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Figure 4.3 Mean number of Trichoderma harzianum C52 colony forming units per gram ofrhizosphere soil for selected treatments recorded at 

weekly intervals, field trial. Error bars = ± standard errors. Arrows indicate when the Trichoflow applications were applied. 



4.7.3 Soil moisture, temperature and onion white rot disease data 

The soil moisture ranged from 13.2 to 22.4% (Fig. 4.4). Three episodes of rainfall or 

irrigation increased soil moisture to greater than 20% at weeks 7, 10 and 13 after 

planting (Fig. 4.4). 
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The mean monthly soil temperature 10 cm deep in the soil was 10.8, 12.8, 14.8, 15.3, 

15.2 and 13.6°C for October, November, December, January, February, March (1999 -

2000), respectively. 

Onion white rot disease was initiated 5 weeks after planting in all treatments when the 

onion crop was at the 1 - 2 true leaf stage (Fig. 4.4). There was no significant difference 

(P ::; 0.05) in the number of diseased plants between the T. harzianum treatments and the 

pathogen and fungicide controls. The progression of disease was similar for all 

treatments. The level of disease remained low from week 5 until week 14. From week 

15, following bulb initiation, the numbers of diseased plants increased for all treatments 

and there was no significant difference (P::; 0.05) in the number of diseased plants 

between the treatments (Fig 4.4). At trial completion, the number of diseased plants 

ranged from 52% (fungicide control) to 90% (Trichodry) (Fig. 4.4). 

4.7.4 The use ofUP-PCR to identify Trichoderma harzianum 

The band profiles for the colonies selected to represent weeks 0, 12 and 19 are shown in 

Fig. 4.5. At week 0, while all 6 colonies were morphologically identified as T. 

harzianum C52, UP-PCR generated band profiles for colonies 537 and 434 (Lanes 3 and 

6, Fig. 4.5) that differed to that of T. harzianum C52 (Lane 17, Fig. 4.5). The remaining 

4 isolates shared a band profile identical to that of T. harzianum C52 reference isolate. 

At 12 and 19 weeks after planting, all of the colonies sampled were confirmed as T. 

harzianum C52 (Fig. 4.5). The ~ 1300 bp band present in lanes 12 and 13 (Fig 4.5) has 

been observed in the T. harzianum C52 reference isolate and is variably amplified in 

samples with the C52 band profile. This variable amplification is probably the result of 

minor changes in reaction conditions such as DNA purity or concentration. 
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Figure 4.5 UP-PCR band profiles for Trichoderma harzianum colonies recovered 

from rhizosphere soil generated with primer L45 and separated on a 

1.5% agarose gel. Lane (1) 174, (2) 514, (3) 537, (4) T384, (5) T512, (6) 

434, (7) 5666, (8) 175, (9) T222, (10) 264, (11) 445, (12) 235, (13) 325, 

(14) 264, (15) 434, (16) 384, (17) C52 reference, (M) I Kb DNA ladder. 

Lanes 1 - 6 = week zero samples, lanes 7 - 11 = week 12 samples and 

lanes 12 - 16 = week 19 samples. Fragment size is indicated at the left 

of the gel. 
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4.7.5 Rhizosphere competence of Trichoderma harzianum C52 in onion 

transplants 

T. harzianum was detected in the control treatment from week 1 to week 3 after seed 

planting in the transplant cells (Fig. 4.6). This was due to a contamination problem and 

when a clear plastic screen was erected between the control and the T. harzianum treated 

seedling trays the T. harzianum population decreased to zero and remained at zero from 

4 weeks after planting until trial completion (11 weeks after planting). 

There was a significantly greater (P ~ 0.05) T. harzianum concentration in the onion 

transplants treated with Trichodry compared with the control treatment for the duration 

of the trial and there was a significant interaction effect. The mean concentration of T. 

harzianum in the treated onion transplants was initially low although from 1 week after 

planting until trial completion, the T. harzianum population remained relatively stable at 

103 to 104 cfu/g soil (Fig. 4.6). The T. harzianum Trichoflow application significantly 

increased (P ~ 0.05) the mean T. harzianum concentration from 6.5 x 103 to 2.7 X 104 

cfu/g bedding mix whereas the remaining top-up application did not significantly increase 

(P ~ 0.05) the mean T. harzianum concentration. 
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Figure 4.6 Mean number of Trichoderma harzianum C52 colony forming units per gram of bedding mix for Trichodry treated and control 

treatments recorded at weekly intervals, transplant trial. Error bars = ± standard errors. Arrows indicate when the Trichoflow 

applications were applied. 
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4.8 DISCUSSION 

Much of the rhizosphere competence of T harzianum reported in the literature has been 

assessed by detecting the presence or absence of T harzianum by plating out root 

sections (Harman et al., 1989) or the dilution plating of root washings (Ahmad and 

Baker, 1987; Sivan and Chet, 1989; Sivan and Harman, 1991). Both these techniques 

were used in this present study to quantifY T harzianum C52 from soil when introduced 

in varying formulations. Neither technique was entirely satisfactory. The plating of root 

segments only allowed the presence or absence ofthe fungus to be established. No 

quantification information was provided. Dilution plating attempted to quantifY the 

fungus but results may have been misleading as this technique did not distinguish 

between conidia and hyphae. While these limitations are recognised dilution plating is 

still used to quantifY fungal populations. Another limitation to using serial dilutions and 

selective media is that the identity of the recovered isolate cannot be confirmed as the 

biological control isolate that was applied. The present study overcame this limitation 

using molecular techniques. UP-PCR analysis ofthe genetic variation among T 

harzianum isolates generated a band profile for T harzianum C52 that enabled this 

isolate to be distinguished from Trichoderma isolates present at the field site. While 

molecular markers have been identified for biological control agents, few studies describe 

the application of this technology in the field. The present study has both developed 

(Chapter three) and utilised a molecular marker and has demonstrated their value in 

population dynamics studies. 

In the present study, T harzianum C52 colonised the rhizosphere and rhizoplane of 

onion roots. While T harzianum was identified on the rhizoplane of both washed and 

unwashed onion roots, this fungus was recovered less on the washed roots, which 

implied that T harzianum colonised the rhizosphere in preference to the rhizoplane. In 

contrast, the majority of the rhizosphere competence studies have reported Trichoderma 

isolates to be rhizosphere incompetent (Papavizas, 1981; Chao et al., 1986; Ahmad and 

Baker, 1987). The variation in rhizosphere competence of T harzianum isolates 

between trials could be explained by the isolates used. Isolate variation exists within the 

T harzianum species as isolates can be divided into different biotypes based on band 

profiles generated with molecular techniques (Muthumeenakshi et al., 1994; Zimand et 

. al., 1994; Lubeck et al., 1999). This genetic variation implies that isolates may differ in 
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other habitual aspects such as biological control and rhizosphere competence. 

Colonisation of the rhizosphere was even as the number of T harzianum cfu/g soil from 

both the top and bottom sections ofthe root were very similar. Some researchers have 

reported colonisation of the rhizosphere to form a "C" shape with the concentration ofT 

harzianum higher near the stem base and root tip but lower in the middle section of the 

root (Ahmad and Baker, 1987; Sivan and Chet, 1989). These results were obtained 

when the root was cut into 1 - 2 cm sections and a separate dilution series was 

performed on each section. The ''top'' and "bottom" root sections that were used in this 

study would have been too large to detect a gradient of T harzianum concentration. An 

other interesting aspect of this research was that as the roots grew, T. harzianum was 

still recovered from the bottom half of the roots, which indicated that this fungus was 

able to colonise the rhizosphere to at least 15 cm deep in the soil. Other researchers 

have found similar results with rhizosphere colonisation to 12 and 22 cm (Sivan and 

Chet, 1989; Sivan and Harman, 1991). 

The low number of T. harzianum cfu/g rhizosphere soil recorded at weeks 0 and 1 of the 

field trial probably did not represent the true T harzianum population. The planting 

furrow was not marked and could not be determined before seed germination. Therefore 

it is possible that the soil samples collected at week 0 and 1 contained less T harzianum 

inoculum as the exact position of the planting furrow was not known. In addition, 

coating the seeds with thiram may have initially reduced the T harzianum concentration. 

Sensitivity of T harzianum to thiram will be studied in Chapter five. In the glasshouse 

tria~ the T harzianum concentration from conidia coated seeds was also low at the first 

assessment. The concentration ofthis fungus decreased from 2.4 x 103 to 0.2 X 101 cfu/g 

soil in 4 weeks. A decline in the number of T harzianum conidia when added to soil has 

been reported elsewhere and could be the result of conidial lysis or germination using 

nutrients released by the soil and subsequent lysis due to insufficient nutrients for growth 

(Papavizas, 1981). Drenching the PB bags with metalaxyl would not have influenced T 

harzianum concentrations as this fungus is insensitive to metalaxyl (Papavizas, 1981) (Dr 

S. Dodd, pers. comm.) . 

. In the transplant tria~ reduced T harzianum populations recovered at week zero 
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indicated that thiram was responsible for the low fungal concentration rather than 

collecting the soil samples from adjacent to the planting row, as the planting hole was 

easy to locate in the transplant cells. T. harzianum concentrations from week 1 onwards 

were similar to Trichodry concentrations in the field, which indicated that T. harzianum 

can successfully establish in the onion root rhizosphere under a transplant regime, 

however, the fungal concentration arising from Trichodry declined in the field 

irrespective of Trichoflow top-up applications. This decrease in T. harzianum 

concentration may also occur when the transplants were planted in the field. It may be 

worthwhile trialing a different T. harzianum formulation in the transplant system 

The number of T. harzianum cfu/g soil recovered from the various formulations over 

time indicated that T. harzianum survival and proliferation in the rhizosphere were 

formulation dependent. When onion seeds were treated with a T. harzianum conidial 

suspension, the concentration of T. harzianum decreased compared with the initial 

concentration, at 4, 8 and 16 weeks after planting in a glasshouse trial. Whereas, when 

T. harzianum was applied in a pellet or bulk carrier formulation, the concentration 

increased 100 to 1000 fold above the initial concentration within 4 weeks in both the 

glasshouse and field trial. Sivan and Chet (1989) also recorded a 100 fold increase in the 

concentration ofT. harzianum isolate T-35 in the rhizosphere of melon roots after 30 

days when applied in a wheat-bran peat preparation. In this study, the food base 

provided with the T. harzianum biomass probably accounted for the differences in initial 

T. harzianum proliferation between formulations as previously reported (Lewis and 

Papavizas, 1984a). 

The addition of a substrate that T. harzianum can utilise as a food source, may have 

aided the long-term survival of T. harzianum in the rhizosphere. In the field trial 

conducted in this study, the concentration of T. harzianum in the treatments containing 

Trichodry initially increased and then decreased 1000 fold over 14 weeks whereas, the T. 

harzianum concentration in the treatments containing Trichopel only decreased 10 fold 

in 14 weeks. The Trichodry formulation is made from grain-based products and the 

Trichopel formulation is based on a nutritive kernel. Research has shown bran based 

formulations to be more effective in assisting establishment and proliferation of T. 

. harzianum in soil compared with clay preparations (Lewis and Papavizas, 1985a) or 
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conidial suspensions (Papavizas et aZ., 1984). As both the Trichodry and Trichopel 

formulations provided a high level of nutrients it was expected that both formulations 

would be effective in maintaining T harzianum populations. However, this was not the 

case. In other trials conducted within the Biopesticides for healthy onions programme, 

applications of Trichopel have enabled Trichoderma species to grow and sporulate in a 

manner that has not been observed with bulk carriers. When an onion seed was 

surrounded with four Trichopel pellets in the planting furrow, mycelial growth and 

sporulation occurred on the surface of the soil directly above the pellet. The formulation 

process or proprietary ingredients of Trichopel enabled T harzianum to establish more 

effectively than the bulk carrier formulations. 

In addition to formulation influencing Trichoderma growth, environmental factors such 

as soil moisture also have an impact (Danielson and Davey, 1973a; Eastburn and Butler, 

1988; Hjeljord and Tronsmo, 1998), although, most researchers working with 

Trichoderma species as biological control agents of soil-borne plant pathogens have not 

examined this aspect. However, one study reported that T harzianum effectively 

controlled S. rolfsii in tobacco at soil moisture levels of 12 - 30% (Truong et aI., 1988). 

In the present study, soil moisture levels of 12.8 - 22.4% had no apparent effect on the 

number of T harzianum cfu/g rhizosphere soil. Given the similar results between studies 

and the fact that T. harzianum is relatively insensitive to soil moisture as this fungus has 

been isolated from dry, moist and wet soils (Danielson and Davey, 1973a), it is not 

surprising that the fluctuations in soil moisture did not affect T harzianum growth and 

development in the present study. 

The increase in soil moisture most likely prompted the initial onset of onion white rot 

disease. Similar results have been reported elsewhere (Coley-Smith, 1960; Swaminathan 

et aZ., 2000). Soil temperature also contributed to the number of diseased plants as the 

cooler soil temperatures of October (12.3°C) and November (14.2°C) (Swaminathan et 

aZ., 2000) would have encouraged sclerotial germination by reducing the volatility of the 

onion exudates and exposing the sclerotia to the exudates for longer (Sommerville and 

Hall, 1987). As the season progressed, soil temperatures in the top 5 cm of soil would 

reach temperatures above those conducive for sclerotia! germination although mycelial 

. growth would probably not be inhibited as the temperature range is greater (5 - 27°C) 



than that for germination (13 - 18°C) (Asthana, 1947; Sommerville and Hall, 1987; 

Crowe, 1995). 
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In the present study, ideal environmental conditions led to high onion white rot disease 

pressure. Although T. harzianum populations were maintained at levels reported to 

control disease over the course ofthe trial (Ahmad and Baker, 1988; Latunde-Dada, 

1993; McLean and Stewart, 2000), concentrations were not sufficient to control onion 

white rot. The chemical treatment was also unable to provide significant control of 

onion white rot and the high disease pressure accounts for this. Under low to moderate 

disease conditions, treatment with Trichopel would control disease as similar T. 

harzianum concentrations have controlled onion white rot in the glasshouse and field 

(McLean and Stewart, 2000) (Mrs J. Swaminathan, pers. comm.). Applications of 

Trichodry would probably not control onion white rot even under low disease pressure 

as the T. harzianum concentration was not maintained above 103 cfu/g rhizosphere soil 

for the length of the field trial. 

As T. harzianum was not as successful under high disease pressure situations as initially 

expected, S. cepivorum infection site studies were undertaken in Chapter five to 

determine if T. harzianum can be better targeted to prevent infection. In addition, the 

integration of T. harzianum with fungicides was examined as chemical applications may 

be required to provide adequate control of onion white rot. 



CHAPTER FIVE 

Infection sites of Sclerotium cepivorum on onion roots and 

Trichoderma harzianum C52 sensitivity to fungicides 
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Root infection sites of S. cepivorum on onion roots were studied to determine if S. 

cepivorum preferentially infected at specific locations. This will enable optimisation of 

T harzianum applications to better target S. cepivorum for reduced development of 

onion white rot. In addition, T harzianum C52 and fungicides may need to be 

combined to provide a successful disease management programme for onions. 

Integrating biological control agents with fungicides has proven to be an effective 

method to control foliar and soil-borne pathogens and reduce fungicide applications 

(Ordentlich et al., 1990; Elad et al., 1993; Elad and Shtienberg, 1994; Conway et al., 

1997). The sensitivity of T harzianum to fungicides used on onion crops was studied to 

determine whether T harzianum could be incorporated into an integrated disease 

control programme. 

SECTION ONE 

Infection sites of Sclerotium cepivorum on onion roots 

5.1 INTRODUCTION 

The infection of onion by S. cepivorum has been well studied. Onion roots exude alkyl­

cysteine sulphoxide compounds that are converted to alkyl SUlphides, sulphides and 

disulphides in the soil (King and Coley-Smith, 1969). The SUlphide compounds 

stimulate sclerotia of S. cepivorum to germinate (Coley-Smith, 1960; Coley-Smith and 

Holt, 1966; King and Coley-Smith, 1968). The hyphae arising from the germinated 

sclerotium directly penetrate the roots between the junctions of cell walls (Stewart et al., 

1989b; Metcalfand Wilson, 1999). Once inside the host, the hyphae continue to grow 

within and between the epidermal cell walls (Abd-EI-Razik et al., 1973; Stewart et al., 

1989b). The epidermal cell walls are degraded ahead of the advancing hyphae (Stewart 

et al., 1989b) and invasion of the cortical cells and vascular tissue also occurs (Abd-EI­

Razik et al., 1973; Stewart et al., 1989b; Metcalf and Wilson, 1999). From the initial 

point of root infection, the hyphae progress up and down the roots although movement 

tends to be towards the stem base as the hyphae do not grow into collapsed roots below 
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the area of infection (Crowe and Hall, 1980). Once the stem base is infected, the onion 

is unable to be sold and yield losses occur. Sclerotia are usually restricted to the top 25 

cm of soil as a result of ploughing (Crowe and Hall, 1980; Adams, 1981) although 

sclerotia as deep as 30 cm can infect garlic bulbs (Crowe and Hall, 1980). 

While these studies of S. cepivorum infection processes and others (Stewart et al., 

1989a) detail initial infection, they do not comment as to whether or not S. cepivorum 

preferentially infected at specific sites on the onion roots. Asthana (1947) showed that 

the stem base was easily infected by S. cepivorum mycelium compared with root 

infection that occurred ''relatively slowly and uncertainly". Crowe and Hall (1980) 

banded S. cepivorum sclerotia at 1, 6, 11 and 16 cm depths in soil. Sclerotia were able 

to infect garlic roots at all depths and the time taken for the above ground plant parts to 

show signs of infection was relative to sclerotial depth. While Crowe and Hall (1980) 

have shown that sclerotia can infect roots at varying depths, these authors also did not 

study specific infection sites. 

Two assays were developed to study S. cepivorum onion root infection sites. Firstly, 

sclerotia were banded at I, 10 and 20 cm depths and secondly, specific locations on the 

roots were examined to determine preferential infection sites. Understanding where 

sclerotia infect onion roots will enable better formulation and targeting of T. harzianum 

to provide an effective control strategy. 

5.2 METHODS AND MATERIALS 

5.2.1 Production and harvest of Sclerotium cepivorum sclerotia 

Sclerotia of S. cepivorum (isolate SC3, Table 2.1) were produced and harvested as 

detailed in Appendix 1.2.1 and 1.2.2. Sclerotial viability was determined before use in 

both glasshouse trials (Appendix 1.2.4). 

5.2.2 The effect of sclerotial depth on infection 

5.2.2.1 Trial design 

Planter bags (25 x 5 cm) were filled with Wakanui silt loam soil to 3, 13 and 22 cm. 

Thirty sclerotia were placed on top of the soil in each bag and covered with additional 

soil to fill the bags to 23 cm (2 cm from the top of the bag) to provide sclerotia at 20, 10 

. and 1 cm depths. A control treatment consisted of field soil only (23 cm). For each 
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treatment, 33 replicate planter bags were set up. Three thiram (0.8 g a. UI00 g seed, 

Shepherd's AgHort Supplies) treated onion seeds (Pukekohe Long Keeper) were 

planted in each bag at a depth of 0.5 cm. Four bags were randomly chosen and placed 

into each of33 plastic containers (18 x 18 x 19 cm) for support. The plastic containers 

were randomly positioned in a glasshouse for the length of the trial. The bags were 

watered as required. Three weeks after planting, the seedlings were thinned manually to 

one seedlinglbag. 

5.2.2.2 Assessment 

Every 2 weeks, starting 5 weeks after planting (to ensure the plants were of an age to 

produce the eXudates required to stimulate sclerotial germination) and concluding 25 

weeks after planting (approximately the length of an onion growing season in the field), 

three bags/treatment were randomly selected. Any above ground white rot disease 

symptoms on the onion plants such as yellowing of the outer leaves, leaf tip die back, 

wilting and collapse ofthe stem base were recorded. The bags were cut open and the 

roots were carefully examined for signs of infection with a xl0 hand lens. A pair of 

tweezers and a spatula were used to remove soil from the roots. Presence of root 

infection was recorded if mycelium was visible, the roots were brown instead of white, 

the roots felt soft instead of firm and/or had collapsed when touched with tweezers. 

5.2.3 The effect of root position on infection 

5.2.3.1 Trial design 

Infection sites were identified on onion roots using a split-tube method (Ahmad and 

Baker, 1987) adapted as follows. Poly-vinyl chloride open ended tubes (40 x 8 cm) 

were cut longitudinally into two halves. Each tube half was sealed at both ends with half 

a Petri dish and packed with Wakanui silt loam soil. The Petri dishes were removed 

from the tube ends and the tubes were incubated in plastic bags for 48 h before use. 

Two thiram (0.8 g a. U100 g seed, Shepherd's Aghort Supplies) treated onion seeds 

(Pukekohe Long Keeper) were placed on one half tube, 1 cm down from the top end of 

the tube in the middle of the open face ofthe soil. The other soil filled half tube was 

wrapped in muslin cloth (Fig. 5.1), placed on top ofthe first half tube and secured with 

two rubber bands. The tubes were placed vertically into large plastic bins (64 x 41 cm) 

with the top end upwards. Soil was added to the bins to surround the tubes. The bins 

. were placed in a glasshouse for the length ofthe trial. The tubes and surrounding soil 
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were watered as required and care was taken not to dislodge the soil. Three weeks after 

planting, seedlings were thinned manually to one/tube. 

5.2.3.2 Specific root locations 

The roots were inoculated at three sites, 1 - the stem base, 2 - along the length of a root, 

3 - the root tip. Twelve tubes were randomly assigned to each site. The sclerotia were 

positioned in the tubes at different times to determine whether the age of the plant 

influenced sclerotial infection. At 6, 8, 10 and 12 weeks after planting, three tubes for 

each site were opened and a location for sclerotial placement was chosen. The location 

for the sclerotia was approximately at the same depth between the tubes for each 

treatment. SClerotial placement was never greater than 8 cm below the stem base. Ten 

sclerotia were placed on top of and around the root at each location to ensure infection. 

5.2.3.3 Assessment 

Twenty-two weeks after seed sowing (approximate length of an onion growing season 

in the field), the tubes were opened and the roots in the vicinity ofthe sclerotia were 

carefully examined using a hand lens to detect infection. The number and severity of 

infections was recorded as follows; severe - total plant collapse, moderate - root only 

infection and healthy - no infection. The disease severity of the plants was analysed 

using a Kruskal-Wallis non parametric one-way ANOV A to compare sclerotial 

placement sites (Appendix 3.3.1). When the Kruskall-Wallis test indicated a significant 

site effect, this was further explored using a Mann-Whitney U-test (Appendix 3.3.1). 



Figure 5.1 Poly-vinyl chloride split-tubes filled with soil, glasshouse trial. 



5.3 RESULTS 

Sclerotial viability was recorded as > 96% for both assays. 

5.3.1 The effect of sclerotial depth on infection 

No root or above ground plant part infections were recorded in the control treatment. 

Roots were white and fum to the touch and above ground foliage was bright green. 

Sclerotia placed 1, 10 and 20 cm below the soil surface caused plant infections from 5, 
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7 and 13 weeks, respectively after planting until trial completion (Table 5.1). For all 

treatments, the number of plants infected increased over time (Table 5.1). Sclerotia 

placed at 1 cm caused severe plant infections, with collapse of above ground parts and 

the majority oJ roots breaking away from the stem base when touched with tweezers. 

White mycelium was present on the roots (Fig. 5.2) and radiated outward from infected 

roots to a distance of 1 - 2 cm. Any uncolonised roots were brown and soft or 

collapsed. New sclerotia were evident on the collapsed onion bulbs from 13 weeks after 

planting. The number of new sclerotia increased from 15 weeks after planting until trial 

completion. 

Infections from sclerotia placed at 10 and 20 cm were moderate. Above ground plant 

parts remained healthy, although the roots were infected. Mycelium was visible on the 

infected roots but only in the area where the sclerotia were positioned. The remainder 

of the roots appeared healthy and were attached to the stem base although some had 

softened. Mycelium was not always present on infected roots, however, brown 

colouration and softening of the roots indicated infection. 



Table 5.1 Number of onion seedlings infected by Sclerotium cepivorum sclerotia 

positioned at 1, 10 and 20 cm depths in soil at 2 weekly intervals 

Treatment Weeks after planting 

5 7 9 11 13 15 17 19 21 23 25 

Control 01 0 0 0 0 0 0 0 0 0 0 

Sclerotia at 1 em 2 2 3 3 3 3 3 3 3 3 

Sclerotia at 10 em 0 2 2 3 3 3 3 3 3 3 

Sclerotia at 20 em 0 0 0 0 2 2 2 3 3 3 3 

In = 3. 

Figure 5.2 Onion root infection arising from sclerotia positioned 1 cm below the soil 

surface. Arrows indicate mycelium on the roots and stem base. 
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5.3.2 The effect of root position on infection 

There was no significant difference (P :s 0.05) in the number of infected plants when the 

sclerotia were positioned on the onion stem base, along the length of the root or at the 

root tip at 6, 8, 10 and 12 weeks after planting. There was no significant interaction 

between the number of infected plants and the time the sclerotia were positioned on the 

onion roots. The position of the sclerotia on the onion roots significantly (P :s 0.05) 

influenced the severity of the infection. Sclerotia positioned at the stem base caused 

more (P :s 0.05) severe infections (77%) than sclerotia positioned along the length of the 

root (23%), at the root tip (0%) and the control (0%). For severe infections, above 

ground plant parts collapsed, roots rotted away from the stem base and sclerotia formed 

on the collapsed bulb. Sclerotia positioned at the root tip caused a greater (P :s 0.05) 

number of moderate plant infections (65%) than sclerotia positioned along the length of 

the root (29%), at the stem base (6%) and the control (0%). For moderate infections, 

above-ground plant parts remained healthy for all treatments, although the roots were 

infected. The majority of the infected roots were brown and soft, mycelium was not 

visible. 

5.4 DISCUSSION 

Specific infection sites on the roots could be easily observed using the split-tube 

method. However, some technical difficulties were experienced. It was difficult to 

maintain constant soil moisture throughout the planted tubes. Ifthe soil surrounding the 

tubes had been to within 1 cm of the top of the tube as Ahmad and Baker (1987) 

described, the moisture within the tubes may have remained more constant. However, 

adding soil to this level in the present study was impractical and labour intensive with 

regard to the placement of the sclerotia (6,8, 10 and 12 weeks). In addition, the muslin 

cloth degraded and needed to be replaced in all tubes during the course ofthe trial. The 

split-tube design would be most suited to root study experiments that did not run for a 

long period of time, in that some roots grew into the soil on the opposite side of the 

split-tube and when the tubes were opened these roots were disturbed. In addition, a 

fourth possible infection site for sclerotia, the junction between root branches could not 

be examined as not enough root branches were developed in the split-tube assay to 

make a study of root junctions valid . 

. It would be worthwhile attempting to study the root infection processes in the field 
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environment to validate the results of this glasshouse study. A new technological 

development that may aid the study of roots is the use of a mini-rhizotron to measure 

root characteristics in the field rather than in potted plants (Anon, 2000). In this system, 

a digital camera is lowered down glass tubes positioned in the soil whereas traditional 

root studies have been conducted using a sheet of glass inserted into a trench (Anon, 

2000). While the mini-rhizotron could not be used to visualise early stages of onion 

root infection, when no visible mycelium is present, it could detect the later stages of 

root infection. This could provide valuable data that more accurately represents the 

infection process under standard field conditions rather than artificial conditions such as 

the split-tube method. 

Onion white rot infection did not occur during the first 4 weeks. There are two possible 

explanations for this. Firstly, sclerotia produced in vitro need a period of ~ 1 month to 

break constitutive dormancy before germination can occur (Coley-Smith, 1960). 

Ordinarily, sclerotia would be conditioned in soil for between 4 and 6 weeks before use 

so they would be able to germinate when stimulated by the root exudates. Conditioned 

sclerotia were not used in this trial as they had a very low viability « 25%), therefore 

freshly prepared sclerotia were used instead. Secondly, exudate production could be 

related to the age of the onion plant. Therefore, infection could have been delayed 

while the seedlings grew for 4 weeks. It is probable that the delay in infection was due 

to the combination of both these factors. 

Germinating sclerotia infected onion roots when placed at 1, 10 and 20 cm depths in the 

soil. These results confirm an earlier report, where infection of garlic roots occurred 

with sclerotia banded at 1,6, 11 and 16 cm below the stem base (Crowe and Hall, 

1980). In the present study, sclerotia positioned at 10 and 20 cm deep in the soil caused 

root infection only, which was detected at 7 and 13 weeks after planting, respectively. 

Above-ground plant parts remained healthy for the 6 month period of the trial. Crowe 

and Hall (1980) reported garlic bulb infection from sclerotia banded at 11 and 16 cm 

deep in the soil, 10.5 and 13.5 weeks after planting. The timing of infection between 

the two trials is similar but the severity of infection is different. The difference in 

disease severity could be related to a number of factors. S. cepivorum has been reported 

to infect garlic more readily than onion (Coley-Smith and Esler, 1983), which may 

. indicate a more rapid disease development. Variations in S. cepivorum isolate virulence 



have been reported (Sanchez-Pale et at., 1998) and as the studies used different S. 

cepivorum isolates this could also account for the differences in disease severity. 

118 

S. cepivorum mycelium grew outwards from the roots in the present study. Crowe and 

Hall (1980) also noticed that mycelium spread outwards 1 - 2 cm from infected garlic 

roots grown in glass tubes. In addition, these authors also observed mycelium to grow 

1 - 2 cm out from the sclerotial body. The results of these two studies do not support 

the conclusions of Scott (1956b) that the roots of neighbouring plants must be in contact 

with infected plants to become infected. While S. cepivorum has minimal saprophytic 

ability (Scott, 1956a) the outward spreading of the mycelium from infected roots 

indicated that ~roots within 1 - 2 cm of the infected root could be infected. Crowe and 

Hall (1980) indicated that infections initiated by sclerotia placed 6 cm or deeper in the 

soil caused the greatest plant to plant spread of infection as the roots of adjacent plants 

intermingled. 

When sclerotia were placed at specific sites on the roots, the severity of infection was 

dependent on the position ofthe sclerotia but not the time after planting that the 

sclerotia and the root came into contact. Sclerotia positioned at the stem base caused 

severe infections. This may be a reflection ofthe high level of sclerotial germination 

stimulated by the volatile exudates produced from the abundance of tightly held roots at 

the stem base. In addition, hyphae penetrating and rotting the stem base would have 

greater impact in restricting water loss and causing total plant collapse than hyphae 

penetrating individual roots. Infection of the root tip occurred more commonly than 

along the length of the root. Root exudates, including sulphide compounds are known 

to be released from the root tip region (Rovira, 1973; Sivan and Chet, 1989). In 

addition, old cells are constantly sloughed off the root tip and combine with the 

mucilage produced by the outer root tip cells to lubricate the passage of the root through 

the soil (Sievers and Braun, 1996). The unique nature of the root cap cells may enable 

this region to be more easily penetrated than along the length of a root. 

In the present study, sclerotia located in the top 1 - 2 cm of soil caused infection of the 

stem base. Stem base infections would contribute the most to yield loss in the field. To 

control this severe infection, biological control agents would be best targeted to the top 

. 5 cm of soil. Thus, the application of T. harzianum to the planting furrow is optimum 



119 

for disease control as well as being suitable practically. Infections initiated at lower 

depths progressed upwards within the root towards the stem base, but in most cases the 

stem base would not be infected before harvest. In addition, T harzianum C52 was 

shown to be rhizosphere competent (Chapter four) and applications to the planting 

furrow resulted in colonisation to a depth of at least 15 cm. Other research has shown 

rhizosphere competent T harzianum isolates to colonise the rhizosphere and rhizoplane 

of maize to a depth of22 cm (Sivan and Harman, 1991). Therefore, it is likely that T 

harzianum C52 would protect the root from infections initiated in the top 10 - 1 5 cm of 

soil. 

The results of the present study also show that S. cepivorum infections occurred over an 

extended period of time, which indicates that for a biological control agent to be 

successful, it needs to be active in the soil for at least 6 months. T harzianum 

formulated as Trichopel and added to the planting furrow maintained concentrations of 

106 to 105 cfu/g soil, which were predicted to control onion white rot under moderate 

disease conditions (Chapter four) for 5 months. Other researchers have found T 

harzianum isolate 1295-22 to persist at elevated levels in the rhizosphere of creeping 

bentgrass for at least 8 months (Lo et al., 1996). The results of these two trials indicate 

that T harzianum has the potential to survive at concentrations high enough to control 

disease for long periods of time in the rhizosphere. 

These S. cepivorum infection site studies have confirmed that the planting furrow is the 

best place to target T harzianum C52 for disease control. This way, under moderate 

disease pressure, the stem base will be protected from infection. In addition T 

harzianum is able to colonise the rhizosphere from planting furrow applications and 

protect the root from infections initiated deeper in the soil. As the protection provided 

by T harzianum C52 is less effective under high disease pressure, the use of fungicides 

may be required to bring about disease control. The compatibility of T harzianum C52 

and fungicides routinely used on onion crops was examined in the following section. 



SECTIONTWO 

Trichoderma harzianum C52 sensitivity to fungicides 

5.5 INTRODUCTION 
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T harzianum C52 works well as a biological control agent of onion white rot under low 

to moderate but not high disease pressure. Under the latter circumstance, T harzianum 

may need to be combined with chemical applications to give adequate control. In 

addition, T harzianum needs to be compatible with fungicides used on onions to control 

other diseases such as damping-off, Botrytis, downy mildew and smut. The sensitivity 

of T harzianum to the fungicides registered for use on onions was determined in a 

laboratory experiment and a glasshouse trial to examine whether T harzianum could 

establish and survive in the presence of fungicides and potentially be compatible in an 

integrated control programme. 

In the laboratory-based experiment, T harzianum mycelial and conidial sensitivity was 

examined in vitro to a range of fungicides registered for use on onions. These 

fungicides were carbendazim, benomyl, iprodione, procymidone, triadimenol, 

tebuconazole, captan, copper oxychloride, dichlofluanid, mancozeb and the combination 

of metalaxyl and mancozeb. In addition, the fungicide thiram was tested. While thiram 

is not registered for use on onions, it is recommended as an additional seed coat with 

benomyl to control Pythium (New Zealand Agrichemical Manual, 1998/99). Fungicides 

were tested at half, normal and twice the recommended field application rates. The 

glasshouse pot trial examined establishment and survival of T harzianum when exposed 

to a selected group of fungicides. Onion seed was treated with thiram, procymidone, 

captan and benomyl. Procymidone, triadimenol, mancozeb and dichlofluanid were 

applied as soil drenches. This group represented the more commonly used fungicides 

from the main chemical groups. 

5.6 METHODS AND MATERIALS 

5.6.1 In vitro assays to determine Trichoderma harzianum sensitivity to 

fungicides 

Test fungicides are listed in Table 5.2. Fungicides were prepared in distilled water and 

applied at half, normal and twice the recommended field rate (Table 5.2). 



Table 5.2 Product name, chemical group, active ingredient, distributor and application rate of fungicides tested against Trichoderma harzianum C52 

Active ingredient Field rate 

Fungicide name Chemical group (gil or kg product) Distributor (product/water/area) Active against 

Bavistin® FL Benzimidazole carbendazim 500 gil BASF, Auckland, NZ 500 m1l500 l/ha Botrytis 

Benlate Benzimidazole benomyl 500 glkg Du Pont (New Zealand) Ltd., Auckland, NZ 500 gl500 lIha Botrytis, smut 

Rovral™ Flo Dicarboximide iprodione 250 gil Rhone Poulenc Rural Ltd., Australia Pty. 150 ml/5 11100 m2 White rot (seed 

Ltd., New Zealand Branch, Lower Hutt, NZ treatment) 

Sumisclex® 25 Dicarboximide procymidone 250 glkg Crop Care Holdings Ltd., Nelson, NZ 3 111000 l/ha White rot 

Cereous Triazole triadimenol 250 glkg Bayer New Zealand Ltd., Auckland, NZ 1.5111000 lIha White rot 

Folicur® 430SC Triazole tebuconazole 430 glkg Bayer New Zealand Ltd., Auckland, NZ 875 mlll000 lIha White rot 

Orthocide® 80W Cyclic imide captan 800 glkg Nufarm Ltd., Auckland, NZ 125 glI00 11100 rrr Downy mildew 

Copper oyxchloride Inorganic copper copper oxychloride 500 glkg Nufarm Ltd., Auckland, NZ 4 kglha Downy mildew 

Euparen® DF Sulphamide dichlofluanid 500 glkg Bayer New Zealand Ltd., Auckland, NZ 2 kgl600 l/ha Botrytis, downy 

mildew 

Thiram Disulphide thiram 800 glkg Nufarm Ltd., Auckland, NZ 40 gllO m2 Damping-off 

Mancozeb Dithiocarbamate mancozeb 800 glkg Nufarm Ltd., Auckland, NZ 175 glI00 Vha Botrytis, downy 

mildew 

Ridomi1® MZ 72 Phenylamide and metalaxyl 80 glkg and Novartis New Zealand Ltd., Auckland, NZ 2 kgl600 lIha Downy mildew 

WP Dithiocarbamate mancozeb 640 glkg 
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5.6.1.1 Mycelial sensitivity assay 

Petri dishes were filled with 20 ml ofPDA and left to solidify with the lids ajar for 2 h 

in a laminar flow unit. Aliquots (0.5 ml) of each concentration for each fungicide were 

pipetted and spread over the surface of each of four plates. Sterile distilled water 

replaced the fungicide as a control. The lids of the Petri dishes were replaced and the 

plates were left to stand for 30 min. After standing, each plate was centrally inoculated 

with an agar plug (5 rum diameter) taken from the actively growing edge of as d old T. 

harzianum C52 colony grown on PDA at 20°C in the dark. The inoculated plates were 

incubated upside down at 20°C in the dark for 6 d (time taken for T. harzianum on the 

control plates to reach the plate edge). Mycelial growth was measured in four directions 

away from the inoculum plug on days 1, 2, 3 and 4 after inoculation. The area of each 

mycelial colony was calculated for day 3 and significant differences in colony area 

between fungicides and concentrations of each fungicide were determined using a two­

way ANOVA with fungicide and concentration as the factors (Appendix 3.3.2). Where 

ANOV A indicated significant main or interaction effects, they were further explored 

using a Fisher's LSD test. 

5.6.1.2 Spore sensitivity assay 

A spore suspension was prepared from 10 d old T. harzianum colonies grown on PDA 

at 20°C in the light. The stock spore suspension was diluted to 1 x 105 spores/ml using 

PDB (Appendix 2.5) to provide the nutrients required for spore germination. Aliquots 

(0.5 ml) of spore suspension and each concentration of fungicide (0.5 ml) were added to 

1.5 ml conical tubes. Each spore/fungicide concentration mix was replicated four times. 

Sterile distilled water replaced the fungicide as a control. The tubes were fastened to 

the side of a rotating arm in an oven and slowly rotated at 20 - 25°C for 24 h. After 24 

h, four samples were taken from each tube. Spore germination was recorded for 50 

spores per sample. Spores had germinated when germ tube length equalled spore 

diameter (Hartill et aI., 1983). Significant differences in spore germination between 

fungicides and concentrations of each fungicide were determined using a two-way 

ANOVA with fungicide and concentration as factors (Appendix 3.3.2). Where 

ANOV A indicated significant main or interaction effects, they were further explored 

using a Fisher's LSD test. 
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5.6.2 Glasshouse trial to determine Trichoderma harzianum sensitivity to 

fungicides 

5.6.2.1 Formulation of Trichoderma harzianum 

T. harzianum was formulated as TrichodryTM (conidia mixed with grain-based 

components) and Trichoboost™ (conidia coated onto an inorganic based prill ~ 0.5 - 1 

mm diameter) by Agrimm Technologies Ltd. 

5.6.2.2 Fungicide application 

Separate samples of onion seeds (Pukekohe Long Keeper) were treated with the 

following fungicides; captan (8 g a. i./kg seed), thiram (8 g a. i./kg seed), procymidone 

(5 g a. i./kg seed) and benomyl (125 g a. i./kg seed) (New Zealand Agrichemical 

Manual, 1998/99). An additional sample of seed was treated with a combination of 

thiram, procymidone and benomyl. Foliar sprays of dichlofluanid, mancozeb, 

procymidone and triadimenol at the field rate (Table 5.2) were also prepared. 

5.6.2.3 Treatments and trial design 

Plastic pots (6 cm x 6 cm x 8 cm) were filled to within 2 cm ofthe top with Wakanui 

silt loam soil. Soil moisture was adjusted to -0.3 bar. Trichodry (1.6 x 106 spores/g 

product) (40 g) was mixed into the top 3 cm of soil in each pot. Trichoboost (9.5 x 106 

spores/g product) (0.05 g/seed) was added to each of six planting holes in each pot. For 

the seed treatments (captan, thiram, procymidone, benomyl and the combination thiram, 

procymidone and benomyl) six onion seeds treated with the same fungicide were placed 

0.5 cm below the soil surface equidistant from each other in a grid arrangement and 

lightly covered with soil in each of three pots. For the foliar spray treatments, each 

fungicide (dichlofluanid, mancozeb, procymidone and triadimenol) was applied directly 

to the soil in each of three pots. A seed treatment/foliar spray combination treatment 

was also included, where three pots were treated with a combination ofthiram, 

procymidone, and benomyl coated seed followed by a mancozeb foliar spray. Three 

pots inoculated with the two T. harzianum formulations alone were included as a 

control. Each pot was placed in a separate drip tray and randomly positioned in a 

glasshouse for the duration of the trial. Pots were watered as necessary. 

5.6.2.4 Assessment 

. A teaspoon was used to collect a soil sample from one planting hole and the 
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surrounding soil in each pot, before any fungicides were added (0) and 3, 12,30 and 50 

d after fungicide application. The cfu assay (Appendix 1.3) was perfonned on 1 g of the 

soil sample for each pot and aliquots (0.5 ml) from each dilution were pipetted and 

spread on the surface offour TSM-LU (Appendix 2.9.4) plates. Results were analysed 

using a two-way ANOVA with fungicide and sample time as factors (Appendix 3.3.2). 

A significant time and treatment interaction was further explored using a one-way 

ANOV A at each time. Where ANOV A indicated a significant treatment effect, this was 

further explored using Fisher's LSD test. 

5.7 RESULTS 

5.7.1 Mycelial sensitivity assay 

T harzianum mycelium grew across the control plates and reached the Petri dish edge 

after 6 d. T harzianum mycelium was least sensitive (P ~ 0.05) to triadimenol, with 10, 

13.5 and 19.4% mycelial inhibition at the half, nonnal and twice the field rate, 

respectively (Table 5.3). T harzianum mycelium was also insensitive (P ~ 0.05) to the 

combination of metalaxyl and mancozeb at both the half and normal field rate and 

mancozeb and dichlofluanid at the half field rate (Table 5.3). T harzianum was most 

sensitive (P ~ 0.05) to all concentrations ofthiram, iprodione and carbendazim and 

nonnal and twice the field rate applications of benomyl. In all these cases T harzianum 

mycelium was inhibited by 94% or greater (Table 5.3). 

T harzianum spore production in the control plates occurred at 7 d. Spore production 

was inhibited by exposure to field rate concentrations of the combination ofmetalaxyl 

and mancozeb, copper oxychloride and benomyl at 7 d. After 14 d, T harzianum had 

sporulated on the PDA amended with the combination of metalaxyl and mancozeb but 

not with copper oxychloride or benomyl (Table 5.3). 

5.7.2 Spore sensitivity assay 

The T harzianum spores in the control treatment all genninated after 24 h incubation in 

PDB. T harzianum spores were least sensitive (P ~ 0.05) to procymidone, which 

prevented 0.5,0 and 2.5% of the spores from genninating at the half, normal and twice 

field rate, respectively (Table 5.4). T harzianum spores were also insensitive (P ~ 0.05) 

to dichlofluanid and captan at the two lower strength concentrations (Table 5.4). T 

. harzianum spores were most sensitive (P ~ 0.05) to the combination ofmetalaxyl and 
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mancozeb, mancozeb, copper oxychloride, tebuconazole and thiram. At all 

concentrations tested, these fungicides prevented 100% of the spores from germinating 

as did iprodione at the 2 x field rate concentration (Table 5.4). 
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Table 5.3 Inhibition of Trichoderma harzianum C52 mycelial growth and spore production on potato dextrose agar plates amended with three 

concentrations of selected fungicides 

Spore production 

Fungicide Mean % inhibition of mycelial growthl (field rate) 

half field rate normal field rate twice field rate 7 days 14 days 

triadimenol 10.02 ±2.0 ab 13.5 ±1.5 ab 19.4 ±2.0 b + 
metalaxyl and mancozeb 18.8 ±4.4 b 14.8 ±3.7 ab 53.0 ±8.3 ef + 

mancozeb 12.0 ±2.1 ab 45.6 ±12.1 de 37.9 ±16.2 cd + 

dichlofluanid 6.0 ±1.9 a 46.8 ±5.4 de 59.1 ±1.8 f + 

copper oxychloride 31.4 ±3.9 c 59.4 ±10.1 f 98.0 ±0.4 lmno 

procymidone 58.8 ±2.4 f 76.1 ±1.1 gh 81.4 ±2.8 hij + 

tebuconazole 71.2 ±7.1 g 79.1 ±1.0 gh 82.5 ±1.8 hij + 

captan 90.0 ±1.2 ijkl 90.2 ±0.7 jklm 89.0 ±0.4 ijk + 

benomyl 80.7 ±1.2 ghi 96.9 ±1.2 lmno 99.9 ±O.O 0 

thiram 94.0 ±0.7 klmn 95.4 ±0.3 lmno 99.7 ±0.1 no + 

iprodione 100 ±O.O 0 99.8 ±0.1 0 100 ±o.o 0 no growth 

carbendazim 99.9 ±O.O 0 100 ±O.O 0 100 ±O.O 0 no growth 

1 Percentage inhibition of mycelial growth for each treatment relative to the mycelial growth in the control treatment ± standard error. n = 4 

2 Mean values followed by the same letter do not differ significantly within each column and across each row (p S 0.05, Fisher's LSD test). 
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Table 5.4 Inhibition of Trichoderma harzianum C52 spore germination for selected fungicides at three concentrations 

Fungicide Mean % inhibition of spore germination! 

half field rate normal field rate twice field rate 

procymidone 0.52 ±l.O a 0 ±O.O a 2.5 ±1.2 a 

dicWofluanid 16.6 ±1.3 b 17.1 ±1.5 b 35.2 ±1.7 d 

captan 0 ±o.o a 3.5 ±1.6 a 95 ±1.2 

triadimenol 41.2 ±6.0 e 42.2 ±6.0 e 33.2 ±5.4 cd 

benomyl 29.1 ±3.4 c 58.3 ±1.9 g 68.8 ±1.3 h 

carbendazim 48.2 ±1.7 f 48.2 ±1.7 f 68.3 ±1.7 h 

iprodione 91.5 ±1.7 99.5 ±O.5 J 100 ±o.o j 

metalaxyl and mancozeb 100 ±o.o J 100 ±o.o j 100 ±o.o j 

mancozeb 100 ±o.o J 100 ±o.o j 100 ±o.o J 

copper oxychloride 100 ±o.o j 100 ±o.o j 100 ±o.o j 

tebuconazole 100 ±o.o j 100 ±o.o j 100 ±o.o J 

thiram 100 ±o.o J 100 ±o.o j 100 ±o.o j 

1 Percentage inhibition of spore gennination for each treatment relative to spore gennination in the control treatment ± standard error. n = 200. 

2 Mean values followed by the same letter do not differ significantly within each column and across each row (P :s 0.05, Fisher's LSD test). 
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5.7.3 Glasshouse Trial 

The T. harzianum concentration prior to fungicide application, ranged from 1.4 x 104 

cfu/g soil (triadimenol) to 7.8 x 104 cfu/g soil (procymidone) and there was no 

significant difference (P :s 0.05) in the T. harzianum concentration between treatments 

(Fig. 5.3 or Appendix 4). Three days after seed planting and fungicide spray 

application, the T. harzianum concentration in the mancozeb (2.2 x 103 cfulg soil) and 

the combined thiram, procymidone, benomyl and mancozeb (2.9 x 103 cfulg soil) 

treatments was significantly lower (P :s 0.05) than the T. harzianum concentration in all 

other treatments. Seed treatment with thiram and procymidone and spray applications 

of procymidone, triadimenol and dichlofluanid also reduced the T. harzianum 

concentration~to 103 cfu/g soil, however, there was no significant difference (P :s 0.05) 

between these treatments and the seed treatment with captan, benomyl, the combination 

seed treatment ofthiram, procymidone and benomyl and the control where the number 

of cfu remained above 104 cfu/g soil. 

Twelve days after fungicide application, the T. harzianum concentration in all 

treatments except the captan seed (1.3 x 105 cfu/g soil) and procymidone soil drench 

(9.8 x 104 cfu/g soil) treatments was significantly lower (P :s 0.05) than the control (6.5 

x 105 cfu/g soil). The T. harzianum concentration in the combined thiram, 

procymidone, benomyl and mancozeb treatment (1.8 x 103 cfu/g soil) was significantly 

less (P:S 0.05) than all other treatments except the mancozeb treatment (5.8 x 103 cfu/g 

soil). The T. harzianum concentration in the mancozeb treatment was significantly less 

(P:S 0.05) than the control, captan seed and the procymidone soil drench treatment but 

was not significantly different (P :s 0.05) to all other treatments which ranged from 2.8 x 

104 (combined thiram, procymidone and benomyl seed treatment) to 8.3 x 104 cfu/g soil 

( dichlofluanid). 

Thirty days after fungicide application, the T. harzianum concentration was above 105 

cfu/g soil for the triadimenol, dichlofluanid and control treatments. However, these 

concentrations were not significantly different (P :s 0.05) from the T. harzianum 

concentration in the remaining treatments which ranged from 2.4 x 1 04 (combined 

thiram, procymidone, benomyl and mancozeb) to 6.4 x 104 cfu/g soil (captan) (Fig. 5.3). 

Fifty days after initial fungicide application, the T. harzianum concentration in the 

. control treatment (3.1 x 105 cfu/g soil) was significantly greater (P :s 0.05) than all other 
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treatments. The T. harzianum concentration in the combined thiram, procymidone, 

benomyl and mancozeb treatment (4.03 x 10 cfu/g soil) was significantly less (P .:s 0.05) 

than all other treatments. The remaining treatments had T. harzianum concentrations 

ranging from 2.4 x 104 (benomyl) to 8.1 x 104 cfu/g soil (combined thiram, 

procymidone and benomyl) and were not significantly different (P.:s 0.05) from one 

another. 

Overall, the number ofT. harzianum cfu/g soil in the control treatment was significantly 

higher (P .:s 0.05) than all treatments except the captan seed treatment. The number of 

T. harzianum cfu/g soil in the combined thiram, procymidone, benomyl and mancozeb 

treatments was significantly lower (P .:s 0.05) than all treatments except the mancozeb 

soil drench. The mancozeb drench was also significantly less (p.:s 0.05) than all 

treatments except the thiram and procymidone treated seed treatments. The remaining 

treatments were not significantly different (P .:s 0.05) from one another. 
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5.8 DISCUSSION 

The in vitro assays in the present study used modified methods that had some 

advantages over traditional methods. With most in vitro fungicide sensitivity 

experiments, the fungicide is incorporated into molten agar before the plates are poured 

(Beever and Brien, 1983; Lewis and Papavizas, 1984b; Kay and Stewart, 1994b). There 

are two main difficulties with this technique. Firstly, it is difficult to determine if the 

temperature of the molten agar is cool enough for the addition of fungicides without 

introducing the possibility of contamination by repeatedly unsealing the agar container 

and inserting a thermometer. It is important to determine the temperature ofthe molten 

agar before the addition of fungicides as the fungicidal activity can be reduced or lost if 

added to agar~that is too hot. Secondly, the addition of cooler liquids such as a 

fungicide suspension can cause the agar to solidify before the plates can be poured. A 

method was developed for use in the present study, which overcame these difficulties. 

Instead of the fungicides being incorporated into molten agar, the fungicide suspensions 

were spread onto the surface of solidified agar plates. Following a 30 min absorption 

period, the fungicide plates were inoculated with mycelial plugs of the test fungus as for 

the standard fungicide incorporation method. This modified method was better than the 

traditional method as the difficulties in determining the temperature of the molten agar 

were not experienced. 

The fungicide sensitivity of fungal spores is most commonly studied in a similar manner 

to mycelial sensitivity. That is, fungicides are incorporated into the molten agar and 

when solidified, the agar is spread with a spore suspension (Hartill et a1., 1983). As it 

can be difficult to view germinating spores on agar, an alternative method was used in 

the present study to examine spore germination when exposed to a range of fungicides. 

A spore suspension was made in PDB that was amended with fungicide. Spore 

germination was recorded from broth samples on a haemocytometer slide using a 

microscope. These improvements to the techniques for studying fungal sensitivity were 

simple, worthwhile and made fungal spore sensitivity easier to examine. 

The present in vitro study found T. harzianum mycelium to be highly sensitive towards 

both benzimidazole fungicides, benomyl and carbendazim. This result is in accordance 

with the literature (Rai and Vijay, 1992; Silva and Melo, 1994; Kay and Stewart, 1994b; 

. Viji et a1., 1997; Naar and Kecskes, 1998). In contrast, T. harzianum mycelial growth 



has been reported to be unaffected by carbendazim (Alagarsamy and Sivaprakasam, 

1988) and integration of T. harzianum and carbendazim has provided control of 

Sclerotinia rot in sunflower (Rajender and Tripathi, 1997). The in vitro assay in the 

present study also indicated that mycelium of T. harzianum was highly sensitive to 

iprodione and captan but not mancozeb. Similar sensitivity was reported for T. 

harzianum towards iprodione (Kay and Stewart, 1994b) but not for captan and 

mancozeb. The differences in fungicide sensitivity can be attributed to a number of 

factors. T. harzianum isolate variation has been shown with disease control, 

rhizosphere competence and molecular studies, therefore it is not surprising that 

different T. harzianum isolates have different sensitivities towards certain fungicides. 

The differing T. harzianum sensitivities to the same fungicides could have been 

influenced by the fungicide formulation as although the active ingredients were the 

same, the additional formulation products would vary between fungicides. In addition, 

the fungicide concentrations used could have been responsible for the T. harzianum 

sensitivity differences as the field rate based concentrations used in the present study 

were much higher than the concentrations based on llg/ml used in other studies. 
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While differences in fungal sensitivity between T. harzianum isolates exist, differences 

in mycelial and spore sensitivity were also apparent for T. harzianum C52. For 

example, procymidone inhibited T. harzianum mycelium by 58.8 (half field rate)-

81.4% (twice field rate) but T. harzianum spores were insensitive to all concentrations. 

The structure and composition of the hyphal cell walls and spore walls could account 

for these differences. Thiram and iprodione were the two exceptions in that both T. 

harzianum mycelium and spores were highly sensitive to these fungicides. It appears 

that any differences in fungal structure and composition were overcome by the potency 

of these fungicides. 

Although the fungal structures of T. harzianum differed in their fungicide sensitivity, 

the proliferation of T. harzianum in soil can be explained by the in vitro results. While 

all fungicides initially reduced the T. harzianum concentration, the T. harzianum 

popUlation was lowest with the mancozeb containing treatments. As the T. harzianum 

inoculum applied to the soil was based on spores and the in vitro assay indicated that 

mancozeb was toxic to T. harzianum spores, it is not surprising that mancozeb 

. significantly reduced T. harzianum populations in soil. T. harzianum spores were also 



highly sensitive to thiram and although this fungicide did not reduce the fungal 

population to the same extent as the mancozeb treatments, the initial decline in T 

harzianum populations confirms that thiram was responsible for the unexpectedly low 

T harzianum concentration following planting with thiram coated onion seed in other 

trials. The T harzianum concentration with captan coated seed was equivalent to the 

uninoculated control, which is also not surprising as T harzianum spores were captan 

tolerant in the in vitro assay. T harzianum mycelium was sensitive to captan, thiram 

and benomyl in the in vitro assays, however, T harzianum was insensitive to these 

fungicides in soil. This result was not unexpected since T harzianum was introduced 

into the soil as spores and only one fungicide application was made. Had additional 

fungicide applications occurred as in a field situation then a decline in T harzianum 

populations would probably have been observed. 
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The glasshouse trial results were more indicative of T harzianum fungicide sensitivity 

than the in vitro assays as sensitivity was assessed in soil rather than agar. The soil 

processes influenced the T harzianumlfungicide interaction. For example, T 

harzianum spores were highly sensitive to thiram but the T harzianum concentration 

was not reduced in soil compared with mancozeb, which had a similar toxicity level. A 

similar situation occurred with procymidone as T harzianum spores were insensitive to 

this fungicide in vitro but the fungal concentration was reduced in soil compared with 

the control. The interaction between T harzianum and the fungicides would have been 

subject to a number of soil processes including sorption, diffusion, volatilisation and 

leaching (Sinha et at., 1988). In the glasshouse trial, leaching after watering would be 

the soil process with the greatest influence as the fungicides would have been diluted in 

the soil surrounding T harzianum. As these interactions are complex, further trials are 

warranted under field conditions to study the buffering capacity ofthe soil. In addition, 

the greater fungicide sensitivity of T harzianum detected in the in vitro assays 

compared with the glasshouse trial can be attributed to more fungal biomass being in 

contact with the fungicides, which did not occur to the same extent in the glasshouse 

trial. 

Although further trials need to be conducted to determine the sensitivity of T. 

harzianum to repeated fungicide applications and to all chemicals used on onion crops 

. under standard field conditions, preliminary results indicated that the integration of 
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fungicides and T. harzianum is possible. Based on the results of the present study, 

recommendations can be made. In Canterbury, onion seed is usually coated with 

benomyl and procymidone (Mrs 1. Swaminathan, pers. comm.) for control of smut and 

onion white rot, respectively. In Pukekohe, seed is coated with thiram or captan to 

control damping-off in addition to benomyl and procymidone (Mr R. Wood, pers. 

comm.). The pot trial results from the present study indicated that all seed treatments 

are compatible with T. harzianum, although the application of captan would be 

preferable to thiram as growth of T. harzianum was unaffected when exposed to captan. 

For control of downy mildew, growers in both Canterbury and Pukekohe use alternate 

fortnightly applications ofmancozeb and the combination ofmetalaxyl and mancozeb 

starting at the third leaf stage (Mrs 1. Swaminathan and Mr R. Wood, pers. comm.). As 

T. harzianum is highly sensitive to mancozeb, the fungal concentration is unlikely to be 

maintained at optimum levels. However, as T. harzianum would have 8 weeks to 

proliferate before coming into contact with mancozeb, the populations could be 

maintained at 104 
- 105 cfu/g soil, which may be sufficient to control onion white rot 

under the majority of situations. If additional control of onion white rot was required, 

the triazole fungicides tebuconazole and triadimenol, which are used in Canterbury and 

Pukekohe, respectively could be applied as these fungicides did not adversely affect the 

T. harzianum concentration in soil. For control of Botrytis, carbendazim is used in both 

Canterbury and Pukekohe (Mrs J. Swaminathan and Mr R. Wood, pers. comm.), 

however, when the present study was established growers were using dichlofluanid. As 

T. harzianum sensitivity to carbendazim was not tested in soil, further trials are 

worthwhile. 

The preliminary results of the present study indicate that the combination of T. 

harzianum C52 and selected fungicides would be possible for the control of onion white 

rot. This will hopefully enable the number of fungicides sprays to be reduced and 

overcome some of the disease control variation associated with the use ofT. harzianum 

under moderate and high S. cepivorum disease pressures. 
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CHAPTER SIX 

Increasing soil temperature to reduce Sclerotium cepivorum sclerotia I 

viability 

6.1 INTRODUCTION 

In the past, soil applications of dicarboxirnide and triazole systemic fungicides were 

relied upon to control onion white rot. Control was adequate. However, in more recent 

years, their effectiveness has declined due to enhanced microbial degradation of the 

chemicals (Slade et al., 1992) or been inconsistent between seasons (Tyson et al., 1999). 

The build up of S. cepivorum sclerotia in the soil may also have contributed to the 

decline in fungicide effectiveness. The loss of fungicide efficacy indicates a need for 

alternative control measures. Soil solarisation is such a method where the number of 

viable sclerotia in the soil can be reduced by increasing the soil temperature, thus 

relieving disease pressure. With less S. cepivorum inoculum, the addition of biological 

control agents may more effectively control disease, allowing chemical applications to be 

less relied upon to control onion white rot. 

Soil solarisation is a technique that could easily be integrated into an onion white rot 

disease management programme and successful reductions in S. cepivorum viability have 

been reported from Egypt (Satour et al., 1989; 1991), Spain (Basallote-Ureba and 

Melero-Vara, 1993), Australia (Porter and Merriman, 1985) and New Zealand (McLean 

et al., 2001). In the two solarisation trials undertaken in Canterbury, New Zealand 

(1995 - 1996 and 1997), the soil was solarised for 4 weeks and reduced sclerotial 

viability by 39.4 and 37.4%, respectively compared with the non-solarised controls 

(McLean et al., 2001). Soil solarisation to decrease Sclerotinia sclerotiorum sclerotial 

viability has also been tested in New Zealand (Swaminathan et aI., 1999). The authors 

found that extending the solarisation period was more effective at reducing sclerotial 

viability. After 4 weeks solarisation, sclerotial viability was reduced by 45.3% compared 

with the non-solarised control, whereas after 8 weeks solarisation, sclerotial viability was 

reduced by 84.9% (Swaminathan et al., 1999). In the present study, two solarisation 

trials were set up, one in Canterbury and the other in Blenheim, to determine the effect of 

. an extended solarisation period (8 weeks) on S. cepivorum sclerotia! viability in onion 
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and garlic, respectively. 

6.2 METHODS AND MATERIALS 

6.2.1 Soil solarisation trials 

6.2.1.1 Sclerotium cepivorum inoculum production 

Sclerotia of S. cepivorum SC3 (for origin and isolation details see Chapter Two, Table 

2.1) were produced on whole wheat grains and harvested by progressive wet sieving as 

described in Appendix 1.2.1. and 1.2.2. Sclerotial viability was determined before use 

(Appendix 1.2.4). Sclerotia were counted into lots of 50. Each lot was placed in a 

polyester mesh bag (85 Jlm pore size, 10 cm x 10 cm, Scarpa Filtration Ltd, Auckland, 

NZ). Half ofthe bags contained 20 g sieved Wakanui silt loam soil (:S 200 Jlm particle 

size) and 20 g quartz sand in addition to the sclerotia. The remaining bags contained 

sclerotia alone. A marker was attached to each bag for location purposes. A reference 

treatment was included, where sclerotia were stored in glass vials at 20°C in the dark for 

the duration of the trials. 

6.2.1.2 Trial design 

Trial 1 was conducted at a field site at Lincoln University, Canterbury in Wakanui silt 

loam soil and trial 2 was conducted at the Marlborough Research Centre, Blenheim, in 

Spring Creek series clay loam soil (classified as Gley soil with a silty clay loam texture 

and a typical bulk density of 0.93 g cm-3 (McLaren and Cameron, 1996)). At each site, 

eight plots (3 x 3 m) were marked out. Three bags containing the sclerotia and the 

soil/sand mixture and three bags containing sclerotia alone were buried equidistant from 

each other at a depth of 10 cm. Plots were carefully levelled using a fine rake and then 

irrigated to saturation. On the following day, 50 Jlm thick transparent polythene 

(Permathane Plastics, Auckland, New Zealand) was laid over four randomly selected 

plots. The edges of the polythene were buried in the soil to a depth of 10 cm. The 

remaining four uncovered plots were sprinkler irrigated once a week and weeds were 

removed by hand. The trials were established on the 10th and 16th of December 1997 and 

completed on the 1st and 13th of February 1998 for Canterbury and Blenheim, 

respectively. 

"For both trials, a Tiny Tag temperature logger with internal sensor (Gemini Dataloggers, 
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Chichester, UK) was enclosed in a plastic container, wrapped in a plastic bag and buried 

10 cm deep in one solarised and one non-solarised plot. Temperatures were recorded 

every 3 h. 

6.2.1.3 i\ssessment 

Sclerotia were retrieved from the bags at trial completion and assessed for viability as 

described in i\ppendix 1.2.4. Sclerotial germination was recorded every second day and 

percentage viability of sclerotia, relative to the number buried, was determined. l\ny 

other microorganisms growing out into the agar droplets were also noted and identified 

where possible. For both trials, the results were analysed using a one-way ANOV i\ to 

compare the number of recovered or viable sclerotia between treatments (i\ppendix 3.4). 

Where ANOV i\ indicated a significant main effect, this was further explored using 

Fisher's LSD test. 

6.2.2 Onion white rot disease trial 

i\ field trial was established in Canterbury using three solarised and three non-solarised 

plots. The trial was planted in i\ugust 1998 and the soil had lain uncultivated since the 

completion of the solarisation trial in February 1998. Untreated onion seed (Pukekohe 

Long Keeper) was planted at 48 mm intervals in a planting furrow using a Planet Junior 

planting machine. In each plot (3 x 3 m), the seed was sown in 2 m long rows and there 

were 6 rows within each plot. i\ 0.5 m guard row was left around the edge of each plot. 

Plots were watered as required and weeding was performed with a hand held hoe. 

6.2.2.1 i\ssessment 

Seedling emergence was counted 4 weeks after sowing. White rot infected plants were 

counted at fortnightly intervals following the first emergence count. 

6.3 RESULTS 

6.3.1 Soil solarisation trials 

The percentage of recovered sclerotia was significantly less (P :s 0.05) from the solarised 

plots compared with the non-solarised plots and reference treatments (sclerotia stored in 

glass vials) for both trials (Table 6.1). Significantly fewer (P:S 0.05) sclerotia were 

. recovered from the solarised bags with soil and sand (46%) compared with the solarised 
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bags without soil and sand (61.2%) from the Canterbury trial. In the Blenheim trial, the 

addition of the soil and sand mixture to the bags had no effect (P ~ 0.05) on the number 

of sclerotia recovered from the solarised plots (Table 6.1). The addition of soil and sand 

to the bags in the non-solarised plots did not affect the number of sclerotia recovered in 

the Canterbury trial but significantly fewer (P S 0.05) sclerotia were recovered from the 

bags with soil and sand (61.7%) in the non-solarised plots compared with the bags 

without soil and sand (77.3%) from the Blenheim trial (Table 6.1). Fragments of 

sclerotial rind remained in the bags and vials, which indicated that the unrecovered 

sclerotia had disintegrated. 

Sclerotial viability was significantly reduced (P S 0.05) in the solarised plots in both trials 

(Table 6.1). In the Canterbury trial, sclerotial viability in the solarised plots from the 

bags with and without soil and sand was significantly reduced (P S 0.05) to 8.7 and 

31.5%, respectively compared with 70.7 and 84.7%, sclerotial viability in the non­

solarised plots from bags with and without soil and sand, respectively (Table 6.1). There 

was no significant difference (P S 0.05) in the number of viable sclerotia recovered from 

the non-solarised bags without soil and sand compared with the reference treatment, but 

the number of sclerotia covered from the non-solarised bags with soil and sand was 

significantly less than the reference treatment for the Canterbury trial (Table 6.1). In the 

Blenheim trial, sclerotial viability was reduced (P ~ 0.05) to 0% irrespective ofthe 

addition of soil and sand to the bags compared with the sclerotial viability with and 

without soil and sand in the bags in the non-solarised plots (49.7 and 70.8%, 

respectively). The number of viable sclerotia from bags with and without soil was 

significantly less (P S 0.05) from the non-solarised plots compared with the respective 

reference treatments (Table 6.1). 

The mean daily maximum and minimum temperatures for solarised and non-solarised soil 

for the Canterbury trial is shown in Fig. 6.1. The maximum and mean temperatures in 

the solarised soil were 41.3 and 28.8°C, respectively. In the non-solarised soil the 

maximum and mean temperatures were 33 and 21.1 °C, respectively. The mean daily 

maximum and minimum soil temperature for non-solarised soil for the Blenheim trial is 

shown in Fig. 6.2. The maximum and mean temperatures were 33.6 and 23.3°C, 

. respectively. There was no soil temperature profile obtained for the solarised soil for the 



Blenheim trial, as the Tiny Tag temperature logger in the solarised plot malfunctioned 

during the course of the trial and the temperature data could not be retrieved. 
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A number of fungal species emerged from the sclerotia in both trials when plated onto 

agar droplets. In the Canterbury tria~ the non-solarised sclerotia were mainly clean 

irrespective of the addition of soil and sand to the bags. The solarised sclerotia with soil 

and sand were colonised by Aspergillus and some unidentified bacteria. The solarised 

sclerotia without soil and sand were mainly colonised by Aspergillus, Fusarium and 

Verticillium species. In the Blenheim tria~ the non-solarised sclerotia with soil and sand 

were colonised by isolates of Aspergillus and Trichoderma, whereas the non-solarised 

sclerotia without soil and sand were colonised by Fusarium and Verticillium isolates in 

addition to Aspergillus. The majority of the solarised sclerotia with soil and sand in the 

bags were clean, although an Aspergillus isolate colonised a number of sclerotia. The 

solarised sclerotia without soil and sand were colonised by isolates of Aspergillus, 

Fusarium, Verticillium and a Mucor-like fungus. 

6.3.2 Onion white rot disease trial 

Onion seedling emergence was very poor (:S 25%)in both solarised and non-solarised 

soil, therefore the trial was abandoned. 



Table 6.1 Percentage recovery and viability of sclerotia of Sclerotium cepivorum 

from all treatments in the Canterbury and Blenheim soil solarisation trials 

Canterbury trial Blenheim trial 

Sclerotial treatments % recovery % viabilityl % recovery % viability 

Reference2 92.0 ±30.34 a 88.7 ±29.1 a 96.0 ±2.3 

Reference+soie 90.7 ±4.8 a 88.7 ±2.9 a 92.7 ±4.4 

Non-solarised 86.3 ±3.6 a 84.7 ±3.6 ab 77.3 ±7.7 

N on-solarised+soil 74.7 ±6.8 a 70.7 ±6.5 b 61.7 ±7.6 

Solarised 61.2 ±6.7 b 31.5 ±0.5 c 29.0 ±3.1 

Solarised+soil 46.0 ±3.3 c 8.7 ±7.3 d 18.8 ±2.6 

I Percentage sclerotial viability relative to the number of sclerotia buried. n = 150. 

2 Reference treatment = sclerotia stored in glass vials at 20°C in the dark. 

a 92.0 ±4.1 

a 89.3 ±2.4 

a 70.8 ±7.9 

b 49.7 ±7.5 

c O±O.O 

c O±O.O 

3 Treatment+soil = a mixture of soil and sand was added to the glass vials or bags with the sclerotia. 

4 Percentage values ± standard error followed by the same letter do not differ significantly within each 

column (P S 0.05, Fisher's LSD test). 
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6.4 DISCUSSION 

The significant reduction in sclerotial viability observed in solarised plots in both trials 

was achieved with a combination of fluctuating sub-lethal temperatures and short periods 

oflethal temperatures. In the laboratory, soil temperatures greater than 45°C were 

required to bring about reductions in sclerotial viability within 12 h (Adams, 1987; 

McLean et al., 2001). These authors also indicated that at lower temperatures, a longer 

period of time was required before sclerotial viability was decreased. While soil 

temperatures greater than 40°C were recorded in Canterbury and it is probable that soil 

temperatures exceeded 40°C on numerous occasions in Blenheim given that the non­

solarised soil temperatures were higher than those recorded in Canterbury, the 

temperature was unlikely to have been maintained at this high level for sufficient periods 

of time to kill substantial numbers of sclerotia. 

The detrimental effects of fluctuating sub-lethal temperatures have been well documented 

(Katan et al., 1976; Pullman et al., 1979; Porter and Merriman, 1983). Both thermal 

influence and biological control activity reduced sclerotial viability in these soil 

solarisation trials. Fluctuating temperatures increase sclerotial vulnerability to soil 

microorganisms or increase heat resistant saprophyte populations subsequently 

increasing the parasitic and lytic effects on the sclerotia (Katan et aI., 1976). Increased 

colonisation of S. cepivorum sclerotia by soil microorganisms, following treatment with 

sub-lethal temperatures has also been reported (Entwistle and Munasinghe, 1990). In the 

present study, soil microorganisms were recovered mainly from the solarised soil in 

Canterbury and both the solarised and non-solarised soil in Blenheim. The 

microorganisms that appeared most frequently in conjunction with the sclerotia were 

Aspergillus, Fusarium and Verticillium. Aspergillus is reported as a possible secondary 

colonist of sclerotia (Phillips, 1990) and is tolerant of high soil temperatures (Dwivedi, 

1991). Some bacterial isolates also colonised the recovered sclerotia and bacterial 

species have been reported to colonise cracks in the sclerotial rind of weakened sclerotia 

(Lifshitz et al., 1983). The presence of these microorganisms suggests that the sclerotia 

were in a weakened state. 

The present 8 week soil solarisation trials reduced sclerotial viability by 68.5 and 100% 

. in Canterbury and Blenheim, respectively when the soil and sand mixture was not 
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included in the bags. In two previous 4 week Canterbury trials, S. cepivorum sclerotial 

viability was reduced by 59.8 and 46.7% (McLean et al., 2001). Given that the effects 

of fluctuating sub-lethal temperatures were the most probable cause for the loss in 

sclerotial viability, it is not surprising that an 8 week solarisation period was more 

effective than a 4 week period at reducing sclerotial viability. The use of an 8 week 

solarisation period rather than a 4 week period is further supported by the comparison of 

the maximum and mean temperatures from the Canterbury trials. In a 1995 - 19964 

week solarisation trial, the maximum and mean temperature were 42.7 and 27.6°C, 

respectively and sclerotial viability was reduced by 59.8%. An additional 4 week 

solarisation trial conducted in 1997 had lower maximum and mean soil temperatures 

(39.2 and 24.6°C, respectively) and sclerotial viability was reduced by less (46.7%) 

(McLean et al., 2001). The 8 week Canterbury solarisation trial in the present study had 

similar maximum and mean soil temperatures to the 1995-1996 trial (41.3 and 28.8°C, 

respectively) but the extended solarisation period resulted in a 68.5% reduction in 

sclerotial viability. 

The addition of soil and sand to the bags resulted in greater reductions in sclerotial 

viability in solarised plots (9l.3% compared with 68.5%) in Canterbury. The sclerotia 

clumped together in the polyester mesh bags that did not contain soil and sand. Thus 

some sclerotia were protected from the surrounding increased soil temperature 

processes. The addition of soil and sand to the bags enabled the sclerotia to be evenly 

distributed throughout the bag so all sclerotia were subjected to temperature 

fluctuations. In Blenheim, sclerotial viability was reduced to zero irrespective of the 

addition of soil and sand to the bags. The higher soil temperatures in Blenheim most 

likely over rode the insulation effect. If this is the case, then the reductions in sclerotial 

viability achieved when soil and sand were incorporated with the sclerotia are more 

representative ofthe losses that would occur in natural populations. 

The successful results achieved in the present study occurred for sclerotia placed at a 

depth of 10 cm. While sclerotia are able to infect Allium species when placed up to 30 

cm deep in the soil, it is the sclerotia in the top 10 cm of soil that mainly contribute to 

disease (Crowe and Hall, 1980) and cause the greatest loss in yield (Chapter 5) . 

. Reducing sclerotial viability in the top 10 cm of the soil would therefore ease disease 
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pressure in Allium crops. In addition, soil temperatures at 10 and 20 cm were almost 

identical (McLean et al., 2001) and solarising as. cepivorum naturally infested field 

would still subject sclerotia at soil depths greater than 10 cm to sub-lethal temperature 

fluctuations. While the effects would not be as great deeper in the soil, the sclerotia may 

still be weakened and more vulnerable to invasion by antagonistic microorganisms. 

It was interesting to observe that sclerotial viability was reduced in the non-solarised 

plots compared with the reference treatments. S. cepivorum sclerotia are reported to 

survive for up to 20 years in soil (Coley-Smith, 1959; Crowe et al., 1980; Coley-Smith et 

al., 1990). However, the results of the present trials indicate that sclerotia may not 

necessarily survive for extended periods of time in the soil. This is supported by 

sclerotial survival studies conducted in Auckland, NZ, where 10 - 15% and less than 

10% of the original S. cepivorum sclerotial population remained after 3 (Fullerton et al., 

1994) and 6 months (Alexander and Stewart, 1994), respectively and in British Columbia 

where sclerotial decay was recorded after 4 months (Legget et at., 1983). The authors 

suggested that the variation in sclerotiallongevity may be the result of complex 

interactions between environmental and biological factors (Alexander and Stewart, 1994; 

Fullerton et at., 1994) or the variation between naturally produced sclerotia and 

laboratory-grown sclerotia (Legget et al., 1983). 

Soil temperature data from the National Institute of Water and Atmospheric Research 

(NIWA), National Climate Database indicated that soil temperatures in the non-solarised 

soil for the summer months of 1997 - 1998 were average in Canterbury and Blenheim 

compared with the past ten years. In addition, 10 cm soil temperatures for November to 

February were on average 2°C higher in Pukekohe, New Zealand's main onion growing 

region, compared with Blenheim. Soil temperatures in Canterbury were on average 2°C 

cooler than Blenheim. Based on this data, soil solarisation would probably be effective in 

Pukekohe. As the water retention capabilities of the soil types are different between the 

three regions (McLaren and Cameron, 1996), the loss in sclerotial viability may vary. 

Therefore further trials are warranted to determine if a significant loss in sclerotial 

viability can be achieved in Pukekohe . 

. Trials are now required in New Zealand to study the correlation between the reduction in 
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sclerotial viability achieved by soil solarisation and the subsequent impact on lowering 

disease levels in the following crop. In addition, the feasibility of using solarisation in a 

commercial situation needs consideration. The cost oflaying the polythene, in addition 

to having the land out of production for 8 weeks would be the most limiting factors for 

the implementation of soil solarisation in a commercial situation. Brown et al. (1991) 

also indicated that another major limitation to commercial usage ofsolarisation was the 

disposal of the polythene. These authors estimated polythene disposal at $US240lha. 

There are more feasible options for growers wanting to use soil solarisation. As onion 

white rot usually infects onions in patches within a field, it may be possible for growers 

to identifY particularly bad sites of pathogen infestation. These locations could then be 

solarised rather than the entire field. This technique would enable growers to continue 

cropping onions for an income and minimise the cost of solarisation. Disease 

suppression has been reported in subsequent seasons following the initial soil solarisation 

treatment (Tjarnos and Paplomatas, 1988; Satour et at., 1989), which indicates that soil 

solarisation would not need to be repeated every season. Weed control and increased 

plant growth are additional benefits of soil solarisation (Alexander, 1990; Yaduraju and 

Ahuja, 1990; Gruenzweig et al., 1993) that could make this control method more 

attractive to growers. 
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CHAPTER SEVEN 
General discussion and future research 

7.1 GENERAL DISCUSSION 

Control of onion white rot currently relies on the triazole group of systemic fungicides, 

tebuconazole and triadimenol. More recently, these fungicides have provided 

inconsistent control between growing seasons (Tyson et al., 1999). This variation in 

fungicide efficacy, the detrimental effect of repeated chemical applications on the 

environment and consumer pressure for reduced chemical usage has indicated the need 

for alternative control measures. 

The use of biological control agents provides an alternative to fungicides. T. harzianum 

C52 was first identified as a potential biological control agent of onion white rot in 1994 

(Kay and Stewart, 1994a). This isolate has provided good control of onion white rot 

under moderate disease levels (40-50%) (Kay and Stewart, 1994a; McLean and Stewart, 

2000). In the present study, while T. harzianum C52 reduced disease for the first 12 

weeks compared with the pathogen control in a glasshouse trial, this fungus was less 

effective under high disease pressure environments. Similar trends were observed in 

field trials conducted within the Biopesticide Development Programme where T. 

harzianum C52 was highly effective under low and moderate disease pressure but less 

so under high disease conditions when prepared in a variety of formulations. Q3ased on 

these results, it is likely that the Trichopel formulation of T. harzianum C52 will be 

developed for control of onion white rot at a cost of $500 - 7001ha compared with 

fungicidal control at $500 - 1,0001ha (Dr J. Hunt, pers. comm.). "/) 
I-

While applications of T. harzianum alone can control onion white rot under low and 

moderate disease conditions, under high disease pressure, Trichopel applications of T. 

harzianum C52 would need to be applied as part of an integrated control programme to 

provide adequate control of the disease. Within an integrated programme, soil 

solarisation could be used to reduce the number of viable sclerotia in the soil, thus 

relieving disease pressure and enabling T. harzianum to more effectively control 

disease. In the present study, soil solarisation successfully reduced sclerotial viability in 

Canterbury and Blenheim. 



Soil solarisation and T harzianum could be combined in two ways. The fungus could 

be incorporated into the soil before solarisation or applied to the soil immediately 

following soil solarisation. The addition of T harzianum before solarisation would 

probably be ineffective as T harzianum is sensitive to temperatures greater than 25°C 

(McLean, 1996; Rollan et a!., 1999). In addition, T harzianum did not survive the 

solarisation treatment in a study conducted in Brazil (Pereira et al., 1996). It would 

seem a better strategy to apply the fungus immediately after solarisation. 
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Applications of T harzianum to freshly solarised soil would enable this fungus to use its 

competitive ability to colonise the partly sterilised soil and proliferate to a greater extent 

than in non-solarised soil. Within New Zealand, there would be a 4 - 6 month period 

between completing the solarisation treatment and crop planting. If T harzianum C52 

was incorporated into the soil straight after solarisation, the concentration would need to 

be maintained at 105 
- 106 cfu/g soil until harvest of the subsequently planted crop as it 

would not be economically viable to apply an additional application at planting. It is 

unlikely that T harzianum C52 populations would be maintained for this length of time. 

Therefore, applying T harzianum C52 at planting would be more appropriate than 

immediately after solarisation as the biological control capabilities of this fungus would 

be optimised. Successful reductions in disease development have been achieved when 

T harzianum was applied to solarised soil at crop planting for R. solani infections in iris 

bulbs (Chet et a!., 1982) and S. rolfsii in potatoes (Elad et a!., 1980b). Pereira et al. 

(1996) found that when T harzianum was applied to solarised soil, control of onion 

white rot increased from 78 to 98% and the combination of T harzianum and soil 

solarisation controlled Fusarium crown and root rot of tomato and increased yield 

(105%) compared with the control treatment (Sivan and Chet, 1993). 

An alternative to soil solarisatio.!l to reduce the number of viable sclerotia in the soil 

would be the use of diallyl disulphide (DADS). Diallyl disulphide is a synthetically 

produced form of onion or garlic oil, which when applied to S. cepivorum infested soil 

in the absence of a host causes the sclerotia to germinate and the hyphae subsequently 

die. Trials in Pukekohe showed that one and two applications of DADS increased onion 

yield by 33.5 and 79.5%, respectively (Tyson et al., 2000). Diallyl disulphide was 

registered in 1999 for use on onions in New Zealand (Alli-Up®, Elliot Chemicals) and 

the cost of DADS applications is predicted to be covered by the onion crop return. In 



addition, the effect of DADS is predicted to persist for several years and a cover crop 

such as mustard can be grown during treatment (Tyson et al., 2000). Further studies 

should investigate the compatibility of DADS applications with T harzianum C52, 

applied at planting time to determine if applications of DADS could be incorporated 

into an integrated disease management programme for control of onion white rot. 
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Having relieved disease pressure using soil solarisation or possibly DADS applications, 

Trichopel formulations ofT harzianum C52 applied to the planting furrow at the time 

of planting would enable the fungus to establish in the rhizosphere and provide 

protection from early season stem base infection. It is postulated that T harzianum C52 

brings about fhis disease control by out-competing S. cepivorum for nutrients and space 

and by producing antibiotic substances to inhibit S. cepivorum growth. If additional 

control of onion white rot was required later in the season, fungicide applications could 

be applied at standard intervals. (This type of integrated control regime should provide 

effective control of onion white rot without the heavy reliance on fungicides, which are 

becoming increasingly ineffective)This control programme would also be compatible 

with current fungicide practices to control other fungal diseases of onions including 

damping-off, smut and downy mildew. 

The use of integrated control has been reported successful for other pathogens. Coating 

potato tubers with T harzianum and captan reduced the incidence of Verticillium wilt. 

Yield increases were also evident when T harzianum was sprayed into the planting 

rows in addition to the coated tubers (Ordentlich et al., 1990). For control offoliar 

rather than soil-borne pathogens, control of grey mould on cucumber was achieved with 

the alternation ofT. harzianum and iprodione (Elad et al., 1993) and a mixture of 

diethofencarb and carbendazim alternated with T harzianum applications was shown to 

control Botrytis cinerea in vineyards (Elad, 1994). These authors reported disease 

control equal to that provided by standard fungicide applications. Reduced applications 

of fungicides are thought to weaken the pathogen making it more susceptible to this 

antagonist fungus (Lorito et al., 1996). In addition, the combination of biological 

control agents and fungicides can reduce the disease control variability often associated 

with biological control agents when applied alone (Elad and Shtienberg, 1994). 
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Within New Zealand, the proposed integrated disease management programme for 

onion white rot could be applied to the three main Allium growing regions; Pukekohe, 

Blenheim and Canterbury. Soil temperature data from these regions indicated that soil 

solarisation would be applicable to all regions. Onion white rot disease may vary 

between the three regions because of differences in soil temperature and moisture, 

which affect S. cepivorum sclerotial viability, germination and infection. Thus, the 

efficacy of T. harzianum C52 as a biological control agent may also vary. However, 

irrespective of soil conditions, reducing sclerotial viability using soil solarisation would 

enable T. harzianum C52 and/or reduced amounts offungicide to be more effective at 

controlling onion white rot. 

While the proposed integrated disease management programme would be appropriate 

for all Allium growing regions, these multi-component programmes are often seen by 

growers as time consuming and difficult to implement. However, with onion white rot, 

there is no alternative as current fungicidal control measures are unreliable. In 

Pukekohe, NZ, onion white rot has caused crop losses of up to 70 - 90% (Prof A. 

Stewart, pers. comm.). The heavy S. cepivorum infested soil has led to onion growers 

buying or rented land in the Waikato region in order to find "clean" land, which has 

resulted in increased production costs (Prof A. Stewart, pers. comm.). Therefore, an 

integrated disease management programme is the only option to relieve disease pressure 

and provide sustainable control of onion white rot. 

If T. harzianum C52 provides effective control of onion white rot throughout New 

Zealand, the next logical progression would be to market T. harzianum C52 

internationally. The costs associated with the export and registration of biological 

control agents may hamper this process. As T. harzianum is a universally ubiquitous 

fungus, generally all that is required is an import permit at a cost of approximately $200 

(Dr J. Hunt, pers. comm.), although this cost does differ between countries. The major 

cost incurred with the export of T. harzianum C52 products would be registration of the 

product to use on consumable crops in each respective country. The cost of registration 

can be anywhere from $20,000 to 10 - 100 times this value depending on whether 

toxicology and environmental risk assessments are required (Dr J. Hunt, pers. comm.). 
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Providing the costs associated with marketing and selling T. harzianum C52 in other 

countries can be met, the type of integrated control programme suggested in the present 

study would be applicable to countries such as Tasmania, Australia where onions are 

direct seeded and disease progression is similar to New Zealand. Regions such as the 

United Kingdom, Canada, Mexico and the USA use onion sets or transplants rather than 

directly planting seed in the field (Herison et al., 1993; Davies, 1994; Zavaleta-Mejia et 

al., 1994) (Dr M.R. McDonald, pers. comm.). The results of the present study indicated 

that T. harzianum C52 could be successfully introduced into the rhizosphere of onion 

transplants, which indicates that T. harzianum could be effectively incorporated into 

onion growing systems used internationally. As soil type and environmental conditions 

have an impact on the success of biological control agents, trials would be required in 

locations diverse to New Zealand to determine the efficacy of T. harzianum C52 and the 

suitability of an integrated control strategy. In this way, control methods can be 

optimised to provide consistent and reliable control of onion white rot on an 

international scale. 

7.2 FUTURE RESEARCH 

• More detailed mode of action studies of T. harzianum C52 against S. cepivorum. 

• Continued molecular marker investigations to identify an isolate specific marker for 

T. harzianum CS2. 

• Additional fungicide sensitivity trials in the field to determine the effect of 

carbendazim, repeated applications offungicides and other herbicides on T. 

harzianum concentrations. 

• Trials to determine the effect of soil solarisation on onion white rot disease 

development in subsequently planted onion crops. 

• Integrated disease management programme trials to determine the effectiveness of a 

combination oftreatments on disease incidence in Canterbury, Blenheim and 

Pukekohe, New Zealand. 
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APPENDIX 1: Commonly used methods 

A1.1 MAINTENANCE OF FUNGAL CULTURES 

All isolates were maintained on slope tubes of potato dextrose agar (PDA) (Appendix 

2.4) at 4°C in the dark. When required, the cultures were transferred to PDA plates (9 

cm diameter) and grown at 20°C in a 12 h light, 12 h dark cycle incubator. 

AI.2 PRODUCTION, HARVESTING, CONDITIONING AND VIABILITY 

OF SCLEROTIUM CEPIVORUM SCLEROTIA 

A1.2.1 Production of Sclerotium cepivorum sclerotia 

Sclerotia of S. cepivorum isolates were produced on whole wheat grains (Alexander and 

Stewart, 1994). Fifty grams of whole wheat grains were added to each of twenty, 250 

m1 conical flasks. Forty-five millilitres of 0.0025% (w/v) chloramphenicol (Boehringer 

Mannheim, Germany) was added to each flask and left overnight. Flasks were 

autoclaved at 121°C and 15 psi for 30 min on 3 consecutive d. When cool, each flask 

was inoculated with four, 5 mm plugs of S. cepivorum taken from the actively growing 

edge of a 5 d old culture grown on PDA. The flasks were incubated at 20°C in the dark 

for between 6 and 8 weeks and shaken at weekly intervals to ensure an even distribution 

of mycelium. 

A1.2.2 Hanresting of Sclerotium cepivorum sclerotia 

Sclerotia were harvested using progressive wet sieving through 850 Ilm and 500 Ilm 

sieves (Kay and Stewart, 1994a). Only sclerotia retained on the 500 Ilm sieve were used 

in the trials and the sclerotia were air dried on sterile Whatman No.1 filter paper for 24 h 

before they were used or conditioned. 

AI.2.3 Conditioning of Sclerotium cepivorum sclerotia 

Sclerotia were conditioned to overcome dormancy (Coley-Smith, 1960). Sclerotia were 

contained in polyester mesh (URE Pacific, Auckland, NZ) bags (20 cm x 20 cm, 85 Ilm 

pore size) and buried in plastic containers (18 x 18 x 19 cm) filled with Wakanui silt loam 

soil (PH 5.1). The containers were incubated between 15 - 18°C with the moisture 

content of the soil maintained between 40 - 50% for a minimum of2 months. 
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A1.2.4 Sclerotium cepivorum sclerotial viability assay 

Before the sclerotia were used, viability was determined. A sample of 100 sclerotia were 

surface sterilised in 0.25% sodium hypochlorite (NaOCI) for I min, washed in three 

changes of sterile distilled water (SDW), touched to Whatman No.1 filter paper using 

sterile forceps to absorb excess liquid and placed onto PDA droplets. The sclerotia were 

then incubated at 20°C in the dark and examined daily for 10 d. The number of 

germinated sclerotia was recorded. 

A1.3 COLONY FORMING UNIT ASSAY 

Fungal populations were determined using a cfu assay (Whipps et al., 1989). One gram 

of fungal substrate was added to 9 m1 of sterile 0.01% water agar (WA) and shaken on a 

wrist action shaker at a medium speed for 10 min. After standing for a further 20 min, a 

ten-fold dilution series was made in 0.01 % WA to a dilution of 

10-6
• Sub-samples of O. 5 m1 of each dilution, were pipetted over the surface of three 

PDA plates amended with Streptomycm sulphate (50 J..lg/litre) (Sigma Chemical Co., 

Mo, USA) and Penicillin G (50 J..lg/litre) (Sigma Chemical Co., MO, USA) or 

Trichoderma selective medium (TSM) (Appendix 2.9) plates. The number of cfu/g soil 

was calculated after 3 - 5 d incubation at 20°C in the dark. 

Al,4 TRICHODERMA SPORE SUSPENSIONS 

Spore suspensions were prepared from 10 d old Trichoderma species cultures grown on 

PDA at 20°C in a 12 h light, 12 h dark cycle incubator. Five millilitres of Tween 80 

(Appendix 2.10) (BDH Laboratory Supplies, Poole, England) was added to the Petri 

dish and the culture rubbed with a sterile glass hockey stick to suspend the spores. The 

Tween 80/spore combination was poured through lens tissue into a sterile glass bottle. 

An additional 5 m1 of Tween 80 was added to the glass bottle to dilute the spore 

suspension. The diluted spore suspension was filtered through lens tissue three 

additional times to remove any hyphal fragments. The spore concentration was 

determined using a haemocytometer slide and adjusted to the desired concentration with 

SDW. 
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A1.S PREPARATION OF TRICHODERMA INFESTED SAND:BRAN BULK 

CARRIER 

A1.S.1 Preparation of liquid Trichoderma biomass 

Two methods were used to produce a Trichoderma liquid culture used to inoculate the 

sand and bran combination for the bulk carrier. For the glasshouse trial in Chapter Two 

and the quantification studies in Chapter Four, a fungal colonised MYE broth (Appendix 

2.3) was used to inoculate the sand:bran (section A1.5.3). Producing a Trichoderma 

colonised molasses broth was time consuming (14 d) and the molasses cultures 

occasionally became contaminated. For these reasons, the method of producing a 

Trichoderma species liquid culture was refined for the rhizosphere competence studies in 

Chapter Four. A spore suspension (section A1.4) was used to inoculate the sand:bran 

(Bowen et al., 1996b) instead of the molasses broth. The growth of the Trichoderma 

species in the sand:bran bulk carrier inoculated with both inoculated molasses cultures 

and spore suspensions were compared and considered equivalent. 

A1.S.2 Production of Trichoderma in molasses yeast extract broth 

The Trichoderma isolates were grown in liquid culture. Two hundred and fifty millilitre 

conical flasks containing 100 ml ofMYE broth (Appendix 2.5) were autoclaved for 30 

min at 15 psi on 2 successive d (Kay and Stewart, 1994a). Once the broth had cooled, 

two flasks for each Trichoderma isolate were each inoculated with two, 5 mm mycelial 

plugs of the isolate, taken from the actively growing edge of a 5 d old culture grown on 

PDA. The flasks were incubated on a rotary shaker (300 rpm) at 25°C in the dark for 14 

d. Then the liquid cultures were mixed thoroughly with 100 ml ofSDW. Duplicate 

cultures were combined and blended in a two speed Waring commercial Blendor®, on 

low speed for 30 s in three equal bursts. This procedure gave a fine spore/mycelial 

homogenate «150 J!mparticle size). 

A1.S.3 Inoculation of the sand:bran bulk carrier 

The mycelial homogenate or spore suspension was used to inoculate a bulk carrier 

formulation made from sand and bran. Thirty-five grams of sand «800 J!m) and 35 g of 

ground wheat bran «800 J!m) were placed together into each of six conical flasks (1 

litre) and autoclaved for 30 min, at 121°C and 15 psi on 2 successive d (for the spore 
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suspension inoculated flasks, 17.5 ml ofSDW was added to each flask before 

autoclaving). Cooled flasks were inoculated by adding 70 ml of each mycelial 

homogenate or 17.5 ml of each spore suspension to two flasks and the contents shaken. 

The flasks were incubated for 5 d, at 25°C in the dark before their immediate application 

to the soil. Before each sand:bran:fungal mix was applied to the soil, a cfu assay was 

performed to determine fungal concentration (Appendix 1.3). 

Al.6 AGAROSE GEL ELECTROPHORESIS OF DNA 

Sufficient agarose (Roche Diagnostics, Auckland, NZ) was added to T AE buffer 

(Appendix 2.7) to achieve the desired concentration. The agarose was dissolved by 

heating to 100°C and then cooling to 60°C before it was poured into a gel casting tray of 

a horizontal E-C® Gel Electrophoresis Apparatus (E-C® Apparatus Corporation, NY, 

USA). A comb was inserted at the top of the gel and the gel was allowed to set. The 

comb was removed and the gel on the casting tray was placed into the electrophoresis 

chamber and covered with T AE. Samples were mixed with one sixth volume of loading 

dye (Appendix 2.2) and loaded into the wells. Samples were separated by 

electrophoresis at 10 V fcm for varying times depending on the samples. Gels were 

removed from the chamber and casting tray and placed in a gel staining box with 0.5 

Ilglml ethidium bromide (AMRESCO®, Ohio, USA) for 30 min. The bands produced 

on the gel were visualised using UV light. Gels were photographed using a Polaroid 

MP4 Land camera, fitted with a Kodak Wratten gelatin 2B filter and a Colour Control 

light red 23B filter, with black and white 667 Polaroid film (Polaroid (U.K.) Ltd., 

Hertfordshire, England). 

A1.7 DETERMINATION OF DNA CONCENTRATION 

Aliquots (1 Ill) of each isolate were mixed with 9 III nanopure water and 2 III of loading 

dye ( Appendix 2.2) and electrophoresed on a 1 % agarose gel (Appendix 1.6). The gel 

was run at 10 V fcrn for 1.5 h. DNA concentration was estimated by comparison with 4 

III of High Mass ladder (Life Technologies™fGIBCO BRL®, NY, USA). 
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APPENDIX 2: Growing media and solutions 

Note: All chemicals were manufactured by BDH Laboratory Supplies, Poole, England 

unless other wise stated 

Al.1 EXTRACTION BUFFER 

200 mM Tris (Life Technoiogies™IGIBCO BRL® 

250 mM Sodium chloride (NaCl) 

25mM EDTA 

0.5% SDS 

Preparation: All ingredients were dissolved in 800 m1 distilled water. The pH 

was adjusted to 8.5 and the volume made up to 11. 

Al.2 LOADING DYE 

40% (w/v) Sucrose 

0.25% (w/v) Bromophenol blue 

0.25% (w/v) Xylene cyanol 

Preparation: All ingredients were added together in a small glass bottle and 

mixed on a magnetic stirrer until dissolved. Aliquots were transferred to 1 m1 

tubes and stored at -20°C until required. 

Al.3 MOLASSES YEAST EXTRACT BROTH 

10 g Molasses (Redseal®) 

1.6 g Yeast extract (Sigma Chemical Co.) 

1 I distilled water 

Preparation: All ingredients were combined in a 1 I Duran bottle and 

autoclaved at 121°C and 15 psi for 25 min. 

Al.4 POTATO DEXTROSE AGAR 

39 g Potato dextrose agar (Life Technoiogies™IGIBCO BRL®) 

1 I distilled water 

Preparation: All ingredients were added to a 1 I Duran bottle and autoclaved 



178 

at 121°C and 15 psi for 15 min. 

Al.S POTATO DEXTROSE BROTH 

24 g Potato dextrose broth (Life Technoiogies™IGIBCO BRL®) 

1 I distilled water 

Preparation: All ingredients were added to a 1 I Duran bottle and autoclaved 

at 121°C and 15 psi for 15 min. 

Al.6 RNAse BUFFER 

10 mM Tris (Life Technoiogies™IGIBCO BRL®) 

15 mM Sodium chloride (NaCI) 

Preparation: All ingredients were dissolved in 800 ml of distilled water. The 

pH was adjusted to 7.5 and the volume made up to 11. 

Al.7 TAE 

Prepared as a 50 x stock 

242 g Tris (Life Technoiogies™IGIBCO BRL®) 

57.1 ml Glacial acetic acid 

100 ml 0.5 M EDT A (PH 8.0) 

Preparation: All ingredients were added to a 1 I Duran bottle and mixed on a 

magnetic stirrer for approximately 1 h until dissolved. The solution was 

autoclaved at 121°C and 15 psi for 15 min. 

Al.8 TE 

10 mM Tris-HCI (Life Technoiogies™IGIBCO BRL®) 

1 mM EDTA 

Preparation: All ingredients were dissolved in 800 ml of distilled water. The 

pH was adjusted to 8.0 and the volume was made up to 11. The solution was 

autoclaved at 121°C and 15 psi for 15 min. 

A2.9 TRICHODERMA SELECTIVE MEDIA RECIPES 

Al.9.1 Martin's Rose Bengal Medium 

10 g Glucose 



Al.9.2 

5 g Peptone (Life Technoiogies™IGIBCO BRL®) 

1 g Potassium dihydrogen orthophosphate (KH2P04) 

0.5 g Magnesium sulphate (MgS04.7H20) 

0.033 g Rose bengal (Sigma Chemical Co.) 

20 g agar (Life Technoiogies™IGIBCO BRL®) 

1 I distilled water 

Preparation: All ingredients were placed in a 11 Duran bottle and 

autoclaved at 121°C and 15 psi for 15 min. 

Trichoderma selective medium from Askew and Laing (1993) 

Basal Medium 

0.2 g Magnesium sulphate (MgS04.7H20) 

0.9 g Dipotassium hydrogen phosphate anhydrous (K2HP04) 

0.25 g Potassium chloride (KCI) 

1.0 g Ammonium nitrate (N~N03) (Ajax Chemicals) 

3.0 g Glucose, anhydrous 

0.15 g Rose bengal (Sigma Chemical Co.) 

20 g agar (Life Technoiogies™IGIBCO BRL®) 

950 m1 distilled water 

Preparation: All ingredients were placed in a 1 I Duran bottle and 

autoclaved at 121°C and 15 psi for 15 min. 

Biocidal Ingredients 

0.25 g Chloramphenicol (Boehringer Mannheim) 

0.2 g Quintozene (Terraclor® 75 WP, 750 g/kg a. i.) (Uniroyal 

Chemical Company Inc.) 

0.2 g Captan (Orthocide® 80 W, 800 g/kg a. i.) (Nufarm Ltd.) 
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1.6 g Metalaxyl (Ridomi1® MZ, 72 WP, 80 g/kg a. i.) (Novartis 

New Zealand Ltd.) 

50 m1 sterile distilled water 

Preparation: All ingredients were placed in a 100 m1 Duran bottle, 

mixed thoroughly and added to the autoclaved basal medium. 



A2.9.3 

A2.9.4 

Trichoderma selective medium from HortResearch 

30 g Glucose 

1.0 g Ammonium nitrate (N~N03) (Ajax Chemicals) 

0.9 g Dipotassium hydrogen phosphate anhydrous (K2 HP04) 

0.2 g Magnesium sulphate 7 hydrate (MgS04.7H20) 

0.2 g Terraclor® 75 WP (qunitozene 750 g/kg a. i) (Uniroyal 

Chemical Company Inc.) 

0.15 g Rose bengal (Sigma Chemical Co.) 

0.25 g Chloramphenicol (Boehringer Mannheim) 

0.l5 g Potassium chloride (KCl) 

20.0 g agar (Life Technologies™/GIBCO BRL®) 

1 ml A mixture of the following: 
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1 g Iron sulphate (Ferrous Sulphate) 7 hydrate (FeS04.7H20) 

0.65 g Manganese sulphate 1 hydrate (Mn04.H20) 

0.9 g Zinc sulphate 1 hydrate (ZnS04.H20) 

Preparation: Dissolve the above 3 ingredients in 11 of distilled 

water 

1 1 distilled water 

Preparation: All ingredients were placed in a 11 Duran bottle and 

autoclaved at 121°C and 15 psi for 15 min. 

Trichoderma selective medium from Lincoln University 

30 g Glucose 

1.0 g Ammonium nitrate (N~N03) (Ajax Chemicals) 

0.9 g Dipotassium hydrogen orthophosphate trihydrate 

(K2HP043H20) 

0.2 g Magnesium sulphate 7 hydrate (MgS04.7H20) 

0.2 g Terraclor® 75 WP (qunitozene 750 g/kg a. i) (Uniroyal 

Chemical Company Inc.) 

0.15 g Rose bengal (Sigma Chemical Co.) 

0.25 g Chloramphenicol (Boehringer Mannheim) 

0.15 g Potassium chloride (KC!) 



181 

20.0 g agar (Life Technoiogies™IGIBCO BRL®) 

I m1 A mixture of the following: 

1 g Iron sulphate (Ferrous SUlphate) 7 hydrate (FeS04.7H20) 

0.65 g Manganous sulphate Tetrahydrate (MnS04.4H20) 

0.9 g Zinc sulphate (ZnS04.7H20) 

Preparation: Dissolve the above 3 ingredients in 1 I of distilled 

water 

1 I distilled water 

Preparation: All ingredients were placed in a 1 I Duran bottle and 

autoclaved at 121°C and 15 psi for 15 min. 

A2.10 TWEEN 80 

4 m1 Tween 80 

996m1 distilled water 

Preparation: All ingredients were combined in a 1 I Duran bottle and 

autoclaved at 121°C and 15 psi for 15 min. 
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APPENDIX 3: Analysis of variance data 

A3.1 CHAPTER TWO 

A3.1.1 Glasshouse trial 

One-way ANOV A for the number of emerged onion seedlings for each treatment, 

glasshouse trial 

Source 
Treatment 
Error 

SS 
204.71 
236.572 

DF 
4 
30 

MS 
51.243 
7.886 

F 
1.251 
6.498 

p 

0.317 

One-way ANDV A for the number of diseased onion seedlings for each treatment at 6 

weeks after planting, glasshouse trial 

Source 
Treatment 
Error 

SS 
0.101 
0.154 

DF 
4 
30 

MS 
0.025 
0.005 

F 
4.916 

p 

0.004 

One-way ANOV A for the number of diseased onion seedlings for each treatment at 8 

weeks after planting, glasshouse trial 

Source 
Treatment 
Error 

SS 
0.428 
0.848 

DF 
4 
30 

MS 
0.107 
0.028 

F 
3.786 

p 

0.013 

One-way ANOV A for the number of diseased onion seedlings for each treatment at 12 

weeks after planting, glasshouse trial 

Source 
Treatment 
Error 

SS 
0.142 
0.380 

DF 
4 
30 

MS 
0.036 
0.013 

F 
2.808 

p 

0.043 

One-way ANOVA for the number of diseased onion seedlings for each treatment at 16 

weeks after planting, glasshouse trial 

Source 
Treatment 
Error 

SS 
0.003 
0.030 

DF 
4 
30 

MS 
0.001 
0.001 

F 
0.853 

p 

0.503 



183 

A3.1.2 In vitro mode of action studies 

A3.1.2.1 Dual plate assay 

Two-way ANOV A for the growth of Sclerotium cepivorum when challenged with 

Trichoderma harzianum and Trichoderma virens 

Source SS DF MS F P 
S. cepivorum isolate 289.000 3 96.333 41.884 0.000 
Treatment 9825.700 3 3275.233 1424.014 0.000 
S. cepivorum*Treatment 156.100 9 17.344 7.541 0.000 
Error 147.200 64 2.300 

A3.1.2.2 Amended agar assay 

Two-way ANOV A for the growth of Sclerotium cepivorum on agar amended with 

Trichoderma virens 

Source SS DF MS F P 
S. cepivorum isolate 5847.671 1 5847.671 4289.074 0.000 
Treatment 13.341 3 4.447 3.262 0.039 
S. cepivorum*Treatment 14.768 3 4.923 3.611 0.028 
Error 32.721 24 1.363 

A3.2 CHAPTER FOUR 

A3.2.1 Quantification of Trichoderma harzianum C52 

Random effects ANOVA for portioning the relative contributions of variation within the 

colony fonning unit assay when performed with a Trichoderma harzianum spore 

suspensIon 

Source 
Sample 
Concentration 
Sub-sample 
Plate 

SS DF 
12969.37 2 
12368 6 
51244 9 
77325.333 36 

MS 
6484.519 
2061.333 
5693.778 
2147.926 

F 
3.019 
.960 
2.651 

P 
0.061 
0.466 
0.018 

Random effects ANOVA for portioning the relative contributions of variation within the 

colony fonning unit assay when performed with Trichoderma harzianum infested 

sand:bran 

Source SS DF MS F P 
Flask 17797.556 1 17797.556 259.188 0.000 
Sample 4772.444 4 1193.111 17.375 0.000 
Plate 824.000 12 68.667 



A3.2.2 Rhizosphere competence of Trichoderma harzianum C52 

A3.2.2.1 Glasshouse trial 
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Factorial ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil from all root regions of seed and bulk carrier treatments at 4, 8, 

12 and 16 weeks after planting, glasshouse trial 

Source SS DF MS F P 
Treatment 1658.023 1 1658.023 715.160 0.000 
Assessment interval 104.479 3 34.826 15.232 0.000 
Root region 1.397 2 0.698 0.305 0.738 
Assinter*treatment 3.576 3 1.192 0.521 0.669 
Assinter*rregion 4.996 6 0.833 0.364 0.900 
Error 182.914 80 2.286 

Two-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil from seed and bulk carrier treatments at 4 weeks after planting, 

glasshouse trial 

Source SS DF MS F P 
Treatment 361.797 1 361.797 470.757 0.000 
Root region 1.835 2 0.918 1.194 0.326 
Treatment*rregion 1.590 2 0.795 1.034 0.376 
Error 13.834 18 0.769 

Two-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil from seed and bulk carrier treatments at 8 weeks after planting, 

glasshouse trial 

Source SS DF MS F P 
Treatment 399.926 1 399.926 133.796 0.000 
Root region 2.256 2 1.128 0.377 0.691 
Treatment * rregion 0.294 2 0.147 0.049 0.952 
Error 53.803 18 2.989 

Two-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil from seed and bulk carrier treatments at 12 weeks after 

planting, glasshouse trial 

Source SS DF MS F P 
Treatment 370.539 1 370.539 83.101 0.000 
Root region 0.717 2 0.358 0.080 0.923 
Treatment*rregion 7.579 2 3.790 0.850 0.444 
Error 80.260 18 4.459 
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Two-way ANOV A for the number of Trichoderma harzianum colony fonning units per 

gram of rhizosphere soil from seed and bulk carrier treatments at 16 weeks after 

planting, glasshouse trial 

Source SS DF MS F P 
Treatment 271.815 1 271.815 238.052 0.000 
Root region 1.584 2 0.792 0.694 0.513 
Treatment*rregion 5.001 2 2.500 2.190 0.141 
Error 20.553 18 1.142 

A3.2.2.2 Field trial 

Two-way ANOV A for the number of Trichoderma harzianum colony fonning units per 

gram ofrhizosphere soil for all treatments at all times for the field trial. 

Source SS DF MS F P 
Treatment 3255.992 3 1085.331 509.870 0.000 
Week 1786.144 18 99.230 46.617 0.000 
Treatment * Week 841.651 54 15.586 7.322 0.000 
Error 644.979 303 2.129 

One-way ANOV A for the number of Trichoderma harzianum colony fonning units per 

gram of rhizosphere soil at 0 weeks after planting, field trial 

Source 
Treatment 
Error 

SS 
0.428 
7.146 

DF 
2 
12 

MS 
0.214 
0.595 

F 
0.360 

p 

0.705 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 1 week after planting, field trial 

Source 
Treatment 
Error 

SS 
9.147 
17.451 

DF 
3 
16 

MS 
3.049 
1.091 

F p 

2.795 0.074 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 2 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
112.015 3 
56.434 16 

MS 
37.338 
3.527 

F 
10.586 

p 

0.000 
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One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 3 weeks after planting, field trial 

Source 
Treatment 
Error 

SS 
72.477 
21.863 

DF 
3 
16 

MS 
24.159 
0.366 

F 
17.680 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 4 weeks after planting, field trial 

Source 
Treatment 
Error 

SS 
45.103 
5.593 

DF 
3 
16 

MS 
15.034 
0.350 

F 
43.007 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 5 weeks after planting, field trial 

Source 
Treatment 
Error 

SS 
58.373 
6.822 

DF 
3 
16 

MS 
19.458 
0.426 

F 
45.635 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 6 weeks after planting, field trial 

Source 
Treatment 
Error 

SS 
92.798 
10.922 

DF 
3 
16 

MS 
30.733 
0.683 

F 
45.022 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 7 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
186.693 3 
29.750 16 

MS 
62.231 
1.859 

F 
33.469 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 8 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
124.690 3 
3.143 . 16 

MS 
41.563 
0.196 

F 
211.576 

p 

0.000 
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One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 9 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
163.700 3 
23.410 16 

MS 
54.567 
1.463 

F 
37.294 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 10 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
185.146 3 
14.421 16 

MS 
61.715 
0.901 

F 
68.473 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 11 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
174.832 3 
4.303 16 

MS 
58.277 
0.269 

F 
216.688 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram ofrhizosphere soil at 12 weeks after planting, field trial 

Source 
Treatment 
Error 

SS 
77.636 
26.634 

DF 
3 
16 

MS 
25.879 
1.665 

F 
15.546 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram ofrhizosphere soil at 13 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
165.029 3 
107.286 16 

MS 
55.010 
6.705 

F 
8.204 

p 

0.002 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 14 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
238.655 3 
53.090 16 

MS 
79.552 
3.318 

F 
23.975 

p 

0.000 
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One-way ANOV A for the number of Trichoderma harzianum colony fonning units per 

gram of rhizosphere soil at 15 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
396.839 3 
71.461 15 

MS 
132.280 
4.764 

F 
27.766 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony fonning units per 

gram of rhizosphere soil at 16 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
463.725 3 
70.766 16 

MS 
154.575 
4.423 

F 
34.949 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 17 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
530.205 3 
60.158 16 

MS 
176.735 
3.760 

F 
47.006 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 18 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
518.545 3 
31.427 16 

MS 
172.848 
1.964 

F 
88.000 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of rhizosphere soil at 19 weeks after planting, field trial 

Source 
Treatment 
Error 

SS DF 
476.824 3 
30.044 16 

A3.2.2.3 Onion white rot disease, field trial 

MS 
158.941 
1.878 

F 
84.644 

p 

0.000 

One-way ANOV A for the number of onion white rot diseased seedlings at 13 weeks 

after planting, field trial 

Source 
Treatment 
Error 

SS 
0.035 
0.086 

DF 
5 
30 

MS 
0.007 
0.003 

F 
2.435 

p 

0.058 



One-way ANOV A for the number of onion white rot diseased seedlings at 14 weeks 

after planting, field trial 

Source 
Treatment 
Error 

SS 
0.051 
0.116 

DF 
5 
30 

MS 
0.010 
0.004 

F 
2.656 

P 
0.042 

One-way ANOV A for the number of onion white rot diseased seedlings at 15 weeks 

after planting, field trial 

Source 
Treatment 
Error 

SS 
0.406 
0.900 

DF 
5 
30 

MS 
0.081 
0.030 

F P 
2.707 0.039 

One-way ANOV A for the number of onion white rot diseased seedlings at 16 weeks 

after planting, field trial 

Source 
Treatment 
Error 

SS 
0.571 
1.947 

DF 
5 
30 

MS 
0.114 
0.065 

F 
1.759 

P 
0.152 

One-way ANOV A for the number of onion white rot diseased seedlings at 19 weeks 

after planting, field trial 

Source 
Treatment 
Error 

SS 
0.565 
1.749 

A3.2.2.4 Transplant trial 

DF 
5 
30 

MS 
0.113 
0.058 

F P 
1.938 0.117 
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Two-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of bedding mix when amended with Trichodry 

Source SS DF MS F P 
Treatment 3414.800 1 3414.800 2340.583 0.000 
Week 802.230 30 26.741 18.329 0.000 
Treatment * Week 597.803 30 19.927 13.658 0.000 
Error 433.309 297 1.459 

T -test to compare the number of Trichoderma harzianum colony forming units at 4 and 

5 weeks after planting, onion transplant trial 

Separate variance t = -3.361 df= 14.2 Prob = 0.005 

Pooled variance t = -1.361 df= 16 Prob= 0.004 
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T -test to compare the number of Trichoderma harzianum colony forming units at 8 and 

9 weeks after planting, onion transplant trial 

Separate variance t = -1.666 df= 15.7 Prob = 0.116 

Pooled variance t = -0.296 df= 16 Prob = 0.115 

A3.3 . CHAPTER FIVE 

A3.3.1 Infection sites of Sclerotium cepivorum on onion roots 

A3.3.1.1 The effect of root position on infection 

Kruskal-Wallis Test Statistic = 0.789 for the number of infected seedlings when sclerotia 

were positioned on the roots at 6,8, 10 and 12 

Kruskal-Wallis Test Statistic = 26.635 for the number of infected seedlings when 

sclerotia were positioned at different locations on the root 

Mann-Whitney U Test Statistic = 29.5 for the number of infected seedlings when 

sclerotia were positioned at the stem base compared with along the length of a root 

Mann-Whitney U Test Statistic = 7 for the number of infected seedlings when sclerotia 

were positioned at the stem base compared with the root tip 

Mann-Whitney U Test Statistic = 18 for the number of infected seedlings when sclerotia 

were positioned at the stem base compared with the control 

Mann-Whitney U Test Statistic = 34.5 for the number of infected seedlings when 

sclerotia were positioned along the length of a root compared with the root tip 

Mann-Whitney U Test Statistic = 84 for the number of infected seedlings when sclerotia 

were positioned along the length of a root compared with the control 

Mann-Whitney U Test Statistic = 138 for the number of infected seedlings when sclerotia 

were positioned at the root tip with the control 



A3.3.2 Trichoderma harzianum C52 sensitivity to fungicides 

Two-way ANOV A for Trichoderma harzianum mycelial growth when exposed to a 

range of fungicides at three concentrations, in vitro experiment 

Source SS DF MS F P 
Fungicide 129296.456 11 11754.223 140.357 0.000 
Concentration 7994.957 2 3997.479 47.734 0.000 
Fung*concn 15429.136 22 701.324 8.375 0.000 
Error 9044.467 108 83.745 

Two-way ANOV A for Trichoderma harzianum spore germination when exposed to a 

range of fungicides at three concentrations, in vitro experiment 

Source SS DF MS F P 
Fungicide 178189.556 11 16199.051 1869.121 0.000 
Concentration 5608.722 2 2804.361 323.580 0.000 
Fung* concn 23186.611 22 1053.937 121.608 0.000 
Error 936.000 108 8.667 
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Two-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of soil when exposed to a range of fungicides, glasshouse trial 

Source SS DF MS F P 
Fungicide 182.772 10 18.277 9.304 0.000 
Time 182.703 4 45.676 23.251 0.000 
Fungicide * Time 182.179 40 4.557 2.320 0.001 
Reps (Fungicide) 47.179 22 2.145 1.092 0.371 
Error 172.870 88 1.964 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of soil when exposed to a range of fungicides immediately following application 

(time 0), glasshouse trial 

Source 
Fungicide 
Error 

SS 
7.393 
7.640 

DF 
10 
22 

MS 
0.739 
0.347 

F 
2.129 

p 

0.067 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of soil when exposed to a range of fungicides 3 days after application, glasshouse 

trial 

Source 
Fungicide 
Error 

SS 
202.849 
126.756 

DF 
10 
22 

MS 
20.285 
5.762 

F 
3.521 

p 

0.007 
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One-way ANOVA for the number of Trichoderma harzianum colony forming units per 

gram of soil when exposed to a range of fungicides 12 days after application, glasshouse 

trial 

Source 
Fungicide 
Error 

SS 
88.427 
28.572 

OF 
10 
22 

MS 
8.843 
1.299 

F 
6.809 

p 

0.000 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of soil when exposed to a range of fungicides 30 days after application, glasshouse 

trial 

Source 
Fungicide 
Error 

SS 
35.547 
42.746 

OF 
10 
22 

MS 
3.555 
1.943 

F 
1.829 

p 

0.114 

One-way ANOV A for the number of Trichoderma harzianum colony forming units per 

gram of soil when exposed to a range of fungicides 50 days after application, glasshouse 

trial 

Source 
Fungicide 
Error 

SS 
30.824 
14.336 

A3.4 CHAPTER SIX 

OF 
10 
22 

MS 
3.082 
0.652 

F 
4.730 

p 

0.001 

One-way ANOV A for the percentage of Sclerotium cepivorum sclerotia recovered from 

solarised and non-solarised soil, Canterbury. 

Source 

Treatment 

Error 

SS OF 

14040.704 5 

10287.667 48 

MS 

2808.141 

214.326 

F 

13.102 

p 

0.000 

One-way ANOV A for the percentage of Sclerotium cepivorum sclerotial viability from 

solarised and non-solarised soil, Canterbury. 

Source 

Treatment 

Error 

SS OF 

52538.926 5 

11646.333 48 

MS F p 

10507.785 43.308 0.000 

242.632 
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One-way ANOVA for the percentage of Sclerotium cepivorum sclerotia recovered from 

solarised and non-solarised soil, Blenheim. 

Source 

Treatment 

Error 

SS 

39140.33 

9099.667 

DF 

5 

48 

MS 

7828.067 

189.576 

F p 

41.292 0.000 

One-way ANOV A for the percentage of Sclerotium cepivorum sclerotial viability from 

solarised and non-solarised soil, Blenheim 

Source SS DF MS F p 

Treatment 65807.815 5 13161.563 60.623 0.000 

Error 10421.000 48 217.104 



APPENDIX 4: Trichoderma harzianum C52 sensitivity to fungicides, Glasshouse trial results in table form 

Table A4.1 Mean number of Trichoderma harzianum C52 colony forming units for selected treatments before fungicides were applied (0) and 

at 3, 12,30 and 50 days after fungicide application, glasshouse trial 

Fungicide Days after fungicide application 

0 3 12 30 50 

No-fungicide 4.0 x 104 a3 3.1 x 104 a 6.5 x 105 a 6.8 x 105 a 3.1 x 105 a 

thiraml 2.6 x 104 a 4.2 x 103 a 3.5 x 104 cd 3.8 x 104 a 4.2 x 104 c 

procymidonel 5.1 x 104 a 4.7 x 103 a 3.9 x 104 cd 4.5xl04 a 7.7 x 104 ab 

captanl 5.4 x 104 a 3.8 x 104 a 1.3 x 105 ab 6.4 x 104 a 6.2 x 104 abc 

benomy}l 3.8 x 104 a 1.2 x 104 a 3.5 x 104 cd 3.4 x 104 a 2.4 x 104 c 

TPBl 4.0 X 104 a 3.4 x 104 a 2.8 x 104 cd 6.0 x 104 a 8.1 x 104 ab 

procymidon~ 7.8 x 104 a 6.5 x 103 a 9.8 x 104 ab 5.5 x 104 a 5.7 x 104 bc 

triadimenot2 1.4 x 104 a 6.0 x 103 a 5.9 x 104 be 2.3 x 105 a 4.0 x 104 c 

mancozeb2 7.6 x 104 a 2.2 x 103 b 5.8 X 103 de 4.5 x 104 a 7.0 x 104 ab 

dichlofuanid2 5.8 x 104 a 6.1 x 103 a 8.3 x 104 b 2.1 X 105 a 5.5 x 104 
C 

TPBMl+2 3.8 X 104 a 2.9 x 103 b 1.8 X 103 e 2.4 x 104 a 4.0 x 103 d 

ISeed treatment 2Poliar spray applied as a soil drench. TPB = thiram, procymidone and benomyl and TPBM = thiram, procymidone, 
benomyl and mancozeb. 
3Mean values followed by the same letter do not differ significantly within each column (P ~ 0.05, Fisher's LSD test). n=3. 
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