weed was 

present in Saskatchewan at Rhein in 1928 (Woo et al., 1991). The weed is abundant in at 

least seven localized areas in Saskatchewan, namely the St. Walburg, Hafford, 

Shellbrook, Nipawin, Wynyard, Balgonie and Esterhazy areas (Kessler, 1989a). 

Scentless chamomile spread rapidly between 1986 and 1995, with infestation in farmers' 

fields increasing significantly (Thomas et al., 1996) although the weed was less common 

in a 2003 survey (Dr. A. G. Thomas, AAFC, pers. comm., 2004), a circumstance likely 

attributable to continuous drought conditions. 

Scentless chamomile is usually associated with moist, disturbed habitats with 

little competition from established vegetation (Kessler, 1989b ). This species is usually 

introduced into areas such as roadsides and farmyards, via seeds in equipment and 

crops. When the weed becomes established in an area, it produces a large number of 
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seeds which spread to nearby habitats such as farmland. On agricultural land it is 

particularly common around sloughs and along transition areas such as fence lines or 

rights-of-way. In the prairie region, scentless chamomile is predominately found on 

Black Chemozemic, Dark Grey Chemozemic and Grey Luvisolic soils, with the 

occasional occurrence on Dark Brown Chemozemic soils (Kessler, 1989a). The drier 

locations of the Brown and Dark Brown soils appear unfavorable to scentless 

chamomile, with the weed being found in only a few isolated areas. Scentless 

chamomile is also adapted to Solonetzic soils in areas of high moisture (Cole, 1994). 

Bowes et al. (1994) linked the occurrence of scentless chamomile to a gradient of 

increasing soil moisture and decreasing farm use. Populations of scentless chamomile 

can be suppressed temporarily by drought but will likely expand quickly when moister 

conditions return. 

2.1.3 Impact 

The competitive ability of scentless chamomile contributes to its economic 

impact. A single scentless chamomile plant, growing without competition, may cover an 

area larger than 1 m2
, with spring emerging seedlings forming a dense carpet in low

lying areas, limiting the growth of other species. Scentless chamomile is also a prolific 

seed producer and thus has potential to increase quickly if not controlled. Dense stands 

of scentless chamomile have been reported to produce 0.3 to 1.8 million seeds m-2
, 

depending on environmental conditions (Woo et al., 1991). Even a few weed escapes 

can produce large amounts of seed for future infestations (Blackshaw and Harker, 1997). 
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The competitive ability of scentless chamomile translates into economic losses 

for producers. Summer annual scentless chamomile can cause serious spring wheat yield 

losses. Under wet conditions, 5 to 10 plants m·2 can grow rapidly and be competitive. In 

Saskatchewan, a three year competition experiment conducted on a Black Chemozemic 

soil showed that spring emerging scentless chamomile reduced spring wheat yield by 

55 % in a cool wet year at a weed density of 25 plants m·2 (Douglas, 1989). Yield losses 

are expected to be larger in less competitive crops, such as lentil and flax (Cole, 1994). 

In a hot, dry year, spring wheat yields were reduced less (Douglas, 1989). Winter annual 

scentless chamomile interferes more with spring wheat than does the summer annual 

(Douglas et al., 1991). In addition to being an economic problem for crop producers, 

scentless chamomile presents a challenge in highway and railroad rights of way 

maintenance programs. 

2.1.4 Control Measures 

Several strategies for the control of scentless chamomile have been attempted 

with varying levels of success. The first step is the limitation of the spread of scentless 

chamomile. The transportation of weed-infested crops often introduces the weed to 

roadsides, where maintenance equipment can facilitate its spread. Clean crop seed is 

also essential, especially with forages as the size is similar to the weed, making physical 

removal very difficult (Kessler, 1989d). 

Tillage effectively controls scentless chamomile on cropland, but with the 

widespread adoption of conservation tillage, the weed has become an increasingly 

prevalent in field crops (Blackshaw and Harker, 1997). Scentless chamomile became the 
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predominant weed in harrowed or no-tillage plots in Norway (T0rresen et al., 2003). The 

plant's dense, fibrous root system may enable the weed to cling to soil and survive 

cultivation in moist situations (Peschken and Sawchyn, 1993). Tillage should be 

performed on a hot, dry day, making the removal from the soil easier to accomplish 

(Kessler, 1989d). Multiple tillage operations may be needed for complete control. 

Mowing or swathing is possible, but is often not effective as scentless chamomile is able 

tore-flower below the cutting height of the implement (Peschken and Sawchyn, 1993). 

Hand weeding is effective on a small scale, especially when the weed is just invading a 

region (Kessler, 1989d). 

Other cultural methods can aid in control. Fields with serious infestations should 

be sown to a competitive crop such as barley. Flax and lentil compete poorly. Lower, 

wetter areas are especially susceptible to scentless chamomile, so permanent forages can 

be a good option for control (Kessler, 1989d). Any management method that increases 

crop stand, such as increased seeding rates and soil fertility, will improve competition 

against scentless chamomile (Cole, 1994). 

Herbicides can be another option but have their own set of limitations. Scentless 

chamomile may be controlled in field crops with herbicides that contain bromoxynil, 

clopyralid or glufosinate and is suppressed by thifensulfuron methyl plus tribenuron 

methyl (Saskatchewan Agriculture and Food, 2002). Of the nine herbicides 

recommended for scentless chamomile control in wheat in Alberta, five are bromoxynil 

products that are effective only on young seedlings (Ali, 1995). Plants that pass the 

4-leaf stage generally cannot be controlled effectively at crop-tolerant rates (Bowes et 

al., 1994). 
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2.2 Biological Control 

Scentless chamomile is a difficult weed to control, with current methods 

exhibiting limited success. This has led to the search for alternative weed control options 

such as biological control. Biocontrol is the use of living organisms to suppress a pest 

population, making it less abundant and damaging than it would otherwise be (Crumpet 

al., 1999). These living agents could offer specificity in control, environmental safety, 

avoidance of herbicide resistant biotypes, and may be less costly to develop than 

chemical herbicides (Charudattan, 1990). 

Classical and inundative methods are the two main approaches to biological 

control of weeds. The classical or inoculative approach involves the importation and 

release of one or more natural enemies, found in the native range of the weed, into areas 

where the weed is introduced and natural enemies are absent (Charudattan and Dinoor, 

2000). The objective is not eradication of the species but the self-perpetuating regulation 

of the weed at low levels, representing an ecological approach to weed control. This 

control method has been attempted for scentless chamomile, with two insects evaluated 

for use in Canada. Apion hookeri Kirby (Peschken and Sawchyn, 1993) and 

Ceutorhynchus edentulus Schltz. (Cole, 1994) have each been tested, but with limited 

success as established populations of these insects fluctuate and their effect has yet to be 

confirmed. 

The second approach to biological control is the inundative method. This 

strategy, also known as the bioherbicide approach, uses pathogens in a manner 

consistent with modern herbicide technology and equipment. Applications of pathogens 

are made to specific areas in volumes and dosages designed to achieve control of the 
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target weed within an allotted amount of time before economic losses are incurred 

(Boyetchko, 1999). Natural disease development is often limited by pathogen, 

environment and host factors so inundative approaches are designed to reduce these 

limitations (Watson and Wymore, 1990). Similarly, the mycoherbicide strategy 

emphasizes manipulation of fungal pathogens. Weed pathogens used as bioherbicides 

have the greatest potential for use on hard-to-control weeds in annual crops where 

specificity, immediacy and completeness of control are paramount. Thus, the 

bioherbicide approach can be an attractive weed control method for scentless 

chamomile. 

Bioherbicides offer significant benefits over some other commonly utilized weed 

control methods. Bioherbicides offer similar advantages that chemical herbicides have 

over mechanical control methods, including selectivity and reduced soil erosion risk 

(Auld and Morin, 1995). Bioherbicides can also increase environmental safety, improve 

public perception and involve relatively low registration costs. This has prompted 

enhanced research in the past two decades with eight bioherbicides being registered 

throughout the world since 1980 (Charudattan, 2001). 

2.2.1 Colletotrichum Species as Bioherbicide Agents 

Among the candidates for mycoherbicides, Colletotrichum species have 

undergone the most extensive testing for commercial development (Watson et al., 2000) 

with twelve specific strains either commercially available or showing promise as 

possible bioherbicides (Charudattan, 2001). Species of Colletotrichum are among the 

most successful plant pathogenic fungi, attacking a wide range of plants in temperate 
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and tropical climates (Jeffries et al., 1990). Interaction of many Colletotrichum species 

with their host plants is characterized by a short biotrophic phase where the cell surfaces 

of the two organisms are in close contact and host recognition by the pathogen occurs, 

followed by a destructive necrotic phase (Bailey et al., 1992). Anthracnose symptoms 

appear during this latter phase on the aerial parts of susceptible plants (Esquerre-Tudaye 

et al., 1992). Highly specific Colletotrichum strains have been successfully developed 

as commercial mycoherbicides for use in annual crops in temperate regions (Templeton, 

1992). 

2. 2.1.1 Examples of Colletotrichum Species. in the Bioherbicide Approach 

Several species of Colletotrichum have been extensively studied as potential 

mycoherbicides for controlling weeds in fields (Yang et al., 2000). One of the best 

examples is Colletotrichum gloeosporioides (Penz) Sacc. f.sp. aeschynomene, a foliar 

fungal pathogen registered under the name Colle go® for control of northern jointvetch, 

Aeschynomene virginica (L.) BSP, in rice (Oryza sativa L.) and soybean (Glycine max 

L.) fields in Arkansas (TeBeest and Templeton, 1985). Collego was formulated as a 

wettable powder comprised of dried spores and provided up to 90-100 % weed control 

(Smith Jr., 1986). Between 1982 and 1992, approximately 2500 ha of cropland were 

treated annually with Collego (Templeton, 1992). Re-registration of the product 

occurred in 1997, followed by a successful year in 1998 with approximately 5000 ha 

treated with the product (Watson et al., 2000). 

The fungus Colletotrichum gloeosporioides (Penz) Sacc. f.sp. malvae was 

registered in 1992 as BioMal®, the first bioherbicide in Canada (Makowski and 

Mortensen, 1999). This strain was developed for round-leaved mallow (Malva pusilla 
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Sm.) control, but can also be used to control velvetleaf (Abutilon theophrasti Medic.). A 

formulation containing 2x106 spores mL-1 provided excellent weed control, but a 

minimum dew period of 20 hours was required for infection and disease development 

(Makowski, 1993). BioMal has not been commercialized because of a small market 

potential in field crops and the high cost of mass producing the product with current 

technologies (Boyetchko, 1999). 

Many other Colletotrichum isolates have been explored for weed control, 

including C. coccodes (Wallr.) Hughes for velvetleaf (Wymore et al., 1988), C. 

orbiculare (Berk. et Mont.) v. Arx for spiny cocklebur, Xanthium spinosum L. (Auld et 

al., 1988), C. truncatum for hemp sesbania, Sesbania exaltata (Raf.) Cory (Boyette, 

1991) and C. gloeosporioides f.sp. cuscutae (Penz) Sacc. for dodder, Cuscuta spp. 

(Mortensen, 1998). One reason for heightened interest in Colletotrichum species as 

bioherbicides are the advantages the host specificity and ease of inoculum production 

this species offers. 

2. 2.1. 2 Advantages of Colletotrichum Species as Bioherbicide Candidates 

Two important characteristics for any mycoherbicide are that it should be highly 

host specific but still offer high virulence (Goodwin, 2001). Biotrophic fungi are 

generally host specific, but lack the virulence required for bioherbicide use. The 

opposite is true for many necrotrophic pathogens, where a wide host range can be a 

potential concern. Many Colletotrichum species are hemibiotrophs with an initial 

biotrophic phase, which may require a specific metabolic interaction with the host (Wei 

et al., 1997), followed by a necrotrophic phase that is more destructive. These species 

can be highly specific, either towards certain tissues in a plant or certain species or 
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cultivars (Bailey et al., 1992). Certain Colletotrichum species are highly virulent but 

have restricted dissemination or do not persist in the environment (Templeton, 1992). 

The development of low-cost methods for mass-producing stable bioherbicide 

propagules is a critical step in the commercialization of these products (Bowers, 1986). 

One ofthe simplest (Auld et al., 1988) and most cost effective (Stowell, 1991) mass 

production methods is the use of submerged culture fermentation. Numerous species of 

Colletotrichum have successfully been cultured in this manner, including C. 

gloeosporioides f.sp. aeschynomene (Smith Jr., 1986), C. orbiculare (Auld et al., 1988), 

and C. truncatum (Jackson et al., 1996; Dokken, 2003). The controlled environment 

inherent in liquid culture offers the advantages of homogeneity of substrate and control 

over environmental factors, such as pH, aeration and temperature, as compared to solid 

substrate fermentations (Jackson et al., 1996). The nutritional composition of the 

medium can have a dramatic effect on propagule attributes, such as conidial size, 

nuclear number, germination and efficacy (Schisler et al., 1991). 

Another advantage of Colletotrichum species as bioherbicides is spore survival 

after application. For infection to occur, the correct environmental conditions must be 

present to initiate spore germination. In Saskatchewan, conditions at time of application 

often may not be ideal (Green and Bailey, 2000). Field tests have shown that when C. 

gloeosporioides f.sp. malvae was applied under dry conditions, little or no infection 

occurred initially, while during a later rainy period relatively good infection of round

leaved mallow was achieved (Holmstrom-Ruddick and Mortensen, 1995). The 

appressoria of this species can play a role as a survival structure (Waller, 1992). From a 

practical point of view, if appressoria remain viable for an extended period of time, 
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greater reliability of the bioherbicide could be obtained. Poor environmental conditions 

during appressorial formation and penetration would only delay infection until sufficient 

moisture was available (Holmstrom-Ruddick and Mortensen, 1995). 

2.2.2 Considerations for the Bioherbicide Approach 

2. 2. 2.1 Environmental Impact 

Detailed knowledge of the environmental conditions required for infection and 

disease development is an important prerequisite for the development of biological 

control agents (Ghorbani et al., 2002). Several environmental factors and pathogen-host 

interactions can have a direct effect on a pathogen's ability to cause disease (Kadir et al., 

2000). The temperature during the dew period (dew temperature), the subsequent 

temperature (post-inoculation temperature) and interactions between these factors can 

all have an influence on the incidence and severity of disease (Ghorbani et al., 2000). 

The temperature during dew period is a factor that determines the success of infection 

(Makowski, 1993). Free moisture and temperature interact to affect spore germination, 

penetration, infection, disease severity and subsequent weed control (TeBeest et al., 

1978). Most bioherbicide agents will lose activity rapidly at temperatures above 30 °C 

and become less active at temperatures below 10 °C (Daigle and Connick, 1990). Post

inoculation temperature is likely to have significant effects on tissue colonization by the 

pathogen and subsequent disease development (Ghorbani et al., 2000). High and low 

temperatures may affect pathogen growth rate as well as expression of resistance 

mechanisms of host plants. From a bioherbicide perspective, rapid disease progress is a 

desirable feature that renders more rapid weed control action. 
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2. 2. 2. 2 Application Challenges 

Determining the minimum spore dose required for acceptable levels of weed 

control is an important step in the selection of appropriate fungal isolates for 

development of mycoherbicides (Ghorbani et al., 2000). One possible limitation of plant 

pathogenic fungi intended for commercialization is the cost of producing spore inocula, 

especially when high numbers of fungal propagules must be applied to achieve 

acceptable weed control efficacy (Amsellem et al., 1990). 

In most laboratory and field experiments, mycoherbicides are applied with an 

airbrush and the target plant is sprayed to run-off (Lawrie et al., 1997). This attempts to 

compensate for sub-optimal environmental conditions by ensuring coverage of 

susceptible target sites and maximum infection (Klein, 1992). The airbrush method of 

application tends to result in excessive water volumes (up to 3000 L ha-1
), potentially 

exaggerating the capability ofbiocontrol candidates (Greaves et al., 2000). The 

preferred method of application for producers is post-emergent spraying (Charudattan, 

2001) at practical water volumes (Lawrie et al., 1997). To achieve the same retention 

volume as that obtained by airbrush spraying to run-off on Setaria viridis (L.) Beauv., 

Peng et al. (2001) utilized an application volume around 2000 L ha-1 with a Tee-Jet 

XR-8004 nozzle. By increasing the concentration of spore suspensions, they were able 

to reduce application volumes using a broadcast application without compromising 

weed control efficacy. One potential concern with high concentrations is that 

Colletotrichum species may exhibit self-inhibition of germination at high conidial 

concentrations and this may reduce the overall effectiveness by restricting inoculum 

germination and penetration (Zhang et al., 2003). 
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A determination of the growth stages at which a host is most susceptible to 

disease can optimize the application timing for any bioherbicide candidate (Watson and 

Wymore, 1990). The relative susceptibility of younger plants to several bioherbicide 

agents has been reported. Vigorously growing older leafy spurge (Euphorbia esula L.) 

required more inoculum of Myrothecium verrucaria (Albertini and Schwein.) Ditmar:Fr. 

for control than younger plants (Yang and Jong, 1995). Damage caused by 

Colletotrichum dematium (Pers.) Grove decreased with increasing fireweed (Epilobium 

angustifolium L.) age (Winder and Watson, 1994). This difference could be related to 

spore concentration required for weed control, as an application of 1 09 spores m·2 on 

7-week old plants resulted in a biomass reduction of 41 %, comparable to that obtained 

with only 108 spores m·2 applied to 4 week old plants (Leger et al., 2001). 

2.2.2.3 Pathogen Isolates 

A great deal of natural variability is often present in a fungal population. The 

potential for genetic variability in fungal asexual reproduction may be due to mutation 

during the haploid phase through a high reproductive frequency (Weidemann and 

TeBeest, 1990). One approach for improvement of a bioherbicide candidate is to 

examine a range of isolates for properties relevant to performance (Auld and Say, 1999). 

Fungal genotypes can be selected or developed to increase virulence to the target weed, 

increase or decrease host range, improve cultural characteristics or improve tolerance to 

environmental extremes (Weidemann and TeBeest, 1990). A significant improvement in 

any one of these areas would assist the potential effectiveness of the final bioherbicide 

candidate. Auld and Say (1999) tested isolates of C. orbiculare from Argentina and 

Australia and found significant differences in dew period response, vegetative growth 

16 



rate and spore production, although no single Argentinean strain showed higher efficacy 

than selected Australian isolates. 

2.2.3 Limitations to Biological Control 

Although several bioherbicides have been explored and offer significant 

advantages, many cannot be adapted into agricultural management practices because of 

various limitations. Ideally, bioherbicides should be fast-acting, predictable, easy to use, 

cost effective and provide a level of weed control comparable to chemical herbicides to 

gain acceptance from industry and producers (Mortensen, 1998). These requirements 

must be taken into consideration during the development of biocontrol agents, and the 

key challenge is to achieve consistent high efficacy. 

Two prevalent limitations are too high host specificity and low efficacy 

(Mortensen, 1988). For potential crop safety concerns, a highly host specific pathogen 

may be desirable, especially in cropping systems where crops and weeds are closely 

related. Host specificity can be difficult to improve as it is limited by the genotype of the 

pathogen. Initial infection by the pathogen as well as the speed of disease development 

depend on environmental conditions. The most important environmental constraint, 

especially in western Canada, is moisture (Grant et al., 1990b). Technologies such as 

formulation and application methods have been explored to alleviate the moisture 

constraint, but the enhancement observed has been incremental (Egley and Boyette 

1995; Peng et al., 2001; Shabana et al., 1997). Commercial development models for 

bioherbicides have been based on the prevailing logic that bioherbicides must perform 

as stand-alone options, acting independently from herbicides (Watson et al., 2000). This 
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places bioherbicides in direct competition with chemical herbicides, which may reduce 

their chance of success in today' s market environment. 

2.3 Bioherbicides as a Component of Weed Management Systems 

Rather than being a replacement for chemical herbicides, biological control of 

weeds is gaining increasing importance as a viable part of a well-designed, integrated 

weed management system (Roberts et al., 2002). Because microbial herbicides often 

have a narrow weed spectrum, chemical herbicides are generally required to control the 

complex of weed species that infest crops (Smith Jr., 1991 ). Integration of selected 

biocontrol measures into an integrated pest management strategy requires that they be 

compatible with the pesticides used in the target crop (Wyss and Mtiller-Scharer, 2001 ). 

In current practices, herbicides and bioherbicides will likely be used in close temporal 

and spatial proximity to each other. Therefore the compatibility of these control options 

is paramount to the development of an efficient and effective weed control program and 

could possibly be extended into a tank mix of a herbicide and bioherbicide agent. 

Mixtures of different weed control options offer many advantages. According to Hatzios 

and Penner (1985), these advantages may include: a) reduced application costs by 

saving time and labour; b) improved pest control by increasing the spectrum of pests 

controlled, increasing control duration and/or allowing applications under more 

favourable environmental conditions for weed control; c) increased crop safety by using 

minimum rates in combined applications as compared to a single high rate; and d) 

reduction in pesticide residues by using minimum rates. These advantages likely are 
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applicable in a herbicide/bioherbicide tank mix. Another potential benefit with a tank 

m1x 1s synergy. 

2.3.1 Synergy 

Enhanced weed control can occur when chemical herbicides are integrated with 

microbial agents (Christy et al., 1993). Combinations of pesticides for sequential or 

simultaneous application on a single crop have been used since the introduction of 

pesticides. The interactions between two weed control methods can either be synergistic, 

antagonistic or additive. Synergism occurs when the cooperative action of two or more 

agents results in a greater observed response in the target organism than the sum of the 

expected response to each component applied separately. Antagonism occurs when the 

combined action of two agents is lower than the expected response. An additive action 

occurs when the cooperative action of the two agents is equal to the expected response. 

From a commercial standpoint, synergistic interactions are the most desirable outcome. 

According to Hoagland ( 1996), a synergistic combination of herbicides and 

bioherbicides can be rationalized for application because if weed defenses can be 

lowered using herbicides, weeds may be more susceptible to pathogen attack. This could 

reduce bioherbicide or herbicide dose required, or both, and may also expand the range 

of weeds controlled. This system could also reduce the chemical load on the 

environment and potentially the cost of weed control to the producer by utilizing 

reduced rates. Synergy would be a beneficial interaction between biological control 

agents and chemical herbicides. 
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2.3 .2 Evaluation of Synergy 

Interactions between two weed control agents can be tested using Colby's 

equation (Colby, 1967) based on the multiplicative survival model, which is useful in 

cases where the components of a mixture exhibit a dissimilar action (Morse, 1978). An 

expected response is calculated from each component applied alone and was then 

compared to the observed response for the two components applied in combination. The 

observed response is considered synergistic if it is 5 % greater than the expected value, 

antagonistic if it is 5 % less than the expected value or additive if it is within the 5 o/o 

range of the expected response (Grant et al, 1990b). Colby's method has been criticized 

for the difficulty to test statistically individual departures of observed responses from 

those predicted by Colby's formula, and because the calculation of expected response is 

heavily dependent on observed values for controls and single treatments of each factor 

(Hatzios and Penner, 1985). Nonetheless, Colby's method is favoured by many weed 

scientists because of its simplicity. 

2.3.3 Mechanisms of Synergy 

Applications of herbicides and bioherbicides may result in synergy for a variety 

of reasons. The specific mechanisms may include direct stimulatory effects of the 

herbicide on the pathogen and the effect on host susceptibility (Katan and Eshel, 1973). 

Changes to the morphology of the plant can also contribute to synergy. The synergy can 

be very herbicide and pathogen specific, and may be caused by any combination of the 

following factors: 
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2.3.3.1 Effect on Pathogen 

Herbicides may increase disease incidence by stimulating the growth and 

reproduction of a pathogen, consequently increasing inoculum potential. Herbicides in 

their original form or as degradation products may interact in different ways with 

pathogenic organisms, at one or more points in the chain of events leading to disease 

development (Katan and Eshel, 1973). Grant et al. (1990a) reported slight increases in 

germination of C. gloeosporioides f.sp malvae when exposed to increasing levels of 

metribuzin. Trifluralin has been shown to increase the growth of Fusarium so/ani 

(Mart.) Sacc. f.sp. phaseoli and F. so/ani f.sp. cucurbitae and spore production of F. 

so/ani f.sp.phaseoli (Altman et al., 1990). Many herbicides, such as 2,4-D, act as 

synthetic growth regulators (Ahmad and Malloch, 1995). The target site of these growth 

regulators may be found in the fungal species, promoting growth and development of 

the fungus (Schnick et al., 2002). Increases in weed control may be attributed to direct 

effects of the herbicide on improving the growth or reproduction of the pathogen. 

2.3.3.2 Effect on Weed Species 

Microbial attack induces biochemical changes in the host plant, including the 

activation of a number of defense responses. Plant defences can be physical or chemical 

barriers and biochemical responses to infection, modulating the virulence of the 

pathogen. Most of these responses require transcriptional activation of genes for 

enzymes ( chitinases and glucanases) that can degrade the cell wall of the pathogen or for 

enzymes whose products form a physiological barrier (lignin, hydroxyproline-rich 

glycoproteins, callose), or function as a part of a biosynthetic pathway that leads to the 

production of defensive compounds such as phytoalexins (Sharon et al., 1992). 
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Chemical herbicides affect defense responses in plants (Altman and Campbell, 

1977) due to various effects on all aspects of plant metabolism (Lydon and Duke, 1989). 

Induced morphological and physiological changes in host plants may alter resistance 

and susceptibility to plant disease (Altman et al., 1990). These changes include reduced 

wax formation on leaves, changes in carbohydrate, nitrogen or glucoside metabolism 

and retardation of plant growth. Plant defense mechanisms can be diminished by 

herbicides, weakening the plant and increasing the virulence of the pathogen (Levesque 

and Rahe, 1992). Many of the reported plant/pathogen interactions illustrate the 

importance of secondary plant metabolism in induced defence mechanisms and 

herbicide/pathogen synergy can well be the result of the reduction of secondary 

metabolism by herbicides. 

There are several examples of chemicals and biocontrol agents improving weed 

control based on reduced plant defenses. Wymore et al. (1987) reported that a co

application of Colletotrichum coccodes, a fungal agent for the control ofvelvetleaf, with 

the herbicide thidiazuron (a plant growth regulator) enhanced plant penetration by the 

pathogen, resulting in more effective weed control than either component alone. The 

mixture of thidiazuron and C. coccodes increased ethylene production in velvetleaf 

(Hodgson and Snyder, 1989) and induced changes in peroxidase activity and isoform 

patterns (Nickerson et al., 1993). The increase in guaiacol-reactive soluble peroxidase 

activity suggested a peroxidase-associated defense response and the rapid stimulation of 

two isoforms following the combined treatment may account for the synergistic 

inhibition of weed growth. Similarly, sicklepod (Cassia obtusifolia L.) seedlings 

infected with Alternaria cassiae (Sacc.) Rands have elevated levels of phytoalexins 
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(Sharon et al., 1992). A treatment with the herbicide glyphosate at a sub-lethal rate 

inhibited the production of phytoalexins, thereby removing a defense response and 

rendering the seedlings more susceptible to disease. 

The application of a chemical may alter the morphology of the weed, making 

disease development more favourable. Wymore et al. (1987) stated that thidiazuron 

stimulates auxiliary bud development in velvetleaf, causes curling and cupping of leaves 

and reduces shoot height. The short, bushy plants made the microclimate more 

favourable for C. coccodes infection. Thidiazuron treatment may also cause other 

unmeasured physiological effects, such as stomatal dysfunction and reduced 

permeability of root cell membranes, resulting in stress on the plant. In laboratory 

experiments, Phoma proboscis Heiny was less successful in causing disease on older 

mature tissues than on younger tissues, like meristems, young stems and petioles, of 

field bindweed (Convolvulus arvensis L.) (Heiny and Templeton, 1991). An application 

of2,4-D and MCPP restored field bindweed tissues to a more juvenile condition, which 

may have enhanced disease in combined applications (Heiny, 1994). 

2.4 Benefits of Combining Bioherbicides with Herbicides 

Synergistic interactions between bioherbicides and herbicides may offer several 

important benefits, including increased weed control, reduced rates and enhancement of 

bioherbicide activity. 

23 



2.4.1 Increased Weed Control 

Several synergistic interactions of chemicals and fungal weed pathogens have 

resulted in increased weed control. A soil-borne fungus, Fusarium so/ani f.sp. 

cucurbitae combined with trifluralin controlled Cucurbita texana (Scheele) Gray better 

than single treatments with the fungus or herbicide, showing synergistic activity 

(Weidemann and Templeton, 1988). Another example is the application of Puccinia 

canaliculata (Schwein.) Lagerh. in combination with paraquat to achieve 99% control 

of Cyperus esculentus L., compared to only 60% control with the rust alone and 10 o/o 

with paraquat alone (Phatak et al., 1987). A similar study by Sharon et al. (1992) 

showed Cassia obtusifolia was more susceptible to a mycoherbicide after an application 

of glyphosate. 

There is also the possibility of expanding the application window of a pathogen 

with limited virulence towards a host by combination with a herbicide. The pathogen 

may not be highly virulent under normal application parameters but the herbicide 

treatment may change the host-pathogen interaction enough to favor increased infection. 

The fungus Cochliobolus lunatus R.R. Nelson and Haasis completely controls seedlings 

of barnyard grass [Echinochloa crusgalli (L.) Beauv.], but control of larger plants is less 

successful. Control of older plants was made possible with combinations of the fungus 

and a sub-lethal dose of atrazine (Scheepens, 1987). 
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2.4.2 Reduced Rates 

Synergism between herbicide and pathogen can make reductions in bioherbicide 

dose possible without sacrificing efficacy. Heiny (1994) found that a mixture of2,4-D 

and MCPP in combination with Phoma proboscis at 107 conidia mL·1 controlled field 

bindweed as effectively as the pathogen alone with a concentration of 108 conidia mL·1
, 

substantially lowering the bioherbicide dose by 10 times. Similarly, glyphosate at 50 J.tM 

resulted in a five-fold reduction in the Alternaria cassiae dose required in control of 

Cassia obtusifolia L. (Sharon et al., 1992). Seedlings were killed by 104 conidia mL·1 

sprayed to run-off with glyphosate. The same spore concentration in water caused only 

scattered necroses. 

Reductions can also be made to the herbicide rate while maintaining sufficient 

weed control. For example, low rates of imazaquin in combination with Alternaria 

zinniae Pape ex M.B. Ellis increased the efficacy of the fungus against Noogoora burr 

(Xanthium occidentale Bertol.) that restricted the plant's ability to recover after the 

treatment (Auld et al., 1997). Reductions in fresh weight of Chenopodium album L. 

were seen by Vurro et al. (2001) when fungal spores of Ascochyta caulina (P. Karst) 

v .d. Aa and v. Kest. were used in combination with rimsulfuron at the reduced rate of 

2.5 g a.i. ha·1
• Levesque and Rahe (1992) reported that bean seedlings in sterile soil 

survived a treatment of 10 J.tg of glyphosate while all seedlings grown in a raw soil or in 

an autoclaved soil infested with Pythium spp. were killed by the same dose of 

glyphosate, indicating the involvement of microbial components in assisting the 

herbicidal activity at the sub-lethal dose. 
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2.4.3 Host Range Effects 

Host-specific plant pathogens, while safe to non-target crops, are limited in weed 

control spectrum when compared to herbicides. Combining micro-organisms with 

herbicides may expand the range of target weeds, a desirable characteristic for 

marketing. Tank mixtures of C. gloeosporioides f.sp. aeschynomene and acifluorfen 

resulted in control of multiple weed species although disease development on northern 

jointvetch was not affected (Khodayari et al., 1987). The expanded weed spectrum was 

attributed to the herbicide. The co-application of bialaphos-resistant C. gloeosporioides 

f.sp. aeschynomene and bialaphos resulted in an increase in disease severity to 86% on 

Indian jointvetch (Aeschynomene indica L.), a species originally resistant to the disease 

(Brooker et al., 1996). 

2.4.4 Environmental Benefits 

Synergy between a herbicide and a biocontrol agent may also reduce the 

dependence on ideal application conditions. When environmental conditions 

immediately after inoculation were favorable, the application of2,4-D, MCPP and 

Phoma proboscis did not increase the control of field bindweed but under sub-optimum 

temperatures, herbicide/pathogen combination improved weed control relative to the 

pathogen alone (Heiny, 1994). Surfactants and adjuvants present in the herbicide may 

help hold moisture and increase penetration of the agent, thereby decreasing the 

environmental dependence of infection. Evidence that fungal germination and 

penetration of weeds are stimulated by herbicides is lacking. 
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2.5 Factors to Consider for Pathogen/Herbicide Synergy 

Combining living organisms with chemicals to provide synergistic actions is a 

complex process. Two dynamic living systems, weed and pathogen, both react 

physically and biochemically to environmental conditions but also to each other and the 

herbicide (Hoagland, 1996). Obviously, not all herbicides shift the host-pathogen 

interaction toward increased disease and several factors must be considered in the 

chemical-bioherbicide interactions before the process can be fully established. 

2.5.1 Herbicide Toxicity to the Pathogen 

The chemical used as a potential synergist, along with its metabolites or 

degradation products, must not be toxic to the pathogen propagules if the chemical is 

applied with the pathogen or in close temporal proximity to it (Hoagland, 1996). 

Templeton (1982) emphasized the importance of not losing biological activity of 

mycoherbicides in tank mixes. Herbicides often inhibit metabolic pathways shared by 

both plants and microorganisms (Hoagland, 1996). This suggests the possibility for 

some herbicides to act as inhibitors of biocontrol agents, with the potential to decrease 

infection and weed control. 

There are many examples of incompatibility of microbial agents with herbicides. 

According to Smith Jr. (1982), Colletotrichum gloeosporioides f.sp. aeschynomene 

mixed with propanil resulted in a loss of bioherbicidal efficacy. Grant et al. ( 1990a) 

found that appressorial formation of C. gloeosporioides f.sp. malvae was significantly 

inhibited by the herbicides metribuzin and linuron, although spore germination was not 

affected. Similarly, interactions detrimental to the pathogen Phytophthora palmivora 
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(Butl.) were shown in mixtures with bromacil, diuron, glyphosate, paraquat and 

simazine, while split applications resulted in no inhibition of the pathogen (Charudattan, 

1985). Therefore, compatibility affects options in combining pathogens with herbicides. 

Previous work with various Colletotrichum species has shown that some 

herbicides can be successfully tank mixed while others cannot. Grant et al. (1990a) 

found, at recommended field rates, none of the tested herbicides for grassy weed control 

or formulated herbicides for both grassy and broadleaf control were compatible with C. 

gloeosporioides f.sp. malvae spores, although broadleafherbicides generally were not 

detrimental to spore germination or appressorial formation. Field studies with C. 

coccodes (Hodgson et al., 1988) and C. gloeosporioides f.sp. aeschynomene (Klerk et 

al., 1985) have shown high variability in compatibility of pesticides with biocontrol 

agents. 

The rate can affect herbicide toxicity towards pathogens. Grant et al. (1990a) 

found that germination of C. gloeosporioides f.sp malvae spores declined with 

increasing concentrations of diclofop, difenzoquat, fenoxyprop, flam prop and propanil. 

Spore germination was normal at one hundredth of the recommended rate but was 

completely inhibited at rates greater than one half of the recommended rate. Reduced 

herbicide rates may be required for mycoherbicidal compatibility, but herbicide 

performance may be less optimal at reduced rates. A sub-lethal herbicide rate of2,4-D, 

glyphosate, linuron and MCPP might not have an effect on either Senecio vulgaris or 

other weed species targeted by the herbicides (Wyss and Miiller-Scharer 2001 ). Low 

rates may also overstate microbial/herbicide interactions because synergy between two 
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treatments is more detectable when the rate of each component has a minimal effect on 

the target weed (Wymore and Watson, 1989). 

2.5.2 Timing of Application 

Timing of herbicide application can affect several aspects of synergy. In 

situations where a chemical is toxic to pathogen propagules, application prior to or after 

the pathogen may be warranted to avoid direct negative impact. The tank-mixtures of C. 

gloeosporioides f. sp. aeschynomene with the herbicides propanil and 2,4,5-T inhibited 

fungal colonization but infection and disease development were successful when the 

bioherbicide was applied before the chemicals (Smith Jr., 1986). Grant et al. (1990b) 

found 90 % reduction in round-leaved mallow biomass was obtained with split 

applications of bromoxynil plus MCPA and C. gloeosporioides f.sp. malvae compared 

to 75 %reduction in a tank mix. A split application may avoid the toxic effects of a 

herbicide on a bioherbicide. 

Another issue is the age of the plant in relation to application timing. It is 

generally accepted that herbicides are more effective against younger weeds but this is 

not necessarily true for Col/etotrichum pathogens that have a relatively long latency in 

infected young tissues (Cerkauskas, 1988). On scentless chamomile, disease symptoms 

typically appear first on older tissues with young leaves not exhibiting symptoms for an 

extended period of time (Peng and Bailey, 2002). This differential response of weed 

tissues at different ages underscores the potential complex interaction between 

herbicides and pathogens on weeds at different growth stages. 
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3.0 EFFECT OF DEW TEMPERATURE, POST-INOCULATION CONDITION 
AND INOCULUM DOSE ON INFECTION AND DISEASE PROGRESS 

CAUSED BY COLLETOTRICHUM TRUNCATUM 
ON SCENTLESS CHAMOMILE 

The objectives of these experiments were to determine the effect of dew 

temperature, post-inoculation condition and inoculum dose on infection and disease 

progress on scentless chamomile caused by Colletotrichum truncatum. This information 

was needed to determine the optimal infection conditions for this pathogen and 

potentially increase the level and consistency of weed control by the pathogen. 

3.1 Materials and Methods 

3 .1.1 General Materials and Methods 

The general experimental methods described below were used throughout the 

entire study, unless otherwise stated in the materials and methods sections of subsequent 

chapters. 

3.1.1.1 Spore Production 

Diseased stems of scentless chamomile, infected with C. truncatum in a research 

greenhouse, were immersed in 70% ethanol for 2-4 seconds, transferred to 0.6 o/o 

sodium hypochlorite for 1 minute, then rinsed in sterilized distilled water, blotted dry on 

sterile paper towels and placed on potato dextrose agar (PDA; Difco Laboratories, St. 

Louis, MO) + 100 ppm penicillin and streptomycin in 8.5 em petri plates for re-isolation 

of the pathogen. These plates were placed in an incubator (Conviron 18L, Winnipeg, 
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MB) at an ambient temperature of20 °C with a 14 h photoperiod provided by 

fluorescent light at an intensity of28 J..lmol m-2 s-1 for 7 days. After this time, the isolated 

cultures were transferred to V8-juice agar (200 mL V8 juice, 20 g agar, 1 L distilled 

water) in petri plates and incubated at 13 °C with similar lighting for 21-28 days. To 

harvest spores, each plate was flooded with approximately 1 0 mL of distilled water 

containing 0.01 %Tween 80® and spores were scraped off with a rubber spatula. The 

resulting suspension was then passed through a single layer of 0.3 mm nylon mesh to 

separate conidia from mycelial debris. The conidial concentration was quantified and 

adjusted to required levels with a hemacytometer (Hausser Scientific, Horsham, P A). 

3.1.1.2 Scentless Chamomile Plants 

Seeds from mature scentless chamomile plants were collected from naturally 

occurring populations in the fall of 2001 at Hafford, Saskatchewan. Seeds were stored in 

plastic bags at room temperature until planting in 1 em ofRedi-earth on top of a layer of 

soil-less mix (one part sand to 12 parts of 1:2 sphagnum peat moss-vermiculite mix) 

plus fertilizer (1 % wt/v, 16:8:12 N-P-K) in a seeding flat. Post-planting, the flat of 

scentless chamomile was placed in a greenhouse at 20 ± 3 °C with supplementary 

lighting provided with 430-W high pressure sodium bulbs. At 1 meter above the bench 

the fixtures are designed to supply supplemental light at 230 J..tmol m-2 s-1 with a 16 hour 

photoperiod. After 11-13 days, seedlings of scentless chamomile at the 1 to 3 leaf stage 

were transplanted into 7.5 em pots filled with the soil-less mix plus fertilizer. Each pot 

held one scentless chamomile plant and formed an experimental unit. These transplants 

were kept in the greenhouse for about two weeks, until they reached the 8-10 leaf stage. 
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3.1.1. 3 Plant Inoculation 

Treatments were applied to scentless chamomile plants at the 8-10 leaf stage in a 

spray chamber (Haltech Ag GPS, Guelph ON) calibrated to deliver 200 L ha-1 at 200 

kPa using compressed air and a TeeJet XR-8001 VS nozzle. After inoculation, plants 

were placed in a dew chamber (Percival Scientific I-35 DLM, Boone, IW) in darkness 

with 100 % relative humidity at the ambient temperature specified for different 

experiments. After twenty-four hours of dew exposure, the plants were placed into 

variable post-inoculation conditions for the given experiment. 

3.1.1. 4 Assessment of Disease and Weed Control 

Control of scentless chamomile was estimated by disease severity and above 

ground biomass, where reduced biomass and greater disease severity was interpreted as 

weed suppression. Disease severity was estimated visually with the aid of a 0-6 rating 

scale (Little and Hills, 1978) based on percent of diseased leaf area. The rating scale was 

0 (0% diseased), 1 (0-7 o/o), 2 (7-25 o/o), 3 (25-50 %), 4 (50-75 %), 5 (75-93 %) and 6 

(93-1 00 % ). Ratings were recorded at 7 and 14 days after inoculation. After 14 days, 

scentless chamomile plants were clipped at soil level and measured for fresh weight as 

an indication of biomass reduction and weed control. Fresh weights were used rather 

than dry weights because phytotoxic responses are more readily detected in fresh plants 

and represent a composite of living and dead tissue (Nash and Jansen, 1973). From a 

practical stand-point, a fresh weight reduction of 60 %was considered acceptable. 
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3.1.2 Effect of Dew Temperature, Pathogen Dose and Post-Inoculation Condition 

Two experiments were performed to test the effect of low and high temperatures 

during dew period on infection. The temperature effect was examined in separate 

experiments due to a limitation in the number of dew chambers and growth chambers 

available for simultaneous use. These temperatures were selected because they 

represented a range that has been previously reported for infection by other 

Colletotrichum bioherbicide agents (Makowski, 1993; McRae and Auld, 1988; Wymore 

et al., 1988), as well as common temperatures encountered in the spring on the Canadian 

prairie (Environment Canada, 1993; Fung et al., 1999). 

3.1.2.1 Effect of Low Dew Temperature and Variable Post-Inoculation Conditions 

Two dew temperatures, 15 and 20 °C, and three post inoculation conditions were 

used: the greenhouse, a growth chamber (Conviron PGR15, Winnipeg, MB) set at 

20/17 °C day and night and a similar growth chamber at 18/10 °C. The day length in 

both growth chambers was 14 hours. The lighting during the daytime was provided by 

cool fluorescent tubes at 300 J.tmol m-2 s-1
. The 20/17 °C temperature cycle was selected 

to mimic the temperature regime in the greenhouse. The 18/10 °C temperature cycle was 

chosen to simulate cooler temperatures expected during spring applications in the field 

(Environment Canada, 1993). Three spore concentrations were applied, 0, 2x106 and 

10x106 spores mL-1
, with the no spore treatment representing the control. 

3.1.2.2 Effect of High Dew Temperature and Variable Post-Inoculation Conditions 

This experiment was conducted to evaluate the suppression of scentless 

chamomile by C. truncatum under optimum conditions for infection and disease 

progress. Two dew temperatures, 25 and 30 °C, were tested in combination with three 
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post-inoculation conditions: the greenhouse and growth chambers at 30/17 °C and 

20117 °C temperature regimes. The 3 0 °C dew temperature was selected to attempt to 

maximize disease progress by the pathogen. The 30117 °C cycle was a higher post

inoculation temperature regime also selected to maximize disease potential. The day 

length and lighting conditions were as described in section 3 .1.2.1. Only two inoculum 

concentrations, 0 and 10x106 spores mL-1
, were applied in this experiment. 

3 .1.3 Effect of Pathogen Dose and Post-Inoculation Conditions 

After determination of the optimum temperatures, an experiment was conducted 

to examine the effect of spore concentrations using 25 °C dew temperature and 20/17 °C 

post-inoculation temperature regime in greenhouse and growth chamber settings as 

described in section 3 .1.2 .1. Due to the space required, a walk-in growth chamber 

(Conviron GR48, Winnipeg, MB) was used. Six spore concentrations were examined: 

100x105
, 75 x105

, 50 x105
, 25 x105

, 1 xl05 and 0 spores mL-1
• The spores were 

broadcast as outlined in section 3 .1.1. 3. 

3 .1.4 Experimental Design and Statistical Analysis 

Experiments including different dew temperatures and post-inoculation 

conditions were conducted and analyzed using a split-split plot design. The main plots, 

the post-inoculation condition, were replicated twice. The sub-plot consisted of two dew 

temperatures with the sub-sub-plot represented by pathogen rate. Each sub-sub plot 

treatment was replicated four times. The experiment involving the six spore 

concentrations was a split-plot design with post inoculation condition as a main plot and 
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pathogen dose as a sub-plot factor. The main plot was replicated twice and the sub plot 

was replicated four times. The data were analyzed for variance with the Statistical 

Analysis System (SAS) version 8.2 (SAS Institute Inc., Cary, NC) using PROC GLM. 

PROC UNIVARIATE was used to assure the normality of the data. Mean separation 

was accomplished using the least significant difference [LSD(0.05)]. 

3.2 Results 

3.2.1 Effect of Low Dew Temperature and Variable Post-Inoculation Conditions 

The analysis of variance for this experiment is presented in Table 3 .1. The block 

term was on the borderline of significance. The difference was mostly due to the overall 

fresh weight between blocks, with one block having larger scentless chamomile plants. 

However, the trends present in each block were similar. The analysis of variance for 

disease severity was similar to that of fresh weight, therefore only the latter is presented 

to reflect weed suppression potential. 

Table 3.1 Analysis of variance of scentless chamomile fresh weight with three post-
inoculation conditions, two low dew temperatures and three pathogen doses. 

Source DF MS F-value p-value 

Block 1 437.05 17.60 0.052 

Post-Inoculation Condition (PIC) 2 25.77 1.04 0.491 

Error a 2 24.83 

Dew Temperature (DT) 1 5.06 82.37 0.003 

DTx PIC 2 0.44 7.17 0.072 

Error b 3 0.06 

Pathogen Dose (PD) 2 63.66 27.86 0.000 

PD x PIC 4 7.34 3.21 0.015 

PDxDT 2 0.86 0.38 0.686 

PDx DTx PIC 4 1.55 0.68 0.608 

Error c 120 2.28 
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Dew temperature, pathogen dose and pathogen dose by post-inoculation 

condition were the only significant treatment responses in this experiment. Average 

fresh weight of scentless chamomile under 15 °C dew was 8.9 g, while under 20 °C dew 

was 8.6 g with an LSD(0.05) of 0.1 g. This statistically significant difference is of little 

biological significance. The difference between the 2x1 06 and 1 Ox1 06 spores mL-1 

pathogen doses was significant with a fresh weight of 8.4 g and 7.8 g, respectively, with 

an LSD(0.05) of 0.6 g. The control plants weighed 10.0 g on average, significantly 

higher than both pathogen treatments. As presented in Table 3.2, there were no 

significant differences between pathogen doses in the greenhouse. Both growth chamber 

conditions resulted in significant differences between the pathogen absent and pathogen 

present treatments, but no difference between pathogen doses. 

Table 3.2 Mean fresh weight (g) of scentless chamomile 14 days after inoculation with 
C. truncatum under different post-inoculation conditions and pathogen doses. 

Pathogen Dose 

(x 106 sp. mL-1
) 

0 

2 

10 

Post-Inoculation Condition 

Greenhouse 20/17 °C a 18/10 °C a 

10.0 ab b 10.6 a 9.4 b 

9.5 b 

9.0 b 

7.8 c 

7.4 c 

7.9 c 

7.0 c 

LSD(0.05) = 1.1 
a Growth chamber day /night temperatures 
b LSD(0.05) separations presented applicable over entire table 

3.2.2 Effect of High Dew Temperature and Variable Post-Inoculation Conditions 

The analysis of variance is presented in Table 3.3. Pathogen dose and pathogen 

dose by dew temperature were significant factors. Although the response to post-

inoculation condition was not significant, the 30/17 °C temperature regime reduced the 

fresh weight of scentless chamomile as compared to the greenhouse [LSD(0.05)=2.2], 
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Table 3.3 Analysis of variance of scentless chamomile fresh weight with three post-
inoculation conditions, two high dew temperatures and two pathogen doses. 

Source DF MS F-value p-value 

Block 1 17.19 4.24 0.176 

Post-Inoculation Condition (PIC) 2 47.03 11.59 0.079 

Error a 2 4.06 

Dew Temperature (DT) 1 3.06 3.09 0.177 

DTx PIC 2 0.14 0.14 0.876 

Error b 3 0.99 

Pathogen Dose (PD) 1 43.63 41.56 0.000 

PD x PIC 2 1.78 1.70 0.189 

PDxDT 1 17.70 16.86 0.000 

PD xDTxPIC 2 1.64 1.56 0.216 

Error c 78 1.05 

with fresh weights of 2.0 g and 4.3 g, respectively. The 20/17 °C regime, with a mean of 

3.7 g, was not significantly different from either condition. Under all dew temperatures 

and post-inoculation conditions, control fresh weight was 4.0 g, as compared to 2.6 g 

with the pathogen present, significantly different with an LSD(0.05) of 0.4 g. The 30 °C 

dew temperature slowed scentless chamomile growth, significantly reducing control 

fresh weight as compared to 25 °C (Table 3.4). The 30 °C dew temperature did not 

improve pathogen performance, with no difference between dew temperatures in the 

pathogen present treatments. 

Table 3.4 Mean fresh weight (g) of scentless chamomile 14 days after inoculation with 
C. truncatum under different high dew temperature and pathogen doses. 

Pathogen Dose 

(x 106 sp. mL-1
) 

0 

10 

Dew Temperature 

4.6 a 3.4 b 

2.4 c 2.9 be 
LSD(0.05) = 0.6 
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3.2.3 Effect of Pathogen Dose and Post-Inoculation Condition 

Based on analysis of variance, pathogen dose was the only significant factor on 

plant fresh weight in this experiment. There was no significant difference between 

greenhouse and growth chamber conditions. Growth of untreated control plants was 

similar under greenhouse and growth room conditions at the same temperature regime, 

therefore the data have been combined. An increase in spore dose generally decreased 

plant fresh weight under both post-inoculation conditions (Table 3.5). To achieve a 

statistically significant biomass reduction, a minimal dose of 25x1 05 spores mL-1 was 

required. A dose of75x105 spores mL-1 caused a fresh weight reduction of23 %, as 

compared to the non-pathogen treated plants. At 1 OOx 1 05 spores mL -1, the fungus 

reduced the fresh weight by 3 0 % under greenhouse and growth chamber conditions. 

Table 3.5 Mean fresh weight (g) of scentless chamomile 14 days after inoculation with 
varying C. truncatum doses. 

Concentration Fresh Weighta Weed 

(x 105 sp. mL-1
) (grams) Suppression (%) 

0 8.2 a 0 

1 7.8 a 4.9 

25 7.1 b 13.4 

50 6.9 b 15.9 

75 6.3 c 23.2 

100 5.7 d 30.5 
LSD(0.05)=0.6 

a Pooled data from both greenhouse and growth chamber 
post-inoculation conditions 

3.3 Discussion 

A high level of infection by the pathogen on a target weed is the first crucial step 

in achieving microbial weed control. Ideally, spore germination and host penetration 
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occur shortly after inoculation. However, for most fungal propagules, the duration of 

dew and dew temperature have a significant influence on this infection process (Agrios, 

1997). In an earlier study, C. truncatum isolates from scentless chamomile required up 

to 24 h of dew at 20 °C to cause maximum infection, but the impact of dew temperature 

was unknown (Peng and Bailey, 2002; Peng et al., 2003). In this study, dew 

temperatures of20 °C or lower resulted in little weed suppression. A dew temperature of 

25 °C was more conducive, resulting in higher disease than that of the lower 

temperatures. A dew temperature of 30 °C was detrimental to C. truncatum as well as to 

scentless chamomile in this study, similar to the findings of Wymore et al. (1988) with 

C. coccodes. With most Colletotrichum species, dew temperatures ranging from 25 to 

30 °C are conducive to infection while temperatures outside of this range are less 

favourable (Makowski, 1993; McRae and Auld, 1988; Wymore et al., 1988). 

For C. truncatum, dew temperatures of25 °C are needed to optimize infection of 

scentless chamomile under controlled conditions when low-volume broadcast spraying 

is used. During a growing season, typical weather on the prairies is cool and dry (Fung 

et al., 1999) with daily temperatures fluctuating between 9 and 23 °C (Environment 

Canada, 1993) and this may act as a selection factor for fitting weed species and 

pathogen strains. A dew temperature of 25 °C may not be realistic for western Canada, 

but improvements in formulation, application or strain selection may be able to 

overcome this shortcoming (Green et al., 1998). 

If weed growth is decreased during early disease development, the crop may be 

able to out-compete the weed (Massion and Lindow, 1986). For most Colletotrichum 

pathogens, there is a latent period after infection (Fernando et al., 1994), representing a 
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symptomless colonization by the pathogen. The impact of colonization is not evident 

until a change occurs in the physiological state of the maturing host tissue (Cerkauskas, 

1988). However, a decreased latent period can prompt earlier onset of necrosis, thereby 

maximizing the control potential of the pathogen by hastening symptom development 

sporulation and secondary cycles of infection. Yang and TeBeest (1995) partially 

attributed poor competitiveness of C. gloeosporioides f.sp. aeschynomene mutants to a 

longer latent period, resulting in lower overall infection. Kolnarr and van den Bosch 

(2001) showed that latent period decreased with increasing post-inoculation temperature 

for the Puccinia lagenophorae Cooke/Senecio vulgaris L. pathogen/host system. By 

increasing post-inoculation temperatures from 10 to 22 °C, latent period was reduced 

from 22.6 days to 11.3 days. 

In this study, a 20/17 °C post-inoculation condition consistently showed higher 

pathogen performance, followed by the 18/10 °C regime. However, the 30/17 °C post

inoculation condition was unfavourable to both pathogen and weed. The influence of 

post-inoculation temperature on disease development has been noted for other 

Colletotrichum species/host interactions. Makowski and Mortensen (1989) indicated 

that mean temperatures less than 20 °C slowed disease development of C. 

gloeosporioides f.sp. malvae on round-leaved mallow and temperatures above 28 °C 

restricted disease development. Wymore et al. (1988) found disease development was 

more rapid at 25/20 °C than at 15/10 °C for C. coccodes. TeBeest et al. (1978) showed 

that alternating day and night temperatures in growth chambers significantly affected 

anthracnose development on northern jointvetch seedlings caused by C. gloeosporioides 
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f.sp. aeschynomene. Day/night temperature regimes of 32/24 °C and 28/20 °C reduced 

disease development in comparison with 28/28 °C. 

Another way to maximize disease development is by increasing the pathogen 

inoculum dose. The optimum dose selected for field application will represent a balance 

between propagule number, propagule efficiency and resulting efficacy because 

increased doses also increase the cost of the treatment. A linear response was observed 

for the effect of C. truncatum spore dose on scentless chamomile, such that the fresh 

weight of the weed was reduced with increasing spore doses. To cause a significant 

reduction in plant fresh weight, a minimum dose of2.5x106 spores mL-1 was required. 

An application of7.5x106 spores mL-1 was required to ensure a 20% reduction in fresh 

weight. Lower spore doses may be adequate where environmental conditions are 

conducive to disease development (Klein and Auld, 1995) or if spore viability is high 

(Mortensen and Makowski, 1989), but these conditions may not always be present. The 

highest spore dose tested, 1 x 1 0 7 spores mL -I, improved weed control, but this increased 

application rate would add to the eventual cost of application. 

The range of doses for C. truncatum is also common for other field-applied 

Colletotrichum bioherbicides. Spore doses of C. orbiculare at 1012 spores ha-1 resulted 

in better weed control than lower doses at six out of seven locations (Klein and Auld, 

1995). This spore dose is equivalent to 5x106 spores mL-I, under the application 

procedures of the scentless chamomile isolate. There was a significant decrease in 

round-leaved mallow dry matter with increasing dose of C. gloeosporioides f.sp. malvae 

up to 6x 1 0 7 spores m-2 (Mortensen and Makowski, 1989), which would fall between 2. 5 

and 5 x 106 spores mL-1
, the same thresholds in the C. truncatum/ scentless chamomile 
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interaction. One potential problem with a high spore dose is self-inhibition of spore 

germination that occurs in some Colletotrichum species. Zhang et al. (2003) showed that 

at a dose of 1x107 conidia mL·t, C. gloeosporioides f.sp. malvae, C. gloeosporioides f.sp 

aeschynomene, C. coccodes, C. orbiculare and C. malvarium exhibited self-inhibition of 

spore germination which could be released by Tween 80. It is not known if this 

inhibition occurs in this isolate of C. truncatum at extreme concentrations but it may be 

a consideration. 

3.4 Conclusions 

The ideal dew temperature for disease development of C. truncatum is between 

20 and 25 °C. The 20/17 °C post-inoculation temperature was favourable to disease 

development, followed closely by the 18/10 °C regime. The 30/17 °C temperatures 

severely hampered scentless chamomile growth and disease development. There was a 

trend towards greater disease expression in the growth chamber than in the greenhouse 

in lower-temperature trials but the difference was overshadowed by the negative effects 

of30 °C in higher-temperature trials. A spore dose of at least 7.5x106 spores mL-1 will 

be recommended for significant disease development and impact on the weed, 

representing a compromise between efficacy and cost. At this level, this would represent 

a dose of 1.5x1 08 spores m-2
, which is similar to other Colletotrichum bioherbicide 

candidates (Auld et al., 1988; Mortensen and Makowski, 1989). Formulations should be 

investigated to overcome the environmental constraints of temperature and dew period 

before field application of C. truncatum is attempted. 
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4.0 EVALUATION OF INTERACTIONS BETWEEN HERBICIDES 
AND COLLETOTRICHUM TRUNCATUMFOR IMPROVED 

CONTROL OF SCENTLESS CHAMOMILE 

The objective of this experiment was to test the compatibility of Colletotrichum 

truncatum with commonly used herbicides in vitro for potential tank mix applications of 

the two components. This compatibility was validated using selected herbicides in vivo 

where the interaction between the two components could be related to growth 

suppression of scentless chamomile. Due to multiple products selected from each 

herbicide group, this study was also expected to reveal any relationship between C. 

truncatum and herbicide groups. 

4.1 Materials and Methods 

4.1.1 Herbicide Effect on Spore Germination 

4.1.1.1 Herbicide Selection 

The herbicides selected for initial testing of compatibility with the fungus are 

listed in Table 4.1. Selection was based on their mode of action, potential for control of 

scentless chamomile, use in western Canada and information from preliminary studies 

(Peng et al., 2000). Additional information on the herbicides tested can be found in 

Appendix A and Saskatchewan Agriculture and Food (2002). The adjuvants tested, 

based on label requirements for spraying with the herbicides selected, were Score (0.8% 

v/v), Merge (1 L ha-1
) and Agral 90 (0.2% v/v). Additional information on the adjuvants 
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Table 4.1 Herbicides selected for testing compatibility with spore germination of C. 
truncatum. 

Group Common Name Adjuvant Form. a 
Full Rate 
(kg ai ha-1

) 

1 clodinafop-propargyl Absent EC 0.057 

1 sethoxydim Absent EC 0.506 

2 thifensulfuron+tribenuron Absent DF 0.010 

2 florasulam Present sc 0.013 

2 metsulfuron Absent DF 0.004 

2 imazethapyr Absent SN 0.051 

4 2,4-D ester Present EC 0.719 

4 2,4-D amine Present SN 0.714 

4 MCPA ester Present EC 1.013 

4 clopyralid Present EC 0.207 

4 dicamba Present EC 0.112 

5 metribuzin Present DG 0.208 

6 bromoxynil Present EC 0.336 

6 bentazon Absent SN 1.092 

9 glyphosate Present SN 0.445 

10 glufosinate Present EC 0.413 
a Formulations: DF-dry flowable, DO-dispersible granule EC-emulsifiable concentrate 

SC-suspension concentrate SN -solution 
b Based on label recommendations 

is presented in Appendix B. Whenever possible, each chemical was tested singly, even 

when there was a recommended adjuvant for field application, to determine the effect of 

each component alone without the confounding influence of adjuvant. For some 

herbicides, adjuvants are present in the product formulation and cannot be removed. 

4.1.1.2 Agar Plate Testing for Spore Germination 

This testing was performed on agar plates with a mixture of spores plus 

herbicide/adjuvant added to the surface. The plate method was selected to attempt to 

mimic the surface and the translocation of chemicals that would occur on the plant. The 

medium selected for C. truncatum spore germination testing was potato dextrose agar 
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(PDA, Difco Laboratories, St. Louis, MO) because spore germination was poor on water 

agar in preliminary testing. Spore production was as described in Section 3.1.1.1. 

Chemicals were added into spore suspensions of 1x105 mL-1 with 0.1% Tween 80 for 

one hour prior to spreading on PDA. Two herbicide concentrations, calculated based on 

the full rate and one tenth rate of the chemical (Saskatchewan Agriculture and Food, 

2002), were used. Water amended with 0.1% Tween 80 was also included in the 

experiment as a control. After inoculation, plates were incubated at 21 ± 1 °C and 

germination was evaluated at 10 and 24 hr after application. At the end of incubation, 

each plate was stained with 0.5 mL of 0.01 % lactophenol cotton blue (Spectrum, 

Gardena, CA) to halt spore germination and mycelial growth. To determine germination, 

one hundred spores per plate were examined from random microscopic fields using a 

light microscope. A spore with a germ tube at least the full length of the spore was 

considered to have germinated. 

Experiments were conducted in a completely randomized design with three 

replicate PDA plates for each treatment. This experiment was repeated twice and the 

data were analyzed utilizing PROC GLM in Statistical Analysis System (SAS). The data 

were homogeneous in variance according to Bartlett's test and were arcsine transformed 

for normality before pooling. Transformation did not change any of the relationships 

observed therefore only the non-transformed data are presented. Analysis of variance 

was used to test the effect of chemical, exposure time and the interaction of these two 

factors on spore germination of C. truncatum. Significant differences among means 

were determined using the least significant difference [LSD(0.05)] test, with a one tailed 

test, as only germination below the level of the control was of interest. 
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4.1.2. Interaction of C. truncatum with Herbicides on Scentless Chamomile 

Spores of C. truncatum were applied at 7x106 spores mL-1 as tank mixtures with 

selected herbicides at 200 L ha-1 on scentless chamomile at the 8-10 leaf stage. The 

spray equipment, production of C. truncatum and scentless chamomile plants were 

consistent with those described in Section 3 .1.1. Each herbicide was prepared based on 

recommended field-application rates and volumes. Surfactants were also added based on 

label requirements and compatibility with the fungus from the previous experiment 

(Section 4.1.1 ). Each herbicide was tested at the full rate and one tenth rate, with C. 

truncatum present or absent in both cases. Weed control was assessed primarily based 

on plant fresh weight reduction two weeks after treatment. The interaction between 

herbicide and pathogen for impact on scentless chamomile was determined using 

Colby's method (Colby, 1967). 

4.1.2.1 Colby's Method 

Colby's method utilizes the percent of control values in fresh weight of each 

component applied separately to determine a theoretical expected value (E) of weed 

control. The calculation is based on a control value (both treatment factors absent), a 

single treatment of C. truncatum (X) and a single treatment of the herbicide (Y). When 

considering two components, Colby's formula is expressed as: 

[Eq. 4.1] 

where Et represents the expected fresh weight of scentless chamomile as percent of 

control whereas X 1 and Y 1 were the observed effect, also expressed as percent of 

control, with pathogen and herbicide, respectively (Hatzios and Penner, 1985). This 

expected response can be compared to an observed value of weed control for a tank mix 
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treatment. If the observed weed control was 5 % greater than the expected response, the 

increase in weed control by the tank mix was considered significant and the relationship 

present would be synergistic. If the actual weed control was 5 % less than the expected 

response, the relationship was considered antagonistic. The relationship would be 

additive if the observed response is within ±5 % of the expected response. 

4.1.2.2 Initial Assessment of Herbicide/C. truncatum Tank Mixes 

Clodinafop-propargyl, MCPA ester, imazethapyr and metribuzin were selected 

for study of fungal/herbicide interactions on scentless chamomile because they showed 

little inhibition of fungal spore germination in vitro. Metribuzin was also selected based 

its synergy with the fungus in a previous study (Peng et al., 2000). Glyphosate, although 

suppressive to spore germination of C. truncatum, was included as a comparison due to 

its broad use in western Canada and reported synergy with a weed biocontrol agent 

(Sharon et al., 1992). These chemicals also represent a range of modes of action. 

Glufosinate and bentazon were originally selected in pre-trials, but were not examined 

further because each chemical alone was highly effective against scentless chamomile 

under the greenhouse condition, thereby masking any potential pathogen benefits to the 

control expressed in the tank mix. 

4.1.2.3 Synergy of C. truncatum with Selected Herbicides Groups 

Based on preliminary information, two herbicide groups were explored further, 

Group 1 and 4. Clodinafop (Group 1) exhibited consistent synergy with the fungus, 

although the improvement on weed control was never dramatic. MCP A ester was mostly 

additive, but there are several economical products within Group 4 that are widely used 

in western Canada. The objective of this experiment was to select the most synergistic 
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products from these commonly used herbicide groups, with each group tested 

independently. In addition to clodinafop and sethoxydim (Section 4.1.1 ), other Group 1 

herbicides tested were tralkoxydim (0.2 kg ai ha-1 with 0.5% v/v Turbocharge), 

quizalofop-p-ethyl (0.048 kg ai ha-1 with 1.0 % v/v Sure-Mix) and fenoxaprop-p-ethyl 

(0.093 kg ai ha-1
). These chemicals represent a cross section of the Group 1 chemicals 

utilized in western Canada. The effect of tralkoxydim, quizalofop-p-ethyl and 

fenoxaprop-p-ethyl on spore germination was unknown, while sethoxydim was 

inhibitory and clodinafop did not reduce spore germination after 24 hr. The Group 4 

chemicals selected were MCPA ester, 2,4-D ester, 2,4-D amine, dicamba and clopyralid, 

all being represented in the spore germination experiment. Additional herbicide and 

surfactant information is presented in Appendices A and B. 

4.1. 2. 4 Experimental Design and Statistical Analysis 

The experiments were completely randomized in design, included four replicate 

plants per treatment and were repeated twice. The normality of data, by PROC 

UNIVARIATE and homogeneity of variance, by Bartlett's test, were tested prior to 

pooling. The data were analyzed for variance utilizing PROC GLM in Statistical 

Analysis System version 8.2 (SAS Institute Inc., Cary, NC), where scentless chamomile 

fresh weight was related to herbicide treatment and pathogen presence. Mean separation 

was performed by least significant difference [LSD(0.05)] and the separations as 

presented are applicable only within the individual herbicide treatment. Colby's method 

was used to determine the nature of the interaction between fungus and herbicide. 
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4.2 Results 

4.2.1 Herbicide Effect on Spore Germination 

From the analysis of variance, chemical, timing and the chemical by timing 

interaction were all significant (P<O.OOOl). The results are presented in two graphs, 

separated by time of exposure. The results for 1 0 hr of exposure to chemicals are 

presented in Figure 4.1. On average 59% of fungal spores germinated in the control 

after 10 hr. The herbicides and adjuvants affected the germination variably, but 

generally showed lower germination when compared to the control. Relatively less 

inhibition was observed with glufosinate, clodinafop, MCPA ester and 2,4-D ester at the 
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Figure 4.1 Percent germination of C. truncatum after ten hours of exposure to full label 
rate (solid bars) and one tenth label rate (dotted bars) of selected herbicides and 
surfactants. Controls (white bars) and treatments are significantly different (black bars) 
or not significantly different (grey bars) with an LSD(0.05) = 9 %. 
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full rate as compared to the other chemical treatments. All tested adjuvants as well as 

bentazon, clopyralid, sethoxydim, glyphosate and bromoxynil severely reduced 

germination at 1 0 hr when exposed to full field rate. When exposed to one tenth rate of 

chemicals, spore germination generally was less affected. At the one tenth rate, percent 

germination of spores with glufosinate and clodinafop were not significantly different 

from the control, while other herbicides and surfactants showed a level of inhibition. 

After 24 hr, control germination increased to 82 % (Figure 4.2). Significantly 

higher spore germination was found with most chemicals, with many of them showing a 

similar level of germination as in the control. Score, Agral 90, bentazon, clopyralid, 

Figure 4.2 Percent germination of C. truncatum after twenty-four hours of exposure to 
full label rate (solid bars) and one tenth label rate (dotted bars) of selected herbicides 
and surfactants. Controls (white bars) and treatments are significantly different (black 
bars) or not significantly different (grey bars) with an LSD(0.05) = 9 %. 
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metribuzin, florasulam, 2,4-D amine and 2,4-D ester still caused slightly lower 

germination at the full rate, but in each case the germination was still above that of the 

control at 10 hr. Merge, sethoxydim, glyphosate and bromoxynil reduced germination to 

less than half of the control value, showing longer inhibition to spore germination. 

Within the one tenth rate of chemicals, the percent spore germination in all chemicals 

was not significantly different from that found in the control, excluding Agral 90, 

Merge, sethoxydim and clopyralid, which all caused significantly lower germination 

than the control value. 

4.2.2. Interaction of C. truncatum with Selected Herbicides on Scentless Chamomile 

4. 2. 2.1 Initial Assessment of Herbicide/C. truncatum Tank Mixes 

Herbicide treatment, pathogen presence and the herbicide treatment by pathogen 

presence interaction were all significant according to the analysis of variance of the 

pooled data. The effects of each selected herbicide and the pathogen on fresh weight of 

scentless chamomile are presented in Table 4.2. As expected, the full rate of herbicides 

exhibited greater weed control than the one-tenth rate. The control of scentless 

chamomile by clodinafop alone was not significant, as was expected from a Group 1 

chemical. However, the addition of the pathogen to clodinafop resulted in increased 

weed control and synergy at the full herbicide rate. MCP A showed suppression of 

scentless chamomile when applied singly and control was improved significantly by 

pathogen addition, especially at the full rate of herbicide. However, the herbicide

pathogen interaction was additive based on analyses of fresh weight reduction using 

Colby's method. Metribuzin, imazethapyr and glyphosate expressed high control of 
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Table 4.2 Effect of C. truncatum!herbicide tank-mixes on mean fresh weight (g) of 
scentless chamomile after 14 days. 

Treatment 
Pathogen Pathogen Expected Relationship a 
Absent Present Response a 

Control 6.9 ab 3.7 b 

clodinafop (1x) 6.0 a 2.8 b 3.2 Synergistic 
clodinafop (0.1x) 6.0 a 3.1 b 3.2 Additive 

MCPA Ester (1x) 3.7 b 2.0 c 2.0 Additive 
MCPA Ester (0.1x) 5.2 a 3.1 b 2.8 Additive 

metribuzin (1x) 1.0 c 0.2 c 0.6 Additive 
metribuzin (0.1x) 4.4 a 2.9 b 2.4 Antagonistic 

imazethapyr ( 1 x) 1.1 b 1.0 b 0.6 Antagonistic 
imazethapyr (0.1x) 3.5 a 3.0 a 1.9 Antagonistic 

glyphosate (1x) 0.8 b 1.0 b 0.4 Antagonistic 
glyphosate (0.1x) 2.3 a 2.8 a 1.2 Antagonistic 

LSD(0.05) = 1.1 c 

aBased on Colby's Method. 
b Mean separations as presented are applicable within the individual herbicides 

(P<0.05). 
c LSD(0.05) for chemical by pathogen interaction applicable over all treatments 

within pathogen present and pathogen absent columns. 

scentless chamomile, but only metribuzin provided greater weed control with the 

pathogen present at the one-tenth rate. Imazethapyr or glyphosate plus C. truncatum did 

not show substantial reduction in fresh weight as compared to the herbicides alone. 

4.2.2.2 Effect of Group 1 Herbicides Plus C. truncatum 

Herbicide treatment, pathogen presence and the herbicide treatment by pathogen 

presence interaction exhibited significance in the pooled data. When combined with the 

pathogen, some Group 1 herbicides increased weed control and showed synergy with 

the pathogen (Table 4.3). Once again, the clodinafop plus pathogen treatment resulted in 

the most consistent fresh weight reductions and synergy as compared to the pathogen 

applied singly. Tralkoxydim also showed synergy. Quizalofop was synergistic at the full 
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Table 4.3 Effect of C. truncatum and Group 1 herbicides on mean fresh weight (g) of 
scentless chamomile after 14 days. 

Treatment 
Pathogen Pathogen Expected Relationship a 
Absent Present Response a 

Control 6.4 ab 4.5 b 
clodinafop (1x) 6.5 a 3.2 b 4.5 Synergistic 
clodinafop (0.1x) 5.9 a 3.1 b 4.1 Synergistic 

tralkoxydim (1x) 6.5 a 3.5 b 4.5 Synergistic 
tralkoxydim (0.1x) 6.4 a 3.9 b 4.5 Synergistic 

quizalofop (lx) 6.2 a 3.1 b 4.4 Synergistic 
quizalofop (0.1x) 5.3 a 3.7 b 3.7 Additive 

fenoxaprop ( 1 x) 6.0 a 5.7 a 4.3 Antagonistic 
fenoxaprop (0.1x) 6.5 a 3.5 b 4.5 Synergistic 

sethoxydim (lx) 6.5 a 5.6 a 4.5 Antagonistic 
sethoxydim (0.1x) 5.4 a 3.8 b 3.8 Additive 

LSD(0.05) = 1.3c 
a Based on Colby's Method. 
b Mean separations as presented are applicable within the individual herbicides 

(P<0.05). 
c LSD(0.05) for chemical by pathogen interaction applicable over all treatments 

within pathogen present and pathogen absent columns. 

rate improving weed control by 31 % when compared to the pathogen alone but synergy 

was absent at the one tenth rate. Fenoxaprop and sethoxydim both reduced the weed 

control efficacy by the pathogen at the full rate, as reflected by an increased fresh weight 

as compared to the pathogen alone. 

4.2.2.3 Effect of Group 4 Herbicides Plus C. truncatum 

In the pooled data, all factors examined and interactions were significant as 

determined by analysis of variance. The effect of Group 4 herbicides and the pathogen 

on fresh weight of scentless chamomile is presented in Table 4.4. MCP A ester and 

2,4-D ester performed similarly. The addition of the pathogen to MCPA ester and 

2,4-D ester at the full rate enhanced the efficacy significantly when compared to the 
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Table 4.4 Effect of C. truncatum and Group 4 herbicides on mean fresh weight (g) of 
scentless chamomile after 14 days. 

Treatment 
Pathogen Pathogen Expected Relationship a 
Absent Present Response a 

Control 7.1 ab 4.5 b 

MCPA ester (lx) 4.0 b 2.2 c 2.5 Additive 
MCPA ester (O.lx) 6.4 a 3.4 b 4.0 Synergistic 

2,4-D ester (lx) 2.9 b 1.9 c 1.8 Additive 
2,4-D ester (O.lx) 5.9 a 3.0 b 3.7 Synergistic 

clopyralid (lx) 2.6 b 1.2 c 1.6 Synergistic 
clopyralid (O.lx) 4.3 a 2.3 b 2.7 Synergistic 

2,4-D amine (lx) 3.0 be 2.4 c 1.9 Antagonistic 
2,4-D amine (O.lx) 5.3 a 3.6 b 3.3 Additive 

dicamba (lx) 3.5 b 3.0 b 2.2 Antagonistic 
dicamba (O.lx) 6.6 a 3.7 b 4.2 Synergistic 

LSD(0.05) = l.Oc 
aBased on Colby's Method. 
b Mean separations as presented are applicable within the individual herbicides 

(P<0.05). 
c LSD(0.05) for chemical by pathogen interaction applicable over all treatments 

within pathogen present and pathogen absent columns. 

herbicide or pathogen applied alone. Clopyralid plus the pathogen also showed 

increased weed control over herbicide at full rates alone and the herbicide-pathogen 

interaction was consistently synergistic. 2,4-D amine or dicamba plus the pathogen did 

not increase weed control at the full rate and combined treatments were not substantially 

different from the herbicides or the pathogen alone. 

4.3 Discussion 

4.3.1 Herbicide Effect on Spore Germination 

For tank-mix applications, compatibility of microbial agents with herbicides and 

spray adjuvants is required for the two components to work together effectively. 
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Herbicide effects on biocontrol organisms can vary enormously depending on the 

organism and type of propagule involved, making generalizations difficult (Hoagland, 

1990). In this study, there was clear evidence that C. truncatum spores were affected 

variably by different herbicides, with chemical rate and incubation time playing 

important roles in the relationship expressed. At the full rate, almost all herbicides and 

surfactants reduced the germination at 10 hr but this impact was relieved or diminished 

at 24 hr. It appears that the chemicals only delayed germination and were not lethal to 

the spores. A transient inhibition by herbicides was also reported by Grant et al. (1990a) 

in a study on C. gloeosporioides f.sp. malvae for biocontrol of round-leaved mallow, in 

which spore germination in several suppressive chemicals reached the level of the 

control after 24 hr. In comparison, chemicals at the one tenth rate were much less 

suppressive to C. truncatum and germination in several herbicides was comparable to 

that of the control even at 10 hr. Glufosinate, clodinafop and MCPA ester were 

relatively benign to C. truncatum spores, while bromoxynil, glyphosate, sethoxydim and 

Merge were the least compatible compounds. Sethoxydim was also shown to be 

incompatible with a different isolate of C. truncatum used for biocontrol of sicklepod 

(Caulder and Stowell, 1988). 

Delay of germination can affect fungal infection therefore a minimum of 24 hr of 

dew was required to minimize the impact of this delay. A delay may prevent successful 

germination and penetration in the field, as extended dew periods are not commonplace. 

One potential remedy is a reduction in the herbicide application rate. Adjustments to 

herbicide rates may have different effects on efficacy and may not be approved by 

manufacturers, so caution should be utilized. 
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A split application of herbicide and biocontrol agent may be a possibility for 

herbicides which are extremely detrimental to spore germination. The temporal 

separation of application has allowed low compatibility herbicide/pathogen mixtures of 

C. coccodes (Hodgson et al., 1988) and C. gloeosporioides f.sp. malvae (Grant et al., 

1990b) to be successfully applied for weed control. Sethoxydim, glyphosate and 

bromoxynil would be ideal candidates for exploration of a split application with C. 

truncatum as these herbicides are toxic to the pathogen. However, one concern with a 

split application is the additional cost to the producer (Hatzios and Penner, 1985). 

Spore germination offers one view of herbicide effects on C. truncatum, 

providing an estimate of spore survival, while not providing an accurate indication of 

disease potential (Grant et al., 1990a). Inhibition in vitro may not be reflective of the 

situation in vivo where absorption and translocation of chemicals occur actively on and 

in plants (Zhang et al., 2003). Confirmation of these results must occur in vivo to ensure 

a successful tank mix. 

4.3 .2 Herbicide Screening on Scentless Chamomile 

At the current state of herbicide and mycoherbicide research, there is no method 

for predicting the interaction between pathogen and chemical (Caulder and Stowell, 

1988). The relationship between in vitro and in vivo responses must be examined as the 

interaction between herbicide and pathogen may not be similar in each situation. The 

information gained during experiments on spore germination of C. truncatum gave a 

general picture of how chemicals and herbicides would interact in vivo, but clopyralid 

and imazethapyr proved to be exceptions. Clodinafop and MCP A ester provided better 
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weed control with C. truncatum, as the addition of the pathogen significantly improved 

the suppression of scentless chamomile. Metribuzin also improved the fresh weight 

reduction of the weed when mixed with the pathogen, although a significant difference 

between pathogen present and absent was lacking for the full rate of herbicide, likely 

due to the effectiveness of this chemical against scentless chamomile. Glyphosate 

hampered disease development likely due to the severe inhibition of spore germination. 

The reduced pathogen performance in the imazethapyr mix was not expected based on 

the germination data although the addition of the required adjuvant, Agral 90, could 

account for this reduction. 

Tank mixes of C. truncatum with clodinafop, tralkoxydim and quizalofop 

equally reduced scentless chamomile fresh weight. Tank mixes with both fenoxaprop 

and sethoxydim decreased growth to a level where the tank mix was not significantly 

different from the herbicide alone applied at the full rate, but was poorer than the fungus 

applied alone. Sethoxydim was highly inhibitory to spore germination in vitro. The lack 

of spore germination data on herbicides and adjuvants makes the interpretation for 

fenoxaprop, tralkoxydim and quizalofop impossible. As these chemicals were not 

expected to have an effect on the scentless chamomile plants, it may be warranted to 

study the formulation components of the herbicides. This could determine which 

component is acting synergistically with the pathogen and deepen knowledge of the 

relationship between pathogen and herbicide. If a single synergistic component is 

discovered, it could be incorporated into the basic formulation of the bioherbicide, 

possibly increasing the level and consistency of weed suppression. 
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2,4-D ester and MCPA ester were able to enhance weed control with C. 

truncatum. 2,4-D ester offered superior scentless chamomile control while MCPA ester 

was more synergistic judged by Colby's method. Dicamba and 2,4-D amine showed a 

slight increase in growth suppression of scentless chamomile in tank mixes, but this was 

not significantly better than the herbicides applied alone. Clopyralid was highly 

effective in controlling scentless chamomile alone. The additional level of weed 

suppression realized with the addition of C. truncatum was unexpected based on the 

germination data, highlighting the differences in response that may occur between in 

vitro and in vivo testing of herbicides. 

The use of compounds that could weaken physical and biochemical defences of 

the plant or increase the aggressiveness of the pathogen to cause growth suppression of a 

weed species have previously been considered (Vurro et al., 2001). Grant et al. (1990b) 

found improved control of round-leaf mallow with metribuzin and C. gloeosporioides 

f.sp. malvae as compared to single applications of each component while sethoxydim 

was antagonistic in a tank mix with this pathogen. Mixtures of imazethapyr and C. 

gloeosporioides f.sp. malvae showed synergy. 2,4-DB, closely related to 2,4-D ester, 

was not as effective in a tank mix with C. gloeosporioides f.sp. malvae, with all 

combinations tested showing antagonism, although this inhibition was attributed to poor 

spore germination (Grant et al., 1990a). Comparable results were observed in this study 

with C. truncatum and metribuzin or sethoxydim, but the responses to imazethapyr and 

2,4-D ester were not similar. 

There are many speculations as to why some herbicides may act synergistically 

with biocontrol agents. Salts of herbicides are likely to act as buffers whenever they 
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appear in aqueous solution. In a chemically buffered environment, the pathogen may be 

able to infect the weed and cause disease under environmental conditions which would 

otherwise be restrictive to infection (Caulder and Stowell, 1988). 

The interaction between metribuzin and bioherbicides in controlling weeds is 

probably the result of increased cellular exudation by the host caused by the herbicide 

injury. Cellular damage is enough to cause cuticular wounds and leakage of cellular 

components. This increase in exudation provides increased nutrition for the fungus and 

increases fungal growth rate. In addition, the plant has been damaged and its ability to 

defend against fungal invasion is reduced (Caulder and Stowell, 1988). 

2,4-D ester, MCPA ester and clopyralid are synthetic auxins, belonging to the 

phenoxy family. The auxins, such as indole -3-acetic acid (IAA), control plant growth, 

differentiation, structural organization and the shift from vegetative to reproductive 

growth. Exogenous IAA can lead to cellulose-catalyzed cleavage of hemicellulose, 

resulting in cell wall loosening and membrane leakage, thereby stimulating the loss of 

water and nutrients (Cohen et al., 2002). This leakage could improve the nutrition of a 

pathogen or act to decrease host defences. This herbicide group may also revert host 

cytoplasm to an immature state which may be more conducive for infection (Heiny, 

1994). IAA may also be produced by fungi and promote infection. Plant-pathogenic 

bacteria, such as Pseudomonas, Erwinia and Agrobacterium, all produce IAA and 

disrupting IAA synthesis genes in these organisms may severely reduce pathogenicity 

(Robinson et al., 1998). Based on the increase in damage to the weed when 2,4-D ester, 

MCPA ester or clopyralid were applied with the pathogen, it may be interesting to 
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explore direct application of exogenous IAA, as a synergist for improved weed control 

by C. truncatum. 

Herbicides have been reported to alter secondary plant products. The conversion 

of L-phenylalanine to t-cinnamate and ammonia by phenylalanine ammonia-lyase 

(PAL) represents a key branch point of the synthesis of various phenolic compounds 

involved in plant disease resistance. PAL activity was increased about 3-fold in 

sicklepod seedlings challenged by Alternaria cassiae (Hoagland, 1990). 2,4-D can 

inhibit PAL activity in vivo (Davies, 1972), possibly explaining the increase in disease 

caused by C. truncatum with exposure to 2,4-D ester. 

The increased synergy within Group 1 herbicides may be due to their lack of 

effect on scentless chamomile. Synergism between two treatments is more easily 

detected when the rates of each component have small effects on the target weed when 

applied alone (Wymore and Watson, 1989). Group 1 chemicals, being ineffective 

against chamomile, would fall into this grouping. However, a clear relationship between 

herbicide group and synergistic interaction was not evident on scentless chamomile, as 

some Group 1 and 4 chemicals were synergistic, while others were antagonistic. It 

would seem that other herbicide factors, such as formulation additives and active 

ingredients, are more important to the interaction than herbicide group. 

4.4 Conclusions 

4.4.1 Herbicide Effect on Spore Germination 

Five herbicides were selected for initial herbicide screening in vivo based on 

spore germination in vitro. Clodinafop was selected based on its compatibility with C. 
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truncatum. MCP A ester and imazethapyr were chosen based on compatibility and their 

herbicidal activity on the weed. Metribuzin was selected based on a previously observed 

synergistic effect and glyphosate was included as a negative control as the full rate of 

this herbicide reduced germination of C. truncatum spores severely. Glufosinate and 

bentazon were originally selected as well, but these chemicals proved to be highly 

effective against scentless chamomile in the greenhouse and were subsequently dropped 

from further testing. The results found in vitro must be confirmed in vivo, as the 

pathogen response to the herbicide within the two systems may be different. 

4.4.2 Herbicide Screening on Scentless Chamomile 

The nature of fungal/herbicide interactions depended on the efficacy of the 

chemical, with less effective products (Group 1) tending to exhibit synergy with the 

fungus. Similarly, reduced herbicide rates resulted in more synergistic interactions with 

the fungus, although the level of weed control was not ideal by commercial agricultural 

standards. Significant enhancement of weed control occurred with clodinafop, 

tralkoxydim, quizalofop, MCPA ester, 2,4-D ester, clopyralid and metribuzin. 

Imazethapyr, glyphosate, fenoxaprop, sethoxydim, 2,4-D amine and dicamba were less 

successful tank mixes. Clodinafop, MCPA ester, 2,4-D ester, clopyralid and metribuzin 

were selected for further testing with C. truncatum. 
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5.0 EFFECT OF VARIABLE FUNGAL/HERBICIDE COMBINATIONS 
ON THE CONTROL OF SCENTLESS CHAMOMILE USING 

COLLETOTRICHUM TRUNCATUM 

The objective of this study was to evaluate the efficacy of selected 

herbicide/pathogen mixtures on the biomass of scentless chamomile at different growth 

stages. An additional goal was to determine if synergistic herbicides with different 

modes of action, combined together and applied in a tank mix with the pathogen, would 

improve the efficacy on scentless chamomile. It was also of interest to determine the 

effect of pathogen dose interacting with synergistic herbicides for control of scentless 

chamomile. 

5.1 Materials and Methods 

5 .1.1 Effect of Variable Herbicide Combinations 

The materials and methods used in the previous experiments were used in this 

series of experiments, with the following changes. 

5.1.1.1 Plant Growth Stage 

An additional plant stage was utilized for this series of experiments, the 11-13 

leaf stage. These plants were approximately one week older than the 8-10 leaf stage 

plants and were 1-3 g heavier (fresh weight) at time of treatment. Overall, these plants 

tended to be more variable in size than the 8-10 leaf stage plants, and this is reflected in 

the results obtained. 
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5.1.1. 2 Herbicides Selected 

Six herbicide/pathogen tank mixes were selected for this series of experiments: 

bentazon, metribuzin, 2,4-D ester (2,4-D), clodinafop plus 2,4-D, clopyralid plus MCPA 

ester (MCP A) and clodinafop plus clopyralid plus MCP A. Clopyralid and MCP A were 

tested in combination as this represents a popular tank mix in western Canada. In earlier 

experiments, the efficacy of MCP A alone was not sufficient and this chemical is part of 

the same chemical family as 2,4-D (Mallory-Smith and Retzinger, 2003). Mixtures with 

clodinafop target a range of broadleaf and grass weeds, although the clodinafop plus 

2,4-D treatment is not registered (Saskatchewan Agriculture and Food, 2002). 

Metribuzin and bentazon were included because of their superior control of scentless 

chamomile when applied at the 8-leaf stage. Control with herbicides at the 11-leaf stage 

is often not as effective as the 8-leaf stage but synergy with the pathogen may improve 

control of older weeds. The treatments for each herbicide consisted of a control of 

0.01% Tween 80, a pathogen alone treatment at 7x106 spores mL-1
, herbicide alone at 

the rates presented in Section 4.1.1.1 and a herbicide plus pathogen treatment at the rates 

stated previously. The relationship between herbicide and pathogen was examined 

utilizing Colby's method, as described in section 4.1.2.1. 

5.1.1. 3 Experimental Design and Statistical Analysis 

Each herbicide was tested separately because of a lack of space for all herbicide 

treatments within the dew chamber. Experiments were normally conducted three times 

in a completely randomized 2 x 2 x 2 factorial design (herbicide presence, leaf stage and 

pathogen presence) with four replicates per treatment. The experiment was repeated four 

times for 2,4-D, clodinafop plus 2,4-D and metribuzin due to slightly higher variability 
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seen in the first three repetitions. Each herbicide mixture was analyzed separately. The 

data were analyzed with the Statistical Analysis System (SAS) using PROC GLM. Data 

from repeated trials were tested for homogeneity of variance by Bartlett's test and 

normality by PROC UNIVARIATE before pooling. Significant differences among 

means were identified using the least significant difference [LSD(0.05)] test. 

5 .1.2 Effect of Variable Pathogen Dose 

5.1. 2.1 Spore Production 

Because of the need for increased fungal inoculum, a different spore production 

method involving a liquid fermentation technique based on information from Dokken 

(2003) was utilized for this series of experiments. The basis of this protocol was the 

Defined Basal Salts Medium (DBSM) presented by Jackson et al. (1996). Glucose and 

casamino acids were added to this base medium as carbon and nitrogen sources. A 

carbon to nitrogen ratio of 20:1 was used with 1 Og L-1 of glucose. This medium was 

autoclaved for 20 minutes and then adjusted to a pH of 5.5. After cooling, 1 L flasks 

were filled with approximately 250 mL of medium and then were inoculated with 1 mL 

of C. truncatum at approximately 106 spores mL -1 and placed on a rotary shaker ( 150 

rpm) at an ambient temperature of 16 °C for four weeks. The efficacy of spores 

produced in this manner was compared to spores from V8-juice agar plates and the 

pathogen virulence was similar under both conditions (Dokken, 2003). This production 

method allowed for an adequate spore concentration to be utilized consistently. 
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5.1. 2. 2 Treatments Selected 

Four herbicides were selected for the effect of variable pathogen dose based on 

their control of scentless chamomile in previous synergy testing. Clodinafop, 2,4-D, 

clopyralid plus MCP A and metribuzin were examined over two growth stages. Full rates 

of herbicide, based on Section 4.1.1.1 were tank mixed with four pathogen doses, 0, 

2x106
, 7x106 and 20x106 spores mL-1

. The 7x106 spores mL-1 treatment represented the 

standard pathogen dose used throughout the initial study. With the capability of the 

spore production system utilized, the maximum spore dose of20x106 spores mL-1 was 

deemed realistic. The minimum level of2x106 spores mL-1 was required to cause a 

measurable level of disease damage by the pathogen alone. The objective was to 

determine if the herbicide treatment would allow for a reduced pathogen dose without 

reducing weed control. The interaction between herbicide and pathogen was examined 

using Colby's method as in previous experiments. 

5.1. 2. 3 Experimental Design and Statistical Analysis 

These experiments were conducted in a completely randomized 2 x 2 x 4 

factorial design (leaf stage, herbicide presence and pathogen dose) with four replicates 

per treatment. Each herbicide experiment was analyzed separately. The clodinafop 

experiments were repeated three times, whereas the other herbicide experiments were 

repeated twice. The data were analyzed with PROC GLM using the Statistical Analysis 

System (SAS). The experiments were tested for homogeneity of variance by Bartlett's 

test and normality by PROC UNIVARIATE before pooling. Mean separation was 

accomplished via the least significant difference, LSD(0.05). 
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5.2 Results 

5.2 .1 Effect of Variable Herbicide Combinations 

Interactions of the fungal pathogen with herbicides varied with chemicals and 

plant growth stages tested. In general, combining the pathogen with the herbicides 

improved weed control, especially on older plants. On younger weeds (8-leaf), 

herbicides were relatively more effective and the pathogen did not consistently result in 

a synergistic benefit. However, on older plants (11-leaf), weed control was often 

significantly better with combined use of herbicides and pathogen. 

Herbicide presence, pathogen presence and leaf stage were all significant factors 

from the analysis of variance for 2,4-D. This herbicide was only marginally effective on 

scentless chamomile at the 11-leaf stage (Table 5.1, Figure 5.1 ). With addition of the 

pathogen, the efficacy was enhanced by about 30% in comparison to the herbicide 

alone, representing a significant improvement in growth suppression. At the 8-leaf stage, 

there was little improvement with the 2,4-D plus C. truncatum tank-mix in comparison 

to the herbicide alone, resulting in an additive Colby's response. 

Table 5.1 Mean fresh weight (g) of scentless chamomile in response to 2,4-D ester 
(719 g ai ha-1

) and C. truncatum (7x106 spores mL-1
) treatment at two leaf stages. 

Stage Treatment 
Pathogen Pathogen Expected Interaction a 
Absent Present Response a 

8-leaf 
Control 7.1 ab 5.8 a 

2.4 Additive 
2,4-D ester 3.0 b 2.4 b 

11-leaf 
Control 11.5 a 10.0 b 

7.7 Synergistic 
2,4-D ester 8.9 b 6.6 c 

LSD(O.OS) = 1.4c 
a Based on Colby's Method 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen by leaf stage interaction applicable over all 
treatments within pathogen present and pathogen absent columns 
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Figure 5.1 C. truncatum and 2,4-D ester applied to 11-leaf (top) and 8-leaf (bottom) 
scentless chamomile (L-R- Control, C. truncatum, 2,4-D and tank mix of C. truncatum 
plus 2,4-D). 

Figure 5.2 C. truncatum and clopyralid plus MCPA ester applied to 11-leaf (top) and 
8-leaf (bottom) scentless chamomile (L-R- Control, C. truncatum, clopyralid plus 
MCPA and tank mix of C. truncatum plus clopyralid plus MCPA). 
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Herbicide presence, pathogen presence, leaf stage and herbicide by leaf stage 

interaction were all significant for the experiment involving clodinafop plus 2,4-D plus 

C. truncatum. By adding clodinafop to 2,4-D, synergy was expressed at both leaf stages 

(Table 5.2). A significant improvement in growth suppression within the clodinafop plus 

2,4-D plus C. truncatum treatments was also noted over both leaf stages. For example, 

addition of the pathogen to clodinafop plus 2,4-D reduced the biomass of scentless 

chamomile by 41 % and 28 % when compared to herbicides alone at the 8-leaf and 

11-leaf stages, respectively. However, even at the highest efficacy, clodinafop plus 2,4-

D plus the pathogen did not achieve acceptable commercial weed control and plant 

death was rare. 

Table 5.2 Mean fresh weight (g) of scentless chamomile in response to clodinafoR 
(57 g ai ha-1

) plus 2,4-D ester (719 g ai ha-1
) and C. truncatum (7x106 spores mL-) 

treatment at two leaf stages. 

Stage Treatment 
Pathogen 
Absent 

Control 6.3 ab 
8-leaf clodinafop + 2.9 c 

2,4-D ester 

Control 12.0 a 
11-leaf clodinafop + 6.9 c 

2,4-D ester 

Pathogen 
Present 

5.1 b 
1.7 d 

10.0 b 
5.0 d 

Expected 
Response a 

2.4 

5.7 

Interaction a 

Synergistic 

Synergistic 

LSD(0.05) = 1.0c 
aBased on Colby's Method 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen by leaf stage interaction applicable over all 

treatments within pathogen present and pathogen absent columns 

Herbicide presence, pathogen presence, leaf stage, herbicide by pathogen and 

herbicide by leaf stage were all significant factors from the analysis of variance in the 

clopyralid plus MCPA test. Clopyralid plus MCPA plus C. truncatum significantly 
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increased weed control at the 8-leaf stage (Table 5.3, Figure 5.2), representing an 82% 

reduction in fresh weight as compared to the no pathogen/no herbicide control treatment 

and a 56 o/o improvement in fresh weight reduction over the herbicide applied alone. A 

similar improvement in weed control was shown at the 11-leaf stage, where a 70 o/o 

reduction in biomass was achieved in the pathogen/herbicide tank-mix in comparison to 

the no pathogen/no herbicide control and a 27 % enhancement in weed control over the 

herbicides alone, although the interaction was found to be additive by Colby's 

designation. 

Table 5.3 Mean fresh weight (g) of scentless chamomile in response to clopyralid 
(207 g ai ha-1

) plus MCPA ester (1013 g ai ha-1
) and C. truncatum (7x106 spores mL-1

) 

treatment at two leaf stages. 

Stage Treatment 
Pathogen Pathogen 
Absent Present 

Expected Interactiona 
Response a 

Control 7.6 ab 5.6 b 
8-leaf clopyralid + 2.5 c 1.4 d 1.9 Synergistic 

MCPA ester 

Control 12.5 a 9.3 b 
11-leaf clopyralid + 5.2 c 3.8 d 3.9 Additive 

MCPA ester 
LSD(0.05) = 1.1 c 

aBased on Colby's Method 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen by leaf stage interaction applicable over all 
treatments within pathogen present and pathogen absent columns 

In the experiment including clodinafop plus clopyralid plus MCPA, herbicide, 

pathogen and leaf stage of scentless chamomile were significant factors in the analysis 

of variance. The addition of clodinafop to the previous tank mix did not increase weed 

control (Table 5.4). At the 8-leaf stage, there was no significant difference between 

herbicides with and without the pathogen. At the 11-leaf stage, the herbicide-fungus 
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Table 5.4 Mean fresh weight (g) of scentless chamomile in response to clodinafop 
(57 g ai ha-1

) plus clopyralid (207 g ai ha-1
) plus MCPA ester (1013 g ai ha-1

) and C. 
truncatum (7x106 spores mL-1

) treatment at two leaf stages. 

Stage Treatment 

Control 

8-leaf clodinafop+ 
clopyralid+ 
MCPA ester 

Control 

11 _leaf clodinafop+ 
clopyralid+ 
MCPA ester 

aBased on Colby's Method 

Pathogen 
Absent 

8.7 a b 

2.6 c 

12.5 a 
6.9 c 

Pathogen 
Present 

6.6 b 
2.3 c 

10.5 b 
5.2 d 

Expected 
Response a 

2.0 

5.8 

Interaction a 

Additive 

Additive 

LSD(0.05) = 1.3c 

b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen by leaf stage interaction applicable over all 

treatments within pathogen present and pathogen absent columns 

combination was more effective than the herbicides alone, but the relative efficacy was 

not superior to that by clopyralid plus MCPA plus the pathogen found in the previous 

set of experiments. 

Herbicide or pathogen presence, leaf stage, herbicide by pathogen and herbicide 

by leaf stage were all significant in the analysis of variance for metribuzin. Metribuzin 

was highly effective on younger scentless chamomile plants. On older plants, it reduced 

fresh weight by 60% as compared to the no herbicide/no pathogen control (Table 5.5). 

Pathogen addition enhanced the efficacy by 35% in comparison to the herbicides alone, 

reducing fresh weight by 80% when compared to the no herbicide/no pathogen control 

at the 11-leaf stage. This level of fresh weight reduction resulted in more consistent 

plant mortality. 
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Table 5.5 Mean fresh weight (g) of scentless chamomile in response to metribuzin 
(208 g ai ha-1

) and C. truncatum (7x106 spores mL-1
) treatment at two leaf stages. 

Stage Treatment 
Pathogen Pathogen Expected Interaction a 
Absent Present Res_Eonsea 

8-leaf 
Control 7.2 ab 5.6 b 

0.3 Additive 
metribuzin 0.3 c 0.3 c 

11-leaf 
Control 12.3 a 10.0 b 

3.5 Synergistic 
metribuzin 4.3 c 2.9 d 

LSD(0.05) = 1.3c 
aBased on Colby's Method 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen by leaf stage interaction applicable over all 
treatments within pathogen present and pathogen absent columns 

For bentazon, herbicide, pathogen presence, leaf stage, herbicide by pathogen 

and herbicide by leaf stage were all significant factors in the analysis of variance. 

Bentazon was highly effective in the greenhouse (Table 5.6), causing the greatest 

growth suppression among all herbicides tested, with plant death observed commonly at 

the 11-13 leaf stage. The addition of C. truncatum did not provide additional weed 

control. 

Table 5.6 Mean fresh weight (g) of scentless chamomile in response to bentazon 
(1092 g ai ha-1

) and C. truncatum (7x106 spores mL-1
) treatment at two leaf stages. 

Stage Treatment 
Pathogen Pathogen Expected Interaction a 
Absent Present Response a 

8-leaf 
Control 7.1 ab 5.3 b 

0.2 Additive 
bentazon 0.2 c 0.1 c 

11-leaf 
Control 12.8 a 10.1 b 

0.4 Additive 
bentazon 0.5 c 0.5 c 

LSD(0.05) = 0.9c 
aBased on Colby's Method 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen by leaf stage interaction applicable over all 
treatments within pathogen present and pathogen absent columns 
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5 .2.2 Effect of Variable Pathogen Dose 

Pathogen dose, leaf stage and pathogen dose by herbicide interaction were all 

significant factors by analysis of variance with clodinafop treatments. At the low 

pathogen dose, herbicide application significantly decreased the fresh weight of 

scentless chamomile at the 11-leaf stage when compared to the pathogen or herbicide 

alone but this relationship did not hold for the higher doses (Table 5.7). The response to 

all herbicide-fungal concentrations was synergistic except the 20x1 06 spores mL-1 

treatment at the 8-leaf stage. The effect of clodinafop was more pronounced at lower 

pathogen doses. Overall, the improvement of weed control by the addition of clodinafop 

was marginal when compared to the pathogen alone at different doses. 

Table 5.7 Effect of clodinafop (57 g ai ha-1
) and C. truncatum dose on the mean fresh 

weight (g) of scentless chamomile at two leaf stages. 

Pathogen Dose (spores mL-1
) 

0 2x106 7x106 20x106 

8-Leaf 

Control 

clodinafop 

Expected a 

Interaction a 

Control 

clodinafop 
11-Leaf 

Expected 

7.8 ab 

8.3 a 

11.3 ab 

12.3 a 

6.2 b 

5.5 be 

6.7 

Syn 

10.8 b 

9.5 c 

11.7 

4.9 cd 4.1 

4.8 cd 4.0 

5.2 4.4 

Syn Add 

9.3 c 7.6 

8.7 cd 8.0 

10.1 8.3 

Interaction Syn Syn Syn 

d 

d 

e 

de 

LSD(0.05) = 1.1 c 

aBased on Colby's Method: Syn-Synergistic, Ant-Antagonistic, Add-Additive 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen rate by leaf stage interaction applicable over all 

treatments within pathogen present and pathogen absent columns 

Herbicide presence, pathogen dose, leaf stage and pathogen dose by herbicide 

interaction were all significant by analysis of variance for 2,4-D. Overall, tank mixes of 
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2,4-D and C. truncatum did not improve weed control, except for the highest pathogen 

dose applied at the 11-leafstage, as compared to the herbicide alone (Table 5.8). Only 

the highest pathogen dose tested resulted in a significant improvement in growth 

suppression over the herbicide applied singly on plants at the 11-leaf stage. This lack of 

improvement was also shown in the lack of a synergistic interaction within this trial. 

Table 5.8 Effect of2,4-D ester (719 g ai ha-1
) and C. truncatum dose on the mean fresh 

weight (g) of scentless chamomile at two leaf stages. 

Pathogen Dose (spores mL-1
) 

0 2x106 7x106 20x106 

8-Leaf 

Control 

2,4-D ester 

Expected a 

Interaction a 

Control 

2,4-D ester 
11-Leaf 

Expected 

3.1 cd 

9.9 a 

6.4 c 

5.3 b 

2.9 cd 

2.4 

Ant 

9.1 ab 

6.6 c 

5.9 

4.9 b 3.6 

2.6 cd 2.1 

2.3 1.7 

Ant Ant 

8.4 b 6.6 

6.0 c 4.5 

5.5 4.3 

Interaction Ant Ant Add 

c 

d 

c 

d 

LSD(0.05) = 1.2c 
a Based on Colby's Method: Syn-Synergistic, Ant-Antagonistic, Add-Additive 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen rate by leaf stage interaction applicable over all 

treatments within pathogen present and pathogen absent columns 

In the experiment using clopyralid plus MCPA plus the pathogen, pathogen 

dose, herbicide presence, leaf stage, pathogen by herbicide and pathogen by leaf stage 

were all significant factors in the analysis of variance. A significant improvement in 

weed control occurred with the 20x106 spores mL-1 plus clopyralid plus MCPA 

treatment at the eight leaf stage, although the interaction was additive (Table 5.9). At the 

eleven leaf stage, there was a significant improvement in weed control with the addition 
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Table 5.9 Effect ofclopyralid (207 g ai ha-1
) plus MCPA ester (1013 g ai ha-1

) and C. 
truncatum dose on the mean fresh weight (g) of scentless chamomile at two leaf stages. 

8-Leaf 

Control 
clopyralid+ 
MCPA ester 
Expected a 

Interaction a 

Control 

clopyralid+ 
11-Leaf MCPA ester 

Expected 

Interaction 

0 

2.4 de 

11.2 a 

6.1 d 

Pathogen Dose (spores mL-1
) 

5.7 b 4.5 c 

2.3 ef 

1.9 

Ant 

8.5 b 

4.8 e 

4.6 

Add 

1.4 fg 

1.5 

Add 

7.1 c 

4.4 e 

3.9 

Add 

3.3 d 

1.1 g 

1.1 

Add 

6.1 d 

2.7 f 

3.3 

Syn 

LSD(0.05) = 1.0c 
a Based on Colby's Method: Syn-Synergistic, Ant-Antagonistic, Add-Additive 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen rate by leaf stage interaction applicable over all 

treatments within pathogen present and pathogen absent columns 

of herbicide at all fungal doses with a synergistic interaction occurring at the 20x 1 06 

spores mL-1 level. Weed control and synergy were improved with herbicide application 

with higher pathogen doses. On older scentless chamomile plants, the combination of 

clopyralid plus MCPA with the pathogen at the low dose was equally effective as 

herbicides plus the pathogen at 7x106 spores mL-1
, increasing efficacy by 21% when 

compared to the herbicides alone. Even with the highest rate of the pathogen, this 

combination caused plant death only infrequently. 

Within the experiments involving metribuzin, pathogen dose, herbicide presence 

and leaf stage were all significant factors in the analysis of variance. Metribuzin applied 

alone was very effective at the eight leaf stage, with no significant difference detected 

among different pathogen doses, even at the highest levels (Table 5.1 0). The herbicide 
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Table 5.10 Effect of metribuzin (208 g ai ha-1
) and C. truncatum dose on the mean fresh 

weight (g) of scentless chamomile at two leaf stages. 

Pathogen Dose (spores mL-1
) 

8-Leaf 

11-Leaf 

Control 

metribuzin 

Expected a 

Interaction a 

Control 

metribuzin 

Expected 

Interaction 

0 

8.0 ab 

0.5 d 

11.3 a 

5.3 c 

2x106 

7.0 

0.4 

0.6 

Add 

ab 

d 

10.4 a 

4.5 cd 

4.9 

Add 

7x106 

6.0 

0.4 

0.5 

Add 

be 

d 

10.1 ab 

2.6 e 

4.8 

Syn 

5.4 c 

0.4 d 

0.4 

Add 

8.9 b 

3.4 de 

4.2 

Syn 
LSD(0.05) = 1.5c 

aBased on Colby's Method: Syn-Synergistic, Ant-Antagonistic, Add-Additive 
b Mean separations as presented are applicable within common leaf stage 
c LSD(0.05) for herbicide by pathogen rate by leaf stage interaction applicable over all 

treatments within pathogen present and pathogen absent columns 

response at the 11-leaf stage was slightly more variable than at the 8-leaf stage. 

Pathogen doses higher than 2x106 spores mL-1 plus herbicide were more efficacious than 

the herbicide alone treatment, with 51 %and 36 o/o higher fresh weight reduction and 

more frequent plant mortality as compared to the herbicide applied without the 

pathogen. 

5.3 Discussion 

5.3.1 Effect ofVariable Herbicide Combinations 

A large variation in growth stage within the target weed population is likely to 

occur in the field (Auld et al., 1990). Colletotrichum species are known to respond in a 

variety of ways to host age and vary in development in host tissues (Cerkauskas, 1988; 

Keller and Bergstrom, 1988). In general, C. truncatum was more effective against 
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younger scentless chamomile plants. Within each herbicide trial, the fresh weight 

reduction caused by the pathogen, as percent of the negative control, was greater at the 

8-1 0 leaf stage than at the 11-13 leaf stage. The vulnerability of younger plants to the 

attack by Colletotrichum species has been reported before (Kadir et al., 2000). On 

Xanthium spinosum, C. orbiculare caused damage more quickly in 3-week-old plants 

than in 5-week-old plants (Auld et al., 1990). Winder and Watson (1994) found that 

young fireweed seedlings were more sensitive to C. dematium than older plants. 

Combining the pathogen with herbicides at different leaf stages resulted in 

variable response in scentless chamomile. At the 8-leaf stage, weed control was greater, 

with increased plant mortality for several fungus-herbicide mixtures. In comparison, this 

effect was observed with fewer mixtures at the 11-leaf stage, although the interaction 

between pathogen and herbicide more frequently fell into the synergistic category. This 

presents the option of mixing the pathogen with different herbicides depending on 

scentless chamomile growth stage. For example, clopyralid plus MCPA plus the 

pathogen may be satisfactory for control of scentless chamomile at the 8-leaf stage but 

the efficacy of this treatment might not be sufficient on 11-leaf plants. A mix of 

metribuzin with the pathogen may be necessary to achieve a high level of weed control 

at this stage. 

The effect of plant growth stage on herbicide/pathogen interactions has been 

noted previously. The effectiveness of combining thidazuron and C. coccodes was 

greatest on young velvetleaf seedlings and the control declined with plant age (Hodgson 

et al., 1988). Since most herbicides, as well as the pathogen, were less effective at the 

11-13 leaf stage in the present study, the more frequently identified synergistic 
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interactions on scentless chamomile of this growth stage could be attributed to a more 

moderate level of control by the single components alone, similar to the conclusion 

drawn by Wymore and Watson (1989). 

The synergistic effect of adding clodinafop to a broadleaf herbicide was a 

surprise. The addition of clodinafop to 2,4-D improved the control of scentless 

chamomile as compared to 2,4-D alone but the benefit was not as great in a mixture with 

clopyralid plus MCPA. The ability to have a broadleaf plus grassy herbicide tank mix 

would be desirable for a field application of this pathogen, as the spectrum of weed 

control would be increased and the tactic would be better suited to current field 

application strategies (Saskatchewan Agriculture and Food, 2002). It is not clear 

whether the increased response to the addition of clodinafop was from the active 

ingredient or formulation components within the product. This effect could be tested by 

utilizing formulation blanks of clodinafop and the surfactant to determine which 

components are contributing to the synergy expressed. However, it was shown that the 

addition of clodinafop to a synergistic broadleaf herbicide/C. truncatum mixture did not 

compromise the efficacy of scentless chamomile control and would represent a feasible 

tank mix option. 

Control of scentless chamomile by metribuzin alone was reduced at the 11-13 

leaf stage as compared to that at the 8-1 0 leaf stage. The plant response at this stage was 

quite variable, with fresh weights varying up to 80 %. This variability is reflected by the 

larger values of the LSD for this data set. The addition of the pathogen to metribuzin 

reduced this variability and improved weed control, especially on plants at the 11-leaf 

stage. Bentazon was highly effective and the addition of C. truncatum was hardly 
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needed under greenhouse conditions. This mixture may show promise on even older 

plants or in field applications, where herbicide performance may be reduced. In a 

preliminary study, Peng et al. (2000) found significant improvement in biocontrol of 

well established scentless chamomile using C. truncatum by pre-treatment of the plants 

with bentazon. Bentazon has also shown previous success in tank mixes with other 

bioherbicides. In a United States patent, Caulder and Stowell (1988) documented the 

synergy between bentazon and C. coccodes and C. truncatum for enhanced control of 

velvetleaf and Florida beggarweed (Desmodium tortuosum [Sw.]), respectively. This 

herbicide may be examined further within a C. truncatum tank mix for herbicide-fungus 

synergy under field conditions. 

5.3.2 Effect of Variable Pathogen Dose 

In general, as the dose of the pathogen increased, the efficacy of weed control 

increased. However, the level of weed control achieved by the pathogen alone was still 

not sufficient, with only 33-55% fresh weight reduction at the 8-leafstage and 21-46% 

reduction at the 11-leaf stage using a dose of 20x 1 06 spores mL -l. The addition of 

herbicides produced variable results. The less effective herbicides required a high spore 

dose to achieve more effective weed control while more effective herbicides resulted in 

sufficient fresh weight reductions when combined with a lower spore dose. The effect of 

reducing pathogen dose with the addition of a herbicide has been previously shown by 

Sharon et al. (1992). In their study, a sub-lethal rate of glyphosate allowed the use of 

five times less Alternaria cassiae inoculum for a similar level of weed control. 
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Clodinafop was not effective alone, as this Group 1 herbicide does not control 

dicotyledonous species. This herbicide actually increased the fresh weight of scentless 

chamomile slightly in these experiments, possibly swaying the Colby's relationship 

more towards synergy. The addition of this herbicide to C. truncatum enhanced weed 

control slightly at most pathogen doses but the improvement was not sufficient to make 

this tank mix a viable weed control option. The interaction between 2,4-D and the 

pathogen was significant at 20x1 06 spores mL"1
, especially for the control of older plants 

but the efficacy would still be insufficient. Clopyralid plus MCP A was beneficial at a 

spore dose of2x106 spores mL"1 on older plants, but maximum efficacy was obtained 

only with the highest spore dose. The addition of the pathogen to metribuzin was not 

required at the 8-leaf stage, as the chemical alone was highly effective. On 11-leaf stage 

plants, maximum control was realized with metribuzin combined with a medium spore 

dose of7x106 spores mL-1
. The combination ofclodinafop or 2,4-D with C. truncatum 

was not sufficient, even at the 20x 106 spores mL-1 pathogen dose. Clopyralid plus 

MCP A and C. truncatum at a moderate dose may be an option for control of scentless 

chamomile at the 8-leaf stage, but the highest pathogen dose would be required at the 

11-leafstage. Metribuzin plus the pathogen at 7x106 spores mL"1 effectively controlled 

the weed at the 11-leaf stage. 

Enhanced weed suppression by herbicides plus the pathogen generally 

corresponded to additive or synergistic interactions, except for 2,4-D. The antagonism 

present within the 2,4-D trial may be a result of relatively higher efficacy by the 

pathogen alone and low fresh weight of scentless chamomile controls in this series of 

experiments. Taking this into consideration, both 2,4-D and clopyralid plus MCPA may 
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be similar in response to pathogen dose, with improved suppression when pathogen dose 

was increased. Synergy between the same herbicide group and micro-organisms was 

found previously. Heiny (1994) reported that the addition of2,4-D plus MCPP in 

combination with 107 conidia mL-1 of Phomaproboscis resulted in the same level of 

field bindweed control as did 10 times the amount of fungal inoculum alone. 

Metribuzin was a slight anomaly, where the middle pathogen dose (7x106 spores 

mL -1
) showed highest efficacy with the herbicide at the 11-13 leaf stage. However, there 

was no significant difference between herbicide-fungus combinations at the two highest 

pathogen doses, therefore doses higher than 7x106 spores mL-1 are likely not required in 

combined use with metribuzin. This reduced spore dose would represent a saving on 

material costs in field applications 

5.4 Conclusions 

5.4.1 Effect of Variable Herbicide Combinations 

Growth reductions expressed for both herbicides and pathogen were greater at 

the 8-leaf stage. Synergy was identified more readily at the 11-leaf stage, mainly due to 

reduced pathogen and herbicide performance. The addition of clodinafop to 2,4-D and 

clopyralid plus MCPA did not result in dramatic changes in synergy or efficacy. 

Therefore, it would be feasible to tank mix these herbicides with C. truncatum for field 

application as the spectrum of weeds control would be expanded. Control of scentless 

chamomile by metribuzin alone begins to decline at the 11-leaf stage, while bentazon 

still remains effective. The addition of the pathogen to metribuzin ensured effective 

control of scentless chamomile with a wide window for application. 
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5.4.2 Effect of Variable Pathogen Dose 

Increasing pathogen dose enhances weed control regardless of the presence or 

absence of a herbicide. Synergy of C. truncatum with herbicides and efficacy of weed 

control depends on the herbicide used and, to a lesser extent, on accompanying pathogen 

dose. Each herbicide group tested performed differently in response to C. truncatum 

concentration. Clodinafop improved pathogen performance at lower inoculum doses, but 

the efficacy was generally not acceptable. 2,4-D and clopyralid plus MCP A showed 

improved weed control at high pathogen doses while metribuzin showed maximum 

efficacy at the intermediate pathogen dose. 
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6.0 INTERACTIONS OF DIFFERENT STRAINS OF 
COLLETOTRICHUM TRUNCATUMWITH SELECTED 

HERBICIDES ON SCENTLESS CHAMOMILE 

The objective of these experiments was to determine if the herbicide synergy 

found with one isolate of Colletotrichum truncatum is applicable to other isolates found 

within this species and to determine if there are other strains that are more interactive 

with herbicides. 

6.1 Materials and Methods 

The application procedures, dew period, plant leaf stage and treatment 

assessment from previous experiments were used for this series of experiments, with the 

differences noted below. 

6.1.1 Isolates Selected 

Six isolates of Colletotrichum truncatum, whose pathogenicity and host range 

have been examined by Peng and Bailey (2002), were selected from the culture 

collection at Agriculture and Agri-Food Canada Research Centre, Saskatoon. The 

isolates tested were 00-3B1, the standard isolate used throughout this study, 99-21A1, 

00-248A1, 00-193C, 01-40 and 01-60. These isolates were obtained from diseased 

scentless chamomile plants from different regions in Saskatchewan during field surveys 

conducted between 1999 and 2001 and represent diversity in location and environment 
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at the time of isolation. In terms of disease severity, most isolates were similar to 

00-3B1, with 00-248A1 and 99-21A1 expressing slightly lower efficacy. These isolates 

also required similar dew periods for infection and maximum damage to scentless 

chamomile occurred with 20-24 hr of continuous dew. Isolates 00-193C, 00-3B1, 01-40 

and 01-60 expressed a narrow host range while 00-248A1 caused slight disease 

symptoms on flax (Linum usitatissimum L.) and lentil (Lens culinaris). 

6.1.2 Treatments 

Clodinafop, 2,4-D ester, clopyralid plus MCPA ester and metribuzin, with or 

without fungal inoculum, were applied to scentless chamomile at two leaf stages, 8-10 

and 11-13 leaves. The herbicide rates were as presented in Section 4.1.1.1. The targeted 

fungal dose in the tank-mixes was 7x106 spores mL-1
, based on previous observations 

for 00-3B 1. Not all isolates had sufficient spore production under the conditions utilized, 

therefore there was a three-fold difference between the highest and lowest spore dose 

used. Isolates 00-3B1 and 99-21A1 were applied at 7x106 spores mL-1
, 01-40 and 01-60 

at 4x106 spores mL-1 and 00-248A1 and 00-193C were applied at 2x106 spores mL-1
. 

These differences in dose were taken into account when the results were interpreted. 

6.1.3 Experimental Design and Statistical Analysis 

Each isolate was tested separately in a completely randomized 2 x 2 x 5 factorial 

design with four replicates per treatment. The factors tested were leaf stage, pathogen 

presence and herbicide treatment, respectively. This experiment was repeated three 

times for each isolate and data from these trials were tested for homogeneity of variance 
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using Bartlett's test and for normality using PROC UNIVARIATE before pooling. The 

data were analyzed for variance with the Statistical Analysis System (SAS) using PROC 

GLM. Mean comparisons presented are based on t-tests and are only applicable within 

the given herbicide treatment and leaf stages. 

6.2 Results 

6.2.1 Isolate 00-3B 1 

Herbicide, pathogen, leaf stage, herbicide by pathogen and herbicide by leaf 

stage interactions all affected weed control efficacy based on analysis of variance. The 

application of 00-3B 1 significantly reduced the fresh weight of scentless chamomile 

over both leaf stages (Table 6.1 ). Clodinafop plus 00-3B 1 provided better weed 

suppression at the 8-leaf stage as compared to the herbicide alone but was not different 

from the fungus applied alone. For the more effective herbicides including metribuzin 

and clopyralid plus MCPA ester, adding the fungus provided little value to weed control 

at the 8-leaf stage. At the 11-leaf stage, clodinafop, clopyralid plus MCPA ester or 

metribuzin plus the fungal isolate significantly improved growth suppression as 

compared to the herbicide treatments alone. Metribuzin plus the fungus was the most 

effective treatment, with 50 % greater fresh weight reduction and more consistent weed 

mortality than the herbicide alone. In these cases, interactions of the fungal isolate with 

herbicides were additive or synergistic. 
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Table 6.1 Effect of C. truncatum isolate 00-3Bl (7xl06 spores mr1
) and selected 

herbicides on mean fresh weight (g) of scentless chamomile at two leaf stages. 

Leaf 
Herbicide 

00-3B1 00-3B1 Expected Interaction b 
Stage Absent Present a Response b 

None 6.6 4.8** 

clodinafop 6.8 4.5** 4.9 Synergistic 
8-

2,4-D ester 2.9 2.1 2.1 Additive 
Leaf 

clopyralid + MCPA 1.7 1.1 1.2 Additive 

metribuzin 0.8 0.7 0.6 Additive 

None 10.7 9.1 ** 

clodinafop 10.7 7.8** 9.0 Synergistic 
11-

2,4-D ester 6.2 5.7 5.2 Additive 
Leaf 

clopyralid + MCPA 5.2 4.0** 4.4 Additive 

metribuzin 3.4 1.7** 2.9 Synergistic 
LSD(0.05) = 0.9 c 

a Comparisons between pathogen absent and present treatments are significantly 
different at P=0.05 (*)or P=0.01 (**)by t-test 

bBased on Colby's Method 
c LSD(0.05) for herbicide by pathogen by leaf stage applicable over all treatments 

within pathogen present and pathogen absent columns 

6.2.2 Isolate 99-21Al 

Herbicide, pathogen, leaf stage and pathogen by leaf stage interaction all had a 

significant impact on weed suppression. Little improvement in weed control occurred at 

the 8-leaf stage, where decreases in fresh weight due to the addition of the fungus to the 

herbicides were insignificant (Table 6.2). At the 11-leaf stage, significant improvement 

in weed control over the herbicide alone was noted for metribuzin and clodinafop plus 

the fungus. Metribuzin plus 99-21Al provided the greatest fresh weight reduction as 

compared to the pathogen or herbicide alone, but it was less efficacious than the 

herbicide plus isolate 00-3B 1. 
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Table 6.2 Effect of C. truncatum isolate 99-21A1 (7x106 spores mr1
) and selected 

herbicides on mean fresh weight (g) of scentless chamomile at two leaf stages. 

Leaf 
Stage 

8-
Leaf 

11-
Leaf 

Herbicide 

None 

clodinafop 

2,4-D ester 

clopyralid + MCP A 

metribuzin 

None 

clodinafop 

2,4-D ester 

clopyralid + MCPA 

99-21A1 
Absent 

7.9 

6.9 

3.6 

2.0 

1.2 

11.4 

11.8 

8.5 

5.5 

99-21A1 Expected Interaction b 
Present a Response b 

6.8 

6.1 5.9 Additive 

2.8 3.1 Additive 

1.8 1.7 Additive 

1.1 1.0 Additive 

9.9* 

9.4** 10.3 Synergistic 

7.4 7.4 Additive 

5.2 4.8 Additive 

metribuzin 6.7 4.2** 5.8 Synergistic 
LSD(0.05) = 1.2 c 

a Comparisons between pathogen absent and present treatments are significantly 
different at P=0.05 (*)or P=0.01 (**)by t-test 

bBased on Colby's Method 
c LSD(0.05) for herbicide by pathogen by leaf stage applicable over all treatments 
within pathogen present and pathogen absent columns 

6.2.3 Isolate 01-40 

Herbicide, pathogen, leaf stage and herbicide by leaf stage interaction were all 

significant by analysis of variance for isolate 01-40. The fungus-herbicide interaction 

was very similar to that involving isolate 00-3B1, with metribuzin plus the fungal isolate 

representing the most promising treatment for control of scentless chamomile at the 

11-leafstage (Table 6.3). Metribuzin plus isolate 01-40 increased efficacy by 50% 

when compared to the herbicide alone with more consistent weed mortality. Treatments 

of other herbicides plus the fungal isolate were variable depending on product and leaf 

stage, but were generally not an acceptable weed control option. 
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Table 6.3 Effect of C. truncatum isolate 01-40 (4x106 spores mr1
) and selected 

herbicides on mean fresh weight (g) of scentless chamomile at two leaf stages. 

Leaf 
Herbicide 01-40 01-40 Expected Interaction b 

Stage Absent Present a Response b 

None 7.6 6.3* 

clodinafop 7.1 5.4* 5.9 Synergistic 
8-

2,4-D ester 3.3 3.0 2.7 Additive 
Leaf 

clopyralid + MCPA 1.9 1.6 1.5 Additive 

metribuzin 1.3 0.8 1.1 Additive 

None 11.0 9.9 

clodinafop 11.0 9.3** 9.9 Additive 
11-

2,4-D ester 8.1 7.1 7.3 Additive 
Leaf 

clopyralid + MCPA 6.0 5.3 5.4 Additive 

metribuzin 4.4 2.1 ** 3.9 Synergistic 
LSD(0.05) = 1.3 c 

a Comparisons between pathogen absent and present treatments are significantly 
different at P=0.05 (*)or P=0.01 (**)by t-test 

b Based on Colby's Method 
c LSD(0.05) for herbicide by pathogen by leaf stage applicable over all treatments 
within pathogen present and pathogen absent columns 

6.2.4 Isolate 01-60 

Significant factors from the analysis of variance with isolate 01-60 were 

herbicide, pathogen, leaf stage and the interactions between herbicide and pathogen as 

well as herbicide by leaf stage. Isolate 01-60 alone (Table 6.4) reduced scentless 

chamomile fresh weight but showed more negative interactions with the herbicides. This 

isolate showed antagonism with clodinafop at the 8-leaf stage and with metribuzin at 

both leaf stages. The interaction between 2,4-D ester or clopyralid plus MCPA ester was 

slightly more positive with isolate 01-60, although the resulting efficacy was only 

marginally better. 
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Table 6.4 Effect of C. truncatum isolate 01-60 (4x106 spores mr1
) and selected 

herbicides on mean fresh weight (g) of scentless chamomile at two leaf stages. 

Leaf 
Herbicide 

01-60 01-60 Expected Interaction b 
Stage Absent Present a Response b 

None 6.9 4.6** 

clodinafop 7.0 5.1 ** 4.7 Antagonistic 
8-

2,4-D ester 3.4 2.5 2.3 Additive 
Leaf 

clopyralid + MCPA 2.2 1.7 1.4 Additive 

metribuzin 0.8 0.9 0.5 Antagonistic 

None 11.6 9.7** 

clodinafop 12.2 10.1** 10.2 Additive 
11-

2,4-D ester 8.6 7.3 7.2 Additive Leaf 
clopyralid + MCPA 6.3 4.9* 5.3 Additive 

metribuzin 2.7 2.8 2.2 Antagonistic 
LSD(0.05) = 1.4 c 

a Comparisons between pathogen absent and present treatments are significantly 
different at P=0.05 (*)or P=0.01 (**)by t-test 

b Based on Colby's Method 
c LSD(0.05) for herbicide by pathogen by leaf stage applicable over all treatments 

within pathogen present and pathogen absent columns 

6.2.5 Isolate 00-193C 

The significant factors from the analysis of variance were herbicide, pathogen, 

leaf stage and the interaction between herbicide and leaf stage, pathogen and leaf stage 

and with all three factors interacting together. Isolate 00-193C, with three times less 

than the targeted spore concentration, still exhibited weed suppression on 8-leaf stage 

scentless chamomile (Table 6.5). At the 11-leaf stage, this isolate was not effective 

alone but the tank mix with herbicides reduced fresh weight significantly as compared to 

every herbicide alone treatment. The interactions were considered synergistic except for 

2,4-D ester plus the pathogen. 
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Table 6.5 Effect of C. truncatum isolate 00-193C (2x106 spores mr1
) and selected 

herbicides on mean fresh weight (g) of scentless chamomile at two leaf stages. 

Leaf 
Stage 

8-
Leaf 

11-
Leaf 

Herbicide 

None 

clodinafop 

2,4-D ester 

clopyralid + MCPA 

metribuzin 

None 

clodinafop 

2,4-D ester 

clopyralid + MCPA 

00-193C 
Absent 

7.6 

7.1 

3.1 

1.9 

0.3 

12.1 

12.2 

8.6 

6.8 

00-193C Expected Interaction b 
Present a Response b 

5.4** 

5.5** 5.0 Antagonistic 

2.4 2.2 Additive 

1.3 1.3 Additive 

0.2 0.2 Additive 

11.2 

9.3** 11.3 Synergistic 

7.4* 7.9 Additive 

5.6* 6.3 Synergistic 

metribuzin 4.4 2.0** 4.1 Synergistic 
LSD(0.05) = 1.1 c 

a Comparisons between pathogen absent and present treatments are significantly 
different at P=0.05 (*)or P=O.Ol (**)by t-test 

b Based on Colby's Method 
c LSD(0.05) for herbicide by pathogen by leaf stage applicable over all treatments 

within pathogen present and pathogen absent columns 

6.2.6 Isolate 00-248Al 

Herbicide, pathogen and leaf stage were significant in the analysis of variance 

for the isolate 00-248Al. This pathogen strain was the least virulent of all isolates tested 

with insignificant effects on plants at even the 8-leaf stage (Table 6.6). Combinations of 

herbicide and pathogen did not improve weed control significantly for the majority of 

herbicides over both leaf stages except that the C. truncatumlclodinafop treatment at the 

8-leaf stage enhanced efficacy slightly. Even metribuzin plus the fungus did not enhance 

weed control significantly, which was quite different from all other isolates tested. 

Despite the marginally better performances, herbicide-fungal interactions were mostly 

characterized as additive or synergistic. 
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Table 6.6 Effect of C. truncatum isolate 00-248Al (2x106 spores mr1
) and selected 

herbicides on mean fresh weight (g) of scentless chamomile at two leaf stages. 

Leaf 
Herbicide 

00-248Al 00-248Al Expected Interaction b 
Stage Absent Present a Response b 

None 7.9 7.0 

clodinafop 7.3 5.9* 6.4 Synergistic 
8-

2,4-D ester 3.0 3.1 2.7 Antagonistic 
Leaf 

clopyralid + MCPA 2.2 2.0 1.9 Additive 

metribuzin 1.1 0.5 1.0 Synergistic 

None 11.4 11.2 

clodinafop 11.5 10.9 11.3 Additive 
11-

2,4-D ester 8.5 7.6 8.4 Synergistic 
Leaf 

clopyralid + MCPA 5.9 5.1 5.8 Synergistic 

metribuzin 5.6 5.5 5.5 Additive 
LSD(0.05) = 1.3 c 

a Comparisons between pathogen absent and present treatments are significantly 
different at P=0.05 (*)or P=0.01 (**)by t-test 

b Based on Colby's Method 
c LSD(0.05) for herbicide by pathogen by leaf stage applicable over all treatments 
within pathogen present and pathogen absent columns 

6.3 Discussion 

It is essential to test a wide range of isolates from populations of a potential 

bioherbicide for properties relevant to eventual field use (Auld and Say, 1999), 

including interactions with herbicides. Selection of a more effective strain would 

increase the potential success of a bioherbicide. TeBeest and Paine (1996) collected 

isolates of C. gloeosporioides f. sp. aeschynomene from natural populations of the 

pathogen at five locations in Arkansas. Two-hundred and fifty isolates were subjected to 

a DNA digest and two probes identified several multi-locus nuclear DNA genotypes 

among isolates within and between the five locations. This represents a potentially 

different genetic make-up within this bioherbicide species, and an opportunity for 

selecting a range of traits relating to biocontrol performance. 
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As for C. truncatum, isolate 00-3B1 performance in herbicide tank-mixes was 

consistent with previous experiments, where clodinafop and metribuzin plus the fungus 

provided increased growth suppression of scentless chamomile as compared to the 

herbicides or the fungus, but metribuzin plus the fungus resulted in the most effective 

weed control with more consistent plant mortality. Clopyralid plus MCPA ester and 

2,4-D ester occasionally improved weed control but in most cases decreased fresh 

weight only slightly in a tank-mix application. The efficacy of several isolates was 

similar to that of isolate 00-3B 1 but a caution may be required in interpretation because 

the spore dose applied varied among the isolates. Greater improvement occurred at the 

11-leaf stage, especially with metribuzin plus pathogen treatments that generally 

ensured weed mortality. There were also slight differences among the isolates, which 

might be affected by different rates applied and potential variation in virulence. 

Isolates 99-21A1 and 01-40 were similar in response to tank-mixes with 

herbicides, where clodinafop and metribuzin were the most synergistic tank mixes and 

caused the greatest increases in weed control as compared to the herbicide alone at the 

11-leaf stage. Both isolates showed little effect when applied in combination with 

herbicides at the 8-leaf stage. Isolate 01-60 was fairly efficacious, even at a reduced 

pathogen dose as compared to 00-3B 1. Clodinafop and clopyralid plus MCPA ester in 

addition to isolate 01-60 improved weed control as compared to the herbicides alone at 

the 11-leaf stage but metribuzin plus the pathogen did not, most likely due to the high 

efficacy of the herbicide alone in this group of trials. Isolate 00-193C, like 99-21A1 and 

01-40, resulted in little improvement in weed control at the 8-leaf stage. On the other 

hand, significant improvements occurred at the 11-leaf stage with this isolate. This 
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enhancement may be due to the reduced efficacy of this isolate on the more advanced 

scentless chamomile, allowing for a more synergistic response with the herbicides. 

Isolate 00-248A1 appeared to be much less efficacious as a weed-suppressing agent. In 

repeated trials, it caused only marginal reduction of fresh weight on scentless 

chamomile at both the 8-leaf and 11-leaf growth stages, despite visible disease 

symptoms on the foliage. The co-application of this isolate with herbicides did not 

improve weed control as compared to the herbicides applied alone. 

For acceptable weed control, metribuzin plus 00-3B1, 01-40 or 00-193C appear 

to be more effective combinations resulting in a synergistic interaction of the herbicide 

and fungus. Isolate 00-193C showed a slight advantage due to a possible reduced dew 

requirement for infection (Peng and Bailey, 2002) and synergy with metribuzin at lower 

fungal rates. Further assessment of these isolates using similar fungal rates is necessary 

for final selection of the most suitable candidate. 

The difference among the C. truncatum isolates appeared to be small in terms of 

interactions with herbicides, and no single isolate exhibited clear superiority over isolate 

00-3B 1. It is not uncommon for a wide range of isolates to be quite similar in a few 

biological traits. Fargues et al (1997) found no relationship between geoclimatic origin 

of Beauveria bassiana (Balsamo) Vuillemin in threshold temperatures and relative 

growth rates at different temperatures. Colletotrichum gloeosporioides f.sp. malvae 

isolates from one Manitoba and six Saskatchewan locations were all found to be 

pathogenic on round-leaved mallow at the 4-6leaf stage with no significant differences 

in virulence (Mortensen, 1988). Auld and Say (1999) collected isolates of C. orbiculare 

from Argentina under different environments ranging from arid to moist. However, in 
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terms of pathogenicity, vegetative growth rate and spore production in vitro, no isolate 

was superior to a selected Australian strain that had been used for biological control of 

Xanthium spinosum. It needs to be recognized that the number of C. truncatum isolates 

evaluated in this study is quite small, representing only limited geographic and 

environmental variation. However, the similarity in herbicide response among several 

isolates of C. truncatum allows for selection of a suitable candidate based on additional 

traits, such as spore production or environmental requirements. 

6.4 Conclusions 

There were no major differences in the interactions between herbicide and 

pathogen isolates. Most were similar to the original 00-3B 1 isolate, where metribuzin 

and clodinafop were consistently the most synergistic partners in tank mixes with the 

pathogen strains. For acceptable weed control, metribuzin plus 00-3B1, 01-40 or 

00-193C are more effective tank-mix choices. The interaction between 00-193C and 

metribuzin resulted in high efficacy, even with a reduced pathogen dose. This 

relationship may warrant further exploration. In terms of herbicide interaction, no single 

isolate showed clear improvement over isolate 00-3B 1. 
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7.0 GENERAL DISCUSSION 

To determine the potential of a bioherbicide, factors important to microbial 

infection and disease development must be examined (Makowski and Mortensen, 1989). 

The ideal dew temperature for infection by C. truncatum is between 20 and 25 °C, and 

that range of temperature occurs infrequently at night in most prairie regions 

(Environment Canada, 1993). For maximum impact on the weed by the fungus, a spore 

dose of at least 7.5x106 spores mL-1 will be required. At the spray volume of200 L ha-1
, 

this dose would represent a field application rate of 1.5xl08 spores m-2
, which is similar 

to doses used with other Colletotrichum bioherbicides (Templeton, 1986; Mortensen and 

Makowski, 1989). Post-inoculation temperatures ranging from 18110 °C to 20/17 °C are 

favourable to disease development, while a 30117 °C temperature regime may severely 

hamper disease development. At a typical field application time in Saskatchewan, the 

average day/night temperatures fluctuate between 18/5 °C and 23/10 °C (Fung et al., 

1999), therefore conditions for disease development are normally favourable after 

infection takes place. 

Fresh weight reduction in scentless chamomile from a broadcast application of 

C. truncatum under these conditions would be 20 to 50%, which is much lower than 

that obtained after airbrush inoculation to run-off in an initial assessment (Peng and 

Bailey, 2002) and would be far from acceptable in the field. There are limited choices of 

herbicides for scentless chamomile control (Saskatchewan Agriculture and Food, 2002) 
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but plants beyond the 4-leaf stage generally cannot be controlled effectively at crop

tolerant rates (Bowes et al., 1994). One potential method to improve scentless 

chamomile control is the co-application of the biological control agent with herbicides. 

To ensure the effectiveness of co-application, the two components have to be 

compatible. For C. truncatum, most herbicides tested in the present study at full label 

rate significantly reduced spore germination in vitro after 10 hr but this impact appeared 

to be temporary, as percent germination was not affected after 24 hr. The compatibility 

of the herbicide and pathogen on agar plates provides preliminary indications of 

compatibility but it is necessary to follow with tests on plant hosts. It is possible that an 

antagonistic effect is less severe on plants where absorption and translocation occur 

actively (Zhang et al., 2003), thereby relieving the inhibitory nature of the herbicide to 

the pathogen. A temporary delay in spore germination may act to lengthen the time 

required for completion of fungal penetration and infection, which could be a problem 

as dew periods are typically short on the prairies. 

The nature of fungal/herbicide interactions on scentless chamomile depends on 

the efficacy of the chemical, with less effective products more likely exhibiting synergy 

with the fungus. Similarly, reduced herbicide rates frequently resulted in synergistic 

interactions with the fungus but the level of weed control was commonly below 60 %. 

Although significant enhancement of suppression of scentless chamomile occurred with 

a range of herbicides plus the fungus, realistic tank-mix options providing sufficient 

control were limited to only clopyralid plus MCPA ester plus the fungus at the 8-leaf 

stage and metribuzin plus the pathogen at the 11-leaf stage. Many herbicides were non

synergistic or even antagonistic and therefore were less suitable tank mix partners when 
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co-applied with the pathogen. There was no strong association of synergy with herbicide 

group, so any potential herbicide tank mixes with the fungus must be tested on a case

by-case basis. 

In the field, a wide range of weed growth stages may be present. Growth 

reduction from both herbicide and pathogen was greater on younger plants of scentless 

chamomile. Synergy was expressed more readily at the 11-leaf stage, likely due to 

reduced pathogen and herbicide performance on older plants. This synergy can provide 

more flexibility to growers in terms of the application window. The herbicide could be 

applied alone in a situation where only young scentless chamomile plants are prevalent 

but combinations would be an option when older weed stages are present. Metribuzin 

plus the fungus is a perfect example of this situation, where metribuzin alone is 

sufficient at the 8-leaf stage, but the herbicide effect at the 11-leaf stage is compromised 

to a level at which only the addition of the pathogen ensures weed mortality in the 

greenhouse. 

Mixtures of chemicals are commonly applied in the field, saving time and money 

for producers (Hatzios and Penner, 1985). The ability of a biocontrol agent to be tank 

mixed with multiple chemicals simultaneously would be beneficial from a commercial 

standpoint. The addition of clodinafop to 2,4-D ester or clopyralid plus MCPA ester did 

not negatively affect synergy with the fungus or weed control. Therefore, it is possible 

to tank mix these herbicides with C. truncatum for broad spectrum weed control in field 

applications, especially in small-grain cereal crops. 

Increasing pathogen dose generally increases weed suppression regardless of the 

presence or absence of a herbicide but this benefit declines rapidly at higher pathogen 
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doses and there is an economic limitation to use of extremely high doses of fungal 

inoculum. Synergy of pathogens and herbicides may help reduce pathogen dose required 

(Hoagland, 1996) and effective control of scentless chamomile will depend on the 

herbicide used and, to a lesser extent, pathogen dose. Herbicides may interact quite 

variably in response to different C. truncatum doses. Clodinafop improved pathogen 

performance at lower fungal doses, but not to a level where weed suppression was 

acceptable. 2,4-D ester or clopyralid plus MCPA ester showed improved efficacy at 

higher pathogen doses while metribuzin plus the pathogen at an intermediate dose 

ensured effective control of scentless chamomile. Much like the response to leaf stage, 

the interaction of herbicides with C. truncatum dose is a herbicide-dependent reaction. 

Overall, there were no major differences in herbicide interaction among the 

pathogen isolates tested. Most were similar to the original 00-3B 1 isolate, where 

metribuzin and clodinafop were consistently more synergistic with the pathogen than 

other herbicides but only co-application of metribuzin with the pathogen achieved 

effective weed control on older scentless chamomile plants. Isolate 00-193C, at lower 

fungal inoculum doses, achieved similar levels of synergy and weed control as isolate 

00-3Bl. There is a possibility that isolate 00-193C is a slightly more efficacious strain, 

but the inability to produce sufficient spores hindered a more detailed comparison with 

isolate 00-3B 1. 

Testing conditions used in this experiment did not mimic typical field scenarios 

on the prairies. Growth chamber post-inoculation conditions generally produced more 

severe disease than the greenhouse conditions, most likely due to more favourable 

lighting and humidity in the growth chamber. Host resistance responses and disease 
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epidemiology can be different under artificial conditions where secondary disease cycles 

do not occur because of a lack of rain dispersal of pathogen spores and/or repeated dew 

conditions. These cycles may be important for some bioherbicide organisms to perform 

in the field (Wymore et al., 1988). For resistance response, Foolad et al. (2000) found 

that field and greenhouse results were more comparable across replications and years 

when testing tomato germplasm for Alternaria so/ani (Ellis & Martin) Jones & Grout. 

resistance while results from a detached leaf assay in the growth chamber were less 

correlated. 

A bioherbicide depends on having adequate moisture present for a sufficient 

length of time to promote and sustain its germination and growth on the target until it 

has penetrated and infected the host (Greaves et al., 2000). Ideally, spore germination 

and host penetration occur shortly after inoculation. However, for most fungal 

pathogens, the duration of dew and dew temperature have a significant influence on this 

infection process (Agrios, 1997). For C. truncatum, a dew temperature close to 25 °C is 

optimal for infection of scentless chamomile. Early during the growing season, typical 

weather on the prairies is cool and dry (Fung et al., 1999) with daily temperatures 

fluctuating between 5 and 23 °C (Environment Canada, 1993) and this may act as a 

selection factor for fitting weed species or biotypes and pathogen strains. A 24-hour dew 

period, used throughout this study, is not the norm in Saskatchewan. Average dew 

periods in the field can be quite variable and a major step forward for this research 

would be a further study under field conditions to verify greenhouse results. The 

potential for extreme variations in post-application conditions represents a major 
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challenge. Expectations of consistent weed control may not be realistic unless 

significant improvements in formulation and application are made (Green et al., 1998). 

Formulation represents a key step before field application. Bioherbicide 

formulation is the blending of microbial propagules with a carrier and often other 

adjuvants to produce a form which can be effectively delivered to the target weed 

(Green et al., 1998). Formulations must be compatible with standard application 

equipment, economically practical and environmentally safe. Most laboratory 

assessments ofbioherbicides use organisms in the simplest possible way, usually 

applied in aqueous solution or suspended in a basic surfactant (Greaves et al., 2000). 

Formulation shortcomings are often compensated for by increasing inoculum 

concentration and/or dew periods. Before C. truncatum can be considered for field 

application, a formulation must be developed to deal with the relatively long dew 

requirement for infection (Peng and Bailey, 2002). Various adjuvants have been 

included in bioherbicides to improve or modify propagule germination, pathogen 

virulence or environmental requirements of the agent (Womack and Burge, 1993). A 

potential improvement is the use of emulsions. Egley and Boyette ( 1995) showed an 

invert emulsion increased the germination of C. truncatum under low and high humidity 

and the emulsion maintained viability of conidia after application to hemp sesbania. 

Greaves et al. (2000) reported that the use of a humectent, a water-holding compound, 

with a skinning agent that reduced evaporative losses, improved control of 

Chenopodium album by Ascochyta caulina. Shabana et al. (1997) suggested that the 

addition of eight hydrophilic polymer gels to Alternaria cassiae and A. eichhorniae 

99 



suspensions enabled fungal propagules to remain moist for an extended period of time to 

improve germination and infection. 

There are few strains of C. truncatum that have all the desirable characteristics of 

a bioherbicide and there is little difference between the isolates evaluated. Minimum 

variation among bioherbicide isolates is not uncommon (Fargues et al., 1997; 

Mortensen, 1988; Auld and Say, 1999). Strain selection from natural variants, classical 

genetic manipulations or mutagenesis provides a means of continuing improvement 

(Stowell, 1991 ). Strategies for selection may include investigations into pathogenicity, 

selectivity, competitiveness, survival, containment and dispersal (Kennedy, 1996). A 

major research challenge is to understand the host-parasite interaction at the molecular 

level (Templeton and Heiny, 1990), and be able to manipulate critical traits more 

precisely. A common method is to incorporate genes from within the species of interest. 

The enzymes cutinase, pectin lyase and polygalactaronase have been found to operate 

during infection, colonization and symptom development by Colletotrichum species 

(O'Connell et al., 1985). Goodwin (2001) discovered the fungal genes encoding for 

pectinase, catalase and protein kinase in C. gloeosporioides f.sp. malvae, which may 

enable scientists to develop biocontrol agents with improved expression of these genes. 

Inter-specific transformations are also possible. Amsellem et al. (2002) 

incorporated an NEP1 gene, responsible for a potent phytotoxin, from a Fusarium 

isolate into C. coccodes to improve control of Abutilon theophrasti. The transformation 

of C. gloeosporioides f.sp. aeschynomene with a bacterial gene for resistance to 

bialaphos, a natural herbicide, did not alter the pathogenicity of the fungus and weed 

control with the modified strain plus bialaphos being significantly better than either 
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component alone (Brooker et al., 1996). Strain improvement using genetic tools can be 

an addition to commonly used strain selection from natural populations. Any agent with 

manipulated genetics would have to be stable and undergo extensive testing before 

being approved for release and use. 

If C. truncatum is to be developed as a commercial product, legislation and 

economics will have to be taken into account. Inundative biological control is regulated 

on a continuing basis under the Pest Control Products Act (Harris, 1993). For 

bioherbicides to be registered in Canada, a number of basic safety concerns need to be 

addressed through experimentation under controlled conditions and in the field 

(Makowski, 1995) along with an assurance of product efficacy (Makowski and 

Mortensen, 1989). The C. truncatum strain itself would face a registration process, along 

with any potential tank mixes with herbicides. Several efficacious bioherbicides have 

not been developed for commercial use by industry because of limited market potential 

(Charudattan, 1990; Templeton, 1982). Existing commercial bioherbicides are all used 

on a small local or regional scale, with a market value estimated at $200,000 to 

$500,000 per agent per year (Charudattan, 2001). To be acceptable to the producer and 

industry, any pest control product including a bioherbicide, must provide economic 

returns (Altman et al., 1990). The cost of developing a bioherbicide has been estimated 

at $3 million (Mortensen, 1996) whereas a chemical pesticide normally costs 

approximately $100 million. Even though the development is less expensive than 

chemical herbicides, 1 0-15 years are required for cost recovery of bioherbicides because 

of smaller markets, rather than the four years desired by most companies (Harris, 1993). 

The most likely application of a bioherbicide will occur in a niche market where other 
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weed control options are either not available or economic returns cannot justify the 

development and regulatory costs. 

One potential solution to these problems would be the development of public 

good biological control technologies. This would require public pressure and legislative 

changes. Multiple levels of government would have to act collectively to provide the 

leadership if biocontrol is to be implemented as a component of integrated pest 

management and environmental stewardship. Many preliminary developments may have 

to be supported through public funding, and technology transfer can be on a cost

recovery basis through existing extension systems, such as the Noxious Weed Program 

in Saskatchewan, which may act as a linkage between industry and farmers. Production 

may be contracted on a made to order basis, much like the system used for Phytophthora 

palmivora for biocontrol of stranglervine in Florida orchards (Kenney, 1986). Due to 

limited market size, C. truncatum will have to be developed under a different paradigm 

from conventional herbicide products, but this pathogen could potentially offer a benefit 

to effective control of scentless chamomile while being benign to the environment. 
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Appendix A. Herbicides used in the test of compatibility with Colletotrichum truncatum. 

Group Trade Name Common Name Chemical Name Manufacturer 

Horizon 
clodinafop-

2-propynyl-(R)-2-[ 4-( 5-chloro-3-flu oro-2-pyridy loxy )-phenoxy ]-propionate Syngenta 
propargyl 

Achieve tralkoxydim 2-cyclohexen-[ l-one,2-] 1-( ethoxyimino )propyl]-3-hydroxy-5-(2,4,6-trimethylphenyl)-(9CI)) Syngenta 

Puma Super fenoxaprop-p-ethyl (± )-2-[ 4-[ ( 6-chloro-2-benzoxazolyl)oxy ]phenoxy ]propanoic acid Bayer CropScience 

Assure II quizalofop-p-ethyl (± )-2-[ 4-[( 6-chloro-2-quinoxaliny;)oxy]phenoxy ]propanoic acid DuPont 

Poast Ultra sethoxydim 2-[ 1-ethoxyimino )butyl]-5-[2-( ethylthio )propyl]-3-hydroxy-2-cyclohexen-1-one BASF 

2 Refine Extra 
thifensulfuron+ 3-[[[[( 4-methoxy-6-methyl-1 ,3 ,5-triazin-2-yl)amino ]carbonyl]amino ]sulfonyl]-2-thiophenecarboxylic acid + DuPont 
tribenuron 2-[[[[ ( 4-methoxy-6-methyl-1 ,3 ,5-triazin-2-yl)methylamino ]carbonyl]amino ]sulfonyl]benzoic acid 

2 EF 1343 florasulam N-(2,6-difluorophenyl)-8-fluoro-5-methoxy[ 1 ,2,4 ]triazolo[ l ,5-c ]pyrimidine-2-sulfonamide Dow AgroSciences 

2 Ally metsulfuron 2-[[[[( 4-methoxy-6-methyl-1,3 ,5-triazin-2-yl)amino ]carbonyl]amino ]sulfonyl]benzoic acid DuPont 
1--' 

imazethapyr BASF 1--' 2 Pursuit 2-[ 4 ,5-dihydro-4-methyl-4-( 1-methylethyl)-5-oxo-1 H-imidazol-2-yl]-5-ethyl-3 -pyridinecarboxylic acid 
VI 

4 2,4-D Ester 2,4-D Ester iso-octyl ester of (2,4-dichlorophenoxy) acetic acid Various 

4 2,4-D Amine 2,4-D Amine dimethyl amine salt of of(2,4-dichlorophenoxy) acetic acid Various 

4 MCPA Ester MCPA Ester ester of ( 4-chloro-2-methylphenoxy) acetic acid Various 

4 Lontrel clopyralid 3,6-dichloro-2-pyridinecarboxylic acid Dow AgroSciences 

4 Banvel II dicamba 3,6-dichloro-2-methoxybenzoic acid BASF 

5 Sencor metribuzin 4-amino-6-( 1, 1-dimethylethyl)-3-(methylthio )-1 ,2,4-triazin-5( 4H)-one Bayer CropScience 

6 Pardner bromoxynil 3 .5-dibromo-4-hydroxybenzonitrile Bayer CropScience 

6 Basagran bentazon 3-( 1-methylethyl)-( 1 H)-2, 1 ,3-benzothiadiazin-4(3H)-one 2,2-dioxide BASF 

9 Round-up glyphosate N-(phosphonomethyl)glycine Monsanto 

10 Liberty glufosinate 2-amino-4-(hydroxymethylphosphinyl)butanoic acid Bayer CropScience 

Adapted from Saskatchewan Agriculture and Food, 2002; Mallory-Smith and Retziner, 2003 
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Appendix B. Adjuvants used in the test of compatibility with Colletotrichum truncatum. 

Trade Herbicide 
Name Partner Formulation Blend Manufacturer 

Tween 80 All herbicides Polyoxyethylene (20) sorbitan mono-oleate Fisher Scientific 

Score clodinafop 17% surfactant blend+ 83% petroleum hydrocarbon blend Syngenta 

Turbocharge tralkoxydim 50% petroleum hydrocarbon oil + 40% emulsifier blend + 10 % low molecular weight alcohol solvent Syngenta 

Sure-mix quizalofop 60% paraffinic petroleum oil+ 35% surfactant blend DuPont 

Merge sethoxydim Mixture - proprietary BASF 

Assist bentazon 83% mineral oil+ 17% surfactant blend BASF 

Agral90 imazethapyr 90% Nonylphenoxy polyethoxy ethanol Various 

Adapted from Saskatchewan Agriculture and Food, 2002 



Appendix C. ANOV A tables. 

Appendix C.l Analysis of variance of scentless chamomile fresh weight in two post
inoculation conditions and six pathogen doses corresponding to results reported on page 
38. 

Source DF MS F-value p-value 

Block 1 15.56 66.16 0.078 

Post-Inoculation Condition (PIC) 1 1.26 5.35 0.260 

Error a 1 0.24 

Pathogen Dose (PD) 5 20.01 17.04 0.000 

PIC x PD 5 0.26 0.22 0.953 

Error b 130 1.17 

Appendix C.2 Analysis of variance of percent C. truncatum spore germination for 39 
chemical treatments and two exposure times corresponding to results reported on pages 
49-50. 

Source DF MS F-value p-value 

Chemical Treatment 38 2868 35.98 0.000 

Timing 1 217970 2734.09 0.000 

Chemical x Timing 38 585 7.34 0.000 

Error 390 80 

Appendix C.3 Analysis of variance of scentless chamomile fresh weight for the initial 
herbicide screen corresponding to results reported on page 52. 

Source DF MS F-value p-value 

Herbicide Treatment 10 40.70 33.40 0.000 

Pathogen Presence 1 87.17 71.54 0.000 

Herbicide x Pathogen 10 7.19 5.90 0.000 

Error 154 1.22 

Appendix C.4 Analysis of variance of scentless chamomile fresh weight for the 
Group 1 herbicide screen corresponding to results reported on page 53. 

Source DF MS F-value p-value 

Herbicide Treatment 10 4.72 2.64 0.005 

Pathogen Presence 1 209.23 116.97 0.000 

Herbicide x Pathogen 10 3.96 2.21 0.020 

Error 154 1.79 
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Appendix C.5 Analysis of variance of scentless chamomile fresh weight for the 
Group 4 herbicide screen corresponding to results reported on page 54. 

Source DF MS F-value p-value 

Herbicide Treatment 10 24.92 25.06 0.000 

Pathogen Presence 1 149.41 150.24 0.000 

Herbicide x Pathogen 10 3.28 3.29 0.001 

Error 154 0.99 

Appendix C.6 Analysis of variance of scentless chamomile fresh weight with variable 
combinations of2,4-D ester and C. truncatum corresponding to results reported on page 
66. 

Source DF MS F-value p-value 

Herbicide Presence (H) 1 365.04 93.33 0.000 

Pathogen Presence (P) 1 62.83 16.06 0.000 

Leaf Stage (L) 1 698.63 178.86 0.000 

HxP 1 0.02 0.01 0.939 

HxL 1 3.47 0.89 0.348 

PxL 1 8.26 2.11 0.149 

HxPxL 1 4.65 1.19 0.278 

Error 120 3.91 

Appendix C. 7 Analysis of variance of scentless chamomile fresh weight with variable 
herbicide combinations of clodinafop plus 2,4-D ester and C. truncatum corresponding 
to results reported on page 68. 

Source DF MS F-value p-value 

Herbicide Presence (H) 1 578.00 271.46 0.000 

Pathogen Presence (P) 1 80.01 37.58 0.000 

Leaf Stage (L) 1 632.79 297.20 0.000 

HxP 1 0.06 0.03 0.861 

HxL 1 20.77 9.75 0.002 

PxL 1 4.37 2.05 0.155 

HxPxL 1 0.14 0.06 0.800 

Error 120 2.13 
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Appendix C.S Analysis of variance of scentless chamomile fresh weight with variable 
herbicide combinations of clopyralid plus MCP A ester and C. truncatum corresponding 
to results reported on page 69. 

Source DF MS F-value p-value 

Herbicide Presence (H) 1 721.50 386.70 0.000 

Pathogen Presence (P) 1 86.22 46.21 0.000 

Leaf Stage (L) 1 281.47 150.86 0.000 

HxP 1 10.00 5.36 0.023 

HxL 1 18.57 9.95 0.002 

PxL 1 3.18 1.70 0.195 

HxPxL 1 1.06 0.57 0.453 

Error 88 1.87 

Appendix C.9 Analysis of variance of scentless chamomile fresh weight with variable 
herbicide combinations of clodinafop plus clopyralid plus MCPA ester and C. truncatum 
corresponding to results reported on page 70. 

Source DF MS F-value p-value 

Herbicide Presence (H) 1 681.28 256.78 0.000 

Pathogen Presence (P) 1 53.55 20.18 0.000 

Leaf Stage (L) 1 336.23 126.72 0.000 

HxP 1 5.81 2.19 0.142 

HxL 1 0.32 0.12 0.731 

PxL 1 2.67 1.01 0.318 

HxPxL 1 3.58 1.35 0.249 

Error 88 2.65 

Appendix C.lO Analysis of variance of scentless chamomile fresh weight with variable 
herbicide combinations of metribuzin and C. truncatum corresponding to results 
reported on page 71. 

Source DF MS F-value p-value 

Herbicide Presence (H) 1 1493.72 464.03 0.000 

Pathogen Presence (P) 1 58.24 18.09 0.000 

Leaf Stage (L) 1 523.83 162.73 0.000 

HxP 1 12.71 3.95 0.049 

HxL 1 17.04 5.29 0.023 

PxL 1 7.73 2.40 0.124 

HxPxL 1 0.79 0.25 0.621 

Error 120 3.22 
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Appendix C.ll Analysis of variance of scentless chamomile fresh weight with variable 
herbicide combinations of bentazon and C. truncatum corresponding to results reported 
on page 71. 

Source DF MS F-value p-value 

Herbicide Presence (H) 1 1736.89 1458.58 0.000 

Pathogen Presence (P) 1 31.49 26.44 0.000 

Leaf Stage (L) 1 190.13 159.65 0.000 

HxP 1 30.58 25.68 0.000 

HxL 1 144.40 121.26 0.000 

PxL 1 0.96 0.80 0.373 

HxPxL 1 1.25 1.05 0.309 

Error 88 1.19 

Appendix C.12 Analysis of variance of scentless chamomile fresh weight with 
clodinafop and variable pathogen concentrations corresponding to results reported on 
page 72. 

Source DF MS F-value p-value 

Pathogen Dose (P) 3 139.74 74.39 0.000 

Herbicide Presence (H) 1 0.79 0.42 0.518 

Leaf Stage (L) 1 764.72 407.08 0.000 

PxH 3 6.91 3.68 0.013 

PxL 3 0.99 0.53 0.665 

HxL 1 0.01 0.00 0.952 

PxHxL 3 0.99 0.53 0.666 

Error 176 1.88 

Appendix C.13 Analysis of variance of scentless chamomile fresh weight with 2,4-D 
ester and variable pathogen concentrations corresponding to results reported on page 73. 

Source DF MS F-value p-value 

Pathogen Dose (P) 3 31.74 21.86 0.000 

Herbicide Presence (H) 1 209.41 144.23 0.000 

Leaf Stage (L) 1 342.43 235.85 0.000 

PxH 3 4.39 3.02 0.033 

PxL 3 1.44 0.99 0.399 

HxL 1 0.10 0.07 0.790 

PxHxL 3 0.21 0.14 0.933 

Error 112 1.45 
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Appendix C.14 Analysis of variance of scentless chamomile fresh weight with 
clopyralid plus MCP A ester and variable pathogen concentrations corresponding to 
results reported on page 7 4. 

Source DF MS F-value p-value 

Pathogen Dose (P) 3 69.38 64.44 0.000 

Herbicide Presence (H) 1 402.71 374.06 0.000 

Leaf Stage (L) 1 258.78 240.37 0.000 

PxH 3 7.82 7.27 0.000 

PxL 3 3.87 3.60 0.016 

HxL 1 0.89 0.83 0.365 

PxHxL 3 0.85 0.79 0.503 

Error 112 1.08 

Appendix C.15 Analysis of variance of scentless chamomile fresh weight with 
metribuzin and variable pathogen concentrations corresponding to results reported on 
page 75. 

Source DF MS F-value p-value 

Pathogen Dose (P) 3 20.71 8.64 0.000 

Herbicide Presence (H) 1 1235.05 514.90 0.000 

Leaf Stage (L) 1 401.44 167.36 0.000 

PxH 3 3.35 1.40 0.247 

PxL 3 1.53 0.64 0.591 

HxL 1 0.00 0.00 0.995 

PxHxL 3 4.48 1.87 0.139 

Error 112 2.40 

Appendix C.16 Analysis of variance of scentless chamomile fresh weight with 
herbicide mixtures and isolate 00-3B1 corresponding to results reported on page 85. 

Source DF MS F-value p-value 

Herbicide Treatment (H) 4 352.40 258.88 0.000 

Pathogen Presence (P) 1 109.49 80.43 0.000 

Leaf Stage (L) 1 629.92 462.75 0.000 

HxP 4 7.91 5.81 0.000 

HxL 4 9.41 6.91 0.000 

PxL 1 3.50 2.57 0.110 

HxPxL 4 1.84 1.35 0.252 

Error 220 1.36 
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Appendix C.17 Analysis of variance of scentless chamomile fresh weight with 
herbicide mixtures and isolate 99-21A1 corresponding to results reported on page 86. 

Source DF MS F-value p-value 

Herbicide Treatment (H) 4 347.39 152.14 0.000 

Pathogen Presence (P) 1 70.66 30.94 0.000 

Leaf Stage (L) 1 949.39 415.79 0.000 

HxP 4 3.19 1.40 0.236 

HxL 4 4.51 1.98 0.099 

PxL 1 14.34 6.28 0.013 

HxPxL 4 2.95 1.29 0.273 

Error 220 2.28 

Appendix C.18 Analysis of variance of scentless chamomile fresh weight with 
herbicide mixtures and isolate 01-40 corresponding to results reported on page 87. 

Source DF MS F-value p-value 

Herbicide Treatment (H) 4 386.83 152.45 0.000 

Pathogen Presence (P) 1 68.07 26.83 0.000 

Leaf Stage (L) 1 765.62 301.73 0.000 

HxP 4 30.08 1.22 0.305 

HxL 4 8.86 3.49 0.009 

PxL 1 4.41 1.74 0.189 

HxPxL 4 1.84 0.73 0.574 

Error 220 2.54 

Appendix C.19 Analysis of variance of scentless chamomile fresh weight with 
herbicide mixtures and isolate 01-60 corresponding to results reported on page 88. 

Source DF MS F-value p-value 

Herbicide Treatment (H) 4 402.69 142.38 0.000 

Pathogen Presence (P) 1 84.21 29.77 0.000 

Leaf Stage (L) 1 1017.80 359.86 0.000 

HxP 4 10.13 3.58 0.008 

HxL 4 22.74 8.04 0.000 

PxL 1 0.67 0.24 0.628 

HxPxL 4 0.81 0.29 0.887 

Error 220 2.83 
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Appendix C.20 Analysis of variance of scentless chamomile fresh weight with 
herbicide mixtures and isolate 00-193C corresponding to results reported on page 89. 

Source DF MS F-value p-value 

Herbicide Treatment (H) 4 464.69 242.47 0.000 

Pathogen Presence (P) 1 115.04 60.03 0.000 

Leaf Stage (L) 1 1218.42 635.77 0.000 

HxP 4 3.70 1.93 0.107 

HxL 4 10.25 5.35 0.000 

PxL 1 7.66 4.00 0.047 

HxPxL 4 5.73 2.99 0.020 

Error 220 1.92 

Appendix C.21 Analysis of variance of scentless chamomile fresh weight with 
herbicide mixtures and isolate 00-248A1 corresponding to results reported on page 90. 

Source DF MS F-value p-value 

Herbicide Treatment (H) 4 386.38 150.18 0.000 

Pathogen Presence (P) 1 18.39 7.15 0.008 

Leaf Stage (L) 1 1134.31 440.90 0.000 

HxP 4 0.90 0.35 0.843 

HxL 4 5.33 2.07 0.086 

PxL 1 0.07 0.03 0.872 

HxPxL 4 1.91 0.74 0.565 

Error 220 2.57 
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