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SUMMARY

In developing biocontrol technology against sapstain, Forintek identified ten potential 
biocontrol fungi. Identification of the metabolites that these leads produce will aid in 
understanding their mechanisms of biocontrol, facilitate product development, and is essential 
for regulatory acceptance.

Identifed as a concern with some of the lead fungi is the possibility that they may produce 
mycotoxins of the trichothecene- or gliotoxin-type. ELISAs were developed for the detection 
of T-2 toxin. T-2 toxin was detected from a known producer, but it was not detected from 
the lead organisms under the growth conditions tested. Candidates were screened for 
production of gliotoxin and related metabolites by HPLC and TLC. EL 9 and 10 produced 
gliotoxin. EL 8 did not produce this mycotoxin, but a structurally-related metabolite. 
Siderophores have been implicated in resource capture and competition mechanisms of 
biocontrol. Universal and specific assays for the detection of siderophores were established. 
Production of hydroxamate-type siderophores was detected for all the leads, ELI to ELIO, 
when grown in liquid media. Production of siderophores by three staining fungi was also 
detected. Methods of isolation of siderophores in the iron-free and iron-complexed forms and 
profiling by HPLC methods have been established. The characterization of these materials is 
continuing.

Biochemical assays were developed for the detection of extracellular enzymes (ECE) that may 
be important in resource capture and antagonistic interactions with staining fungi. ECE 
profiles using 12 enzyme assays were screened. EL4, EL8 and ELIO were the three 
prominent elicitors of ECE activities with ELI being the least. The staining fungus 
Ophiostoma piceae 3871 was found to be the most active producer of enzymes. A zymogram 
overlay procedure was developed for detection of chitinase isozymes after IEF.

The results for staining organisms indicate that there may be difficulties in relating candidate 
ECE profiles to mechanisms of biocontrol. Further work is required to determine the effects 
of wood substrates on the ECE profiles of both staining and biocontrol organisms. The 
methods established in this project will be useful in further research on ECE of staining and 
biocontrol organisms and in the future in rapid screening of ECE production by other 
biocontrol candidates.

A position paper was written on the study of metabolites with respect to the selection of 
biocontrol candidates. Efficacy of the leads in antisapstain tests determined under the 
Forintek biocontrol initiative should be the leading selection criterion, for the present. Study
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of the prevalent Stainers on wood may assist in determining the important characteristics 
required of the lead organisms.
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1.0 OBJECTIVE

To isolate and characterize metabolites involved in the mechanism of biocontrol. To 
determine whether extracellular enzymes are involved in the mechanism of biocontrol. To 
determine whether any identified metabolites are known mycotoxins.

2.0 INTRODUCTION

Since 1986, Forintek has screened and studied fungi for biocontrol agents as alternatives to 
chemical treatments for protection of freshly sawn lumber against sapstaining organisms. 
During the development of biocontrol technology against sapstain, Forintek identified ten 
potential biocontrol fungi. Identification of the metabolites that these leads can produce will 
help in understanding their mechanisms of biocontrol, facilitate product development and 
successful application, and is essential for regulatory acceptance.

Prior to the current research, the candidate control agents had been shown to produce many 
secondary metabolites, but few were identified (Sutcliffe and Miller, 1991, "Characterization 
of antibiotics produced by potential biological control agents of sapstain on lumber", CFS 
report No. 44). Several leads were demonstrated to produce peptaibol (peptide) antibiotics 
(mycotoxins). Many questions were raised. Do the candidates produce trichothecene- or 
gliotoxin-type secondary metabolites? Are peptaibol antibiotics involved in biocontrol 
mechanisms? What types of metabolites will the leads produce in production media and in 
use? Are chitinases, /3-glucasidases, or cellulases involved in the biocontrol mechanisms of 
the candidates?

During the first year of this project, the question also arose as to whether the leads produce 
siderophores? Siderophores have been implicated in resource capture and competition 
mechanisms of biocontrol. Siderophore, peptaibol, and gliotoxin production can all involve 
biosynthesis from amino acids. These metabolites as well as proteases may play a role in 
biocontrol. Their production and activities involve the nitrogen cycle, but the substrate on 
which application is envisaged is a nitrogen poor medium.

From the potential impact on product development and formulation, establishment of the 
metabolite production and mechanistic behaviour of the leads not only in production media 
but on wood is required. To address this, the following work tasks were identified:
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1. Screening for the production of trichothecene- and gliotoxin-type derivatives will be 
made for the leads grown in defined media and on wood substrates.

2. Biochemical assay methods will be developed to examine the production of 
extracellular enzymes in defined media and on wood substrates. Selected staining 
organisms will be examined for comparison.

3. Assays for the production of siderophores will be developed. Isolation procedures for 
the recovery of siderophores from media and wood will be reviewed. Selected leads 
will be grown in media and on wood to allow the isolation and characterization of 
activity of siderophores produced.

4. The crude peptaibol from EL8 will be purified and challenged in bioassays against 
staining fungi.

5. The metabolites of Mariannaea elegans will be studied. This organism will be 
regrown in sufficient quantity to allow bioassay-directed isolation of active 
metabolites. These will be characterized as far as possible.

In the first two years of this project, experimental work addressed tasks 1 to 3. This report 
contains as appendices reports written on the work to date as follows:

For task 1: Appendix I "Metabolites from biocontrol candidates: screening of lead
organisms for the production of T-2 toxin" by Roger Sutcliffe 
and Maria Chan.

Appendix II "Metabolites from biocontrol candidates: screening of lead
organisms ELI, EL4, EL8, EL9 and ELIO for the production of 
gliotoxin-related metabolites and fungitoxic materials" by Roger 
Sutcliffe and Jek-Hui Sim.

For task 2: Appendix III "Metabolites from biocontrol candidates: detection and
characterization of extracellular enzymes produced by potential 
biological control fungi of sapstain on lumber" by Roger 
Sutcliffe and Maria Chan.

For task 3: Appendix IV "Detection of siderophores from biocontrol leads: a progress
report" by Roger Sutcliffe.
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During the second year, because of the implications to the biocontrol initiative of this project, 
a position paper was prepared entitled "Relative merits of biocontrol leads ELI, 4, and 8 
from the perspective of studies on their metabolites: a position paper" by Roger Sutcliffe. 
This is included as Appendix V.

Conclusions to date are summarized in Section 3.0 of this report, and recommendations for 
proposed objectives and work tasks for the continuation of the project in 1993-1994 are 
provided in Section 4.0.

3.0 CONCLUSIONS

There is limited information on the identity and properties of the vast array of metabolites 
that these lead organisms are capable of producing. Its relevance to the requirements for 
registration is limited.

If the role of metabolites can be studied and understood, this will provide information 
required for registration and product development.

At present, it is not possible to differentiate between the lead organisms on the basis of our 
knowledge of the metabolites. Efficacy of the leads in antisapstain tests should be the leading 
selection criterion, for the present.

Study of the prevalent Stainers on wood may assist in determining the important 
characteristics required of the lead biocontrol organisms.

If the nature of the prefered lead organism can be determined in the biocontrol initiative, then 
consideration of the types of production media and methods that are to be used should be 
considered. Study of the metabolites can then be focused on registration requirements.

T-2 toxin could not be detected as being produced by any of the biological control leads, 
under the conditions tested. T-2 toxin was detected only in cultures of Fusarium 
sporotrichioides under all conditions used.

Based on the HPLC results, gliotoxin is produced by EL9 and ELIO, and BDMTG by EL8, 
EL9 and ELIO. The results from the two-dimensional TLC and direct bioautography on thin 
layer chromatograms both confirm the ability of EL9 and ELIO to produce gliotoxin. These 
results indicate a concern with the use of these leads.
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The Petri dish with membrane bioassay demonstrated that all biocontrol organisms considered 
were capable of producing toxic compounds that either halted or impeded growth of some, 
but not all sapstainers. This result has mechanistic implications that need to be considered 
further.

Assay methods were optimized for enzymes that could be involved in resource capture or 
parasitic mechanisms of biocontrol. Five biocontrol fungi demonstrated almost the full 
spectrum of ECE activity screened, irrespective of growth medium. In descending order of 
active ECE responsible for resource capture and cell wall lysis, these five fungi were EL8, 
EL4, EL9, EL6 and ELIO.

A zymogram overlay procedure was developed for detection of chitinase isozymes after IEF.

The results for staining organisms indicate that there may be difficulties in relating the ECE 
profiles observed for candidates to mechanisms of biocontrol. Further work is required to 
determine the effects of wood substrates on the ECE profiles of both staining and control 
organisms. The methods established in this project will be useful in that work and in the 
future in rapid screening of ECE production by other biocontrol candidates.

Hydroxamate-type siderophores have been detected from all the biocontrol leads ELI to 
ELIO. This is the first time siderophores have been detected from isolates belonging to the 
species represented by isolates of ELI, EL4, EL5, EL6, EL7, and EL8.

Crude siderophores have been isolated in Fe-free and Fe-complexed forms for selected leads. 
HPLC methods have been developed for profiling (and purification) of siderophores.

Siderophores have been detected for the first time from three of the staining organisms used 
in this study.
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4.0 RECOMMENDATIONS

Given the difficulty of studying the mechanisms and metabolites of the lead organisms, 
research effort with respect to metabolites should be concentrated on the lead selected for 
development. Selection of this lead under the Forintek biocontrol initiative is required.

It is recommended that the objective of the project be revised as shown to allow study of the 
staining organisms. The lack of this knowledge has impeded the progress of the Forintek 
biocontrol initiative.

OBJECTIVE "To isolate and characterize metabolites involved in the mechanism of 
biocontrol. To determine whether extracellular enzymes are involved in the 
mechanism of biocontrol. To investigate the metabolites produced by sapstaining 
fungi."

Studies of the metabolites of the target organisms will assist in product development and risk 
assessment.

The following work plan and identified tasks should be adopted:

1. Biochemical assay methods should be further developed to examine the 
production of chitinases and protease on wood substrates. Selected staining 
organisms should be examined for comparison.

2. Selected leads should be grown in media and on wood to allow the isolation 
and characterization of activity of siderophores produced.

3. Studies of the prevalent staining organisms should be undertaken.
A) Literature study of the present knowledge of metabolites of staining 

fungi.
B) Most prevalent staining organisms should be grown on scale to allow 

isolation of metabolites (and siderophores). These should be 
characterized as far as possible.
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PREFACE

This work was performed under Forintek Canada Corp. General Revenue Project 3243K394 
entitled "Metabolites from Biocontrol Candidates" and its continuation as FC Project 
3212K205 entitled " Metabolites from Biocontrol Candidates" during the period from 
September 1991 to November 1992.

The general objective of this continuing project is:

"To isolate and characterize metabolites involved in the mechanism of biocontrol. To 
determine whether extracellular enzymes are involved in the mechanism of biocontrol. To 
determine whether any identified metabolites are known mycotoxins."

This report provides information under one of the goals of this project, namely:

"The candidate organisms will be screened for production of trichothecene- and gliotoxin-type 
derivatives."
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SUMMARY

In developing biocontrol technology against sapstain, Forintek identified ten potential 
biocontrol fungi. Identification of the metabolites that these leads can produce will help in 
understanding their mechanisms of biocontrol, facilitate product development, and is essential 
for regulatory acceptance. Identifed as a concern with some of the lead fungi is the potential 
that they may produce mycotoxins of the trichothecene- or gliotoxin-type.

In this study, the abilities of the leads to produce the mycotoxin, T-2 toxin, were determined 
by using enzyme-linked immunosorbent assays (ELISAs). Two icELISAs were tested for 
T-2 toxin analysis using commercially bought immunochemicals, Pab- and Mab-ELISA. 
Results from the Mab-ELISA were confirmed using a commercial diagnostic kit, AgriScreen. 
A bacterial assay for general toxicity was also tested.

T-2 toxin could not be detected as being produced by any of the biological control leads, 
under the conditions tested. T-2 toxin was only detected in cultures of a known producer, 
Fusarium sporotrichioides, under all conditions used.

Using the Toxi-Chromotest, EL9 was indicated to be producing toxic metabolites.
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1.0 OBJECTIVE

To develop an ELISA method for the detection of T-2 toxin from ten potential biocontrol 
fungi using commercially available specific monoclonal antibodies or amplified polyclonal 
antisera. To compare the results with those obtained from two commercial diagnostic kits for 
mycotoxin analysis: (a) a specific test for T-2 toxin via immunoassay (AgriScreen); (b) a 
non-specific test for toxic substances via bacterial colorimetric assay (Toxi-chromotest).

2.0 INTRODUCTION

During the development of biocontrol technology against sapstain, Forintek identified ten 
potential biocontrol fungi. Identification of the metabolites that these leads can produce will 
help in understanding their mechanisms of biocontrol, facilitate product development, and is 
essential for regulatory acceptance. Identifed as a concern through literature searches 
(Sutcliffe and Miller, 1991), a risk assessment (Zhou and Rousseaux), and by other authors 
(for example, Miller, 1990), is the potential that these lead organisms may produce 
mycotoxins of the trichothecene or gliotoxin type. In this study, the ability of the leads to 
produce the harmful mycotoxin, T-2 toxin, was determined by using enzyme-linked 
immunosorbent assays and via a bacterial assay for general toxicity.

3.0 BACKGROUND

3.1 MYCOTOXINS IN GENERAL & THE TRICHOTHECENES

Mycotoxins are fungal metabolites capable of producing undesirable biological effects. Fungi 
capable of producing mycotoxins are referred to as toxigenic fungi. Toxigenic species can be 
found in all major taxonomic groups. However, most of the known mycotoxins have been 
recognized as the metabolic products of genera such as Aspergillus, Pénicillium, Fusarium, 
Claviceps, Alternaria, Strachybotrys, Myrothecium, Phoma, and Diploidia. In addition to the 
genus Claviceps, other Ascomycetes and Deuteromycetes (Fungi imperfecti) are also known to 
produce various mycotoxins. Over 300 mycotoxins formed by 350 species are known 
(Betina, 1989; Ciegler et a l,  1983; Cole and Cox, 1981).
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The trichothecenes are a group of closely related sesquiterpenes produced by various species 
of imperfect fungi. Over 80 natural members of this class of compounds have been reported. 
As a group they show a wide range of biological activity and a broad range of toxicity in 
vertebrate animals. They have been strongly implicated in natural intoxications of animals 
and man. They are recognized as the most important mycotoxic group.

T-2 toxin is by far the most toxic trichothecene isolated to date. It is a potent protein 
biosynthesis inhibitor, implicated in a number of mycotoxicoses, and causing the highly fatal 
"alimentary toxic aleukia" (Mirocha and Christensen, 1974; Sundheim et al., 1988; Ueno, 
1983). Because of the concerns raised with respect to this metabolite, attention in this report 
is focussed on T-2 toxin. Recently, concerns have been raised with respect to the synergistic 
toxicity of Fusarium metabolites that on their own have limited toxicity (ApSimon et al., 
1991; Koshinsky and Khachatourians, 1992). Besides T-2 toxin only the trichothecenes 
deoxynivalenol (DON), nivalenol (NIV), HT-2 toxin (HT-2), and diacetoxyscirpenol (DAS) 
are frequently detected in natural combinations.

3.2 ASSAYS FOR T-2 TOXIN

Analytical methods developed to detect T-2 toxin include various physico-chemical and 
biological methods. The former include: thin layer chromatography (TLC), high pressure 
liquid chromatography (HPLC), gas liquid chromatography (GLC) and gas chromatography- 
mass spectroscopy (GC-MS). These methods either lack sensitivity or specificity or are 
laborious and require extensive clean-up of samples and expensive equipment (Kamimura et 
al., 1981; Miller et al., 1983; Pathre and Mirocha, 1977; Scott et al., 1981; Takeda et al., 
1979; Takitani et al., 1979). Original biological methods were the rabbit skin test and the 
mouse water refusal test. Alternative to these are the extremely versatile, sensitive, specific 
and simple to operate antibody-based immunoassays such as radioimmunoassay, RIA (Chu et 
al., 1979; Fontelo et al., 1983) and the enzyme-linked immunosorbent assay, ELISA (Chiba, 
1988; Fan et al., 1984; Gendloff et al., 1984). The specificity of these assays, due to the 
nature of the antibody-antigen interaction, means that usually minimal pre-purification or 
sample clean-up will be necessary. In addition, immunoassays have a unique ability to 
routinely handle large numbers of samples. Of the two immunoassays, ELISA is more 
sensitive when pure mycotoxins are used. It does not require a licensed laboratory and the 
use of radioisotopes labeled toxins (Chu, 1991).

3.3 GENERAL PRINCIPLES OF ELISA

The enzyme-linked immunosorbent assay, ELISA, is a heterogenous enzyme immunoassay
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(EIA) requiring the separation of bound and free antigen and a solid phase to which the 
antibody or the antigen is bound. When EIAs do not require the separation step, the assays 
are termed homogenous and are usually performed in liquid phase. The general principles 
behind ELIS As are based on the high affinity antigen-antibody interaction and that proteins 
and other biological substances can passively adsorb to hydrophobic surfaces such as plastics. 
An antigen is a large chemically complex molecule or hapten-carrier conjugate (vide infra) 
that can induce immune response resulting in the formation of specific antibodies. An 
antibody is a protein produced in response to an antigen and that binds with a specific antigen 
or hapten to form a complex. For detailed discussions of ELISA, see for example, Engvall 
and Perlmann, 1972; Van Weemen and Schuurs, 1971; Voiler et al. 1979; Allen and Smith, 
1987; Hemmila, 1991; Nakamura et al., 1992; Van Emon and Lopez-Avila, 1992).

The assays make use of antigens or antibodies that are linked to an insoluble carrier surface, 
the plastic solid phase. This is then used to capture the relevant antigen or antibody in the 
test solution and the complex is detected by means of an enzyme-labeled antibody or antigen. 
The degradation of the added enzyme substrate is measured spectrophotometrically and is 
proportional to the concentration of the unknown antigen or antibody in the test solution. 
Inexpensive horse radish peroxidase (HRP) is used most commonly in ELISA. Alkaline 
phosphatase is also a preferable enzyme conjugate because of its relatively good stability and 
availability in highly pure form. Other enzymes such as /?-D-galactosidase, glucoamylase and 
glucose oxidase have also been used. These enzymes can be detected by colorimetric 
techniques at extremely low concentrations. It is thus possible to detect very low 
concentrations of antibody or antigen to which the enzyme conjugate is coupled.

3.4 IMMUNOASSAY FOR LOW MOLECULAR WEIGHT COMPOUND

Mycotoxins are generally low molecular weight compounds (under 10,000 Da) that are not 
antigenic. Via the hapten concept (Landsteiner, 1945), the non-antigenic nature of the low 
molecular weight mycotoxin can be rendered immunogenic by covalent conjugation to a 
protein or a polypeptide carrier. It is then used to immunize animals for antibody production 
(Weiler, 1989; Chu, 1991). A hapten is defined as a small molecule that cannot induce 
antibody production unless it is covalently bound to a carrier molecule to from an antigen. A 
hapten can react with the specific antibodies produced in response to the hapten-carrier 
conjugate. In principle, haptens should be coupled to soluble protein carriers such as bovine 
serum albumin (BSA), keyhole limpet hemacyanin (KLH), ovalbumin (OVA), or purified 
protein derivative of tuberculin (PPD). The ability of a hapten to elicit antibodies in animals 
depends on the amount of haptenic group conjugated to the protein and the orientation of the 
hapten on the protein molecule.

3



A mycotoxin does not necessarily have a reactive group that can be directly conjugated to a 
protein carrier for antibody production. Derivatisation to introduce a reactive group into the 
molecule can be performed before coupling to the protein. Often the coupling functionality is 
placed at the end of an alkyl chain to offset the hapten from the carrier.

The following are some examples of mycotoxin derivatisation methods. For mycotoxins 
containing a hydroxyl side chain, acylation of the toxin with bifunctional anhydrides, like 
glutaric or succinic acid anhydrides, to form the corresponding hemiglutarate or 
hemisuccinate are used. For toxins containing a carbonyl group, a carboxymethyl oxime can 
be prepared. For toxins containing a primary alcohol group, the OH group can be oxidized 
to a carbonyl group for subsequent derivatisation. The derivatised toxin is then conjugated to 
protein carriers such as BSA, OVA or KLH (Chu et a l ,  1979; Chu, 1986; Zhang et a l ,  
1986).

Using different mycotoxin-protein conjugates as immunogen, specific antibodies, both 
monoclonal and polyclonal, against various specific mycotoxins and mycotoxin metabolites 
have been produced (Chu, 1979; Chu et al., 1984; Fan et al., 1987; Hunter et al., 1985; 
Zhang et al., 1986). A monoclonal antibody (Mab) is a homogeneous antibody population 
derived from one specific antibody-producing cell and is typically produced in mice or rats. 
Polyclonal antisera (Pab) are antibodies obtained from sera of immunised rabbits, sheep or 
goats with a heterogeneous population of antibodies varying in specificity and affinity, 
resulting from many antibody-producing cells. The specificity, or the cross-reactivity, of an 
antibody is dictated by the type of mycotoxin or mycotoxin metabolites used in antibody 
production and by the mycotoxin site of conjugation to the carrier protein. The accuracy of a 
mycotoxin immunoassay is affected by both the specificity of the antibody used and also by 
the presence of structurally related analogs of the mycotoxin in the sample that may react 
with the antibody.

3.5 COMPETITIVE ELISA FOR T-2 TOXIN MYCOTOXINS ANALYSIS

There are two types of ELISA used for T-2 toxin analysis. Both are heterogenous 
competitive immunoassays, the direct and the indirect competitive ELISA (Chiba et al.,
1988; Fan et al., 1984; Gendloff et al., 1984; Kawamura et al., 1990; Ramakrishna et al., 
1990).

The direct competitive ELISA, dcELISA, uses labeled-antigen (enzyme-T-2 toxin mycotoxin 
conjugate) in which antigen binding to the antibody is directly monitored by the displacement 
of the enzyme-labeled antigen from the specific antibody (Figure la). Initially the specific 
antibody is immobilised directly, or via an optional secondary antibody, to the solid phase.
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Figure 1 Competitive Enzyme-Linked Immunosorbent Assays (ELISA) for Antigens of 
Low Molecular Weight Compounds: (a) Immobilised Antibody and Enzyme 
Labeled Antigen (Direct ELISA); (b) Immobilised Antigen-Protein Conjugates 
and Enzyme-Labeled Antibody (Indirect ELISA).
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It is followed by incubation of the T-2 toxin standard or sample and the enzyme-mycotoxin 
conjugate simultaneously. After washing, enzyme substrate is added and incubated. The 
colour produced by the reaction of bound enzyme and the substrate is determined 
spectrophotometrically. It is inversely proportional to the amount of T-2 toxin present in the 
sample.

In the indirect method, icELISA, a labeled second antibody is used instead of a labeled- 
antigen (Figure lb). In this assay, mycotoxin-protein conjugate is prepared and immobilised 
to the solid phase. It is then incubated with the specific antibody (against the specific 
mycotoxin) in the presence or absence of the homologous mycotoxin, i.e. the mycotoxin 
standard or sample. The specific antibody bound to the free mycotoxin is removed during 
washing. The amount of antibody bound to the immobilised mycotoxin-protein conjugate on 
the plate is determined by the reaction with a second antibody-enzyme complex (anti to the 
host species to which the specific antibody is raised) and subsequently by the reaction with 
the enzyme substrate. The mycotoxin in the sample competes with the mycotoxin 
immobilised on the plate for the same binding site with the specific antibody. The sensitivity 
of the icELISA is better than the dcELISA and requires less specific antibody as well. 
However, both competitive ELISA methods depend critically on the precise amounts of three 
things: the standard or sample; the labeled antigen or immobilised antigen; and the specific 
antibody. In addition, the specific antibody must possess high affinity for both the antigen 
and the labeled conjugate in these assays.

3.6 CHOICE OF IMMUNOCHEMICALS AND OTHER TECHNIQUES

In this study, icELISA and dcELISA methods were performed for T-2 toxin analysis. The 
icELISA was developed for both monoclonal and polyclonal systems using immunochemicals 
bought commercially (Sigma Chemical Company, USA). These were used because of their 
availability and technical limitations to producing antibodies and antigen conjugates in this 
laboratory. According to the manufacturer, the T-2 toxin monoclonal antibody and 
polyclonal antiserum are produced using T-2 toxin-KLH as immunogen. These antibodies do 
not cross-react with DAS (diacetoscirpenol) or DON (deoxynivalenol), but recognise T-2 
toxin metabolites such as HT-2 toxin and IsoT-2 toxin. The polyclonal antibodies used is 
biotinylated, that is, it is conjugated to biotin to allow greater accessibility in coupling with 
the enzyme conjugate, an avidin conjugated HRP. It has been shown that the use of the 
avidin/biotin labelling system in ELISA offers an amplification step which results in a 
substantial increase in sensitivity from 20 to 80 times higher than the standard ELISA 
(Kendall et al., 1983). The statistical analysis of the within-assay and inter-assay variation of 
the ELISA results in this study was not examined since the methods adopted were developed 
and well studied by Chu and co-workers and other research groups (Chiba et al., 1988;
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Ramakrishna et al., 1990).

The results obtained using the above systems were compared to those obtained from a 
commercial diagnostic testing kit for T-2 toxin, the AgriScreen immunoassay kit from 
Neogen Corporation (Michigan, USA). This test kit is based on the dcELISA format using 
T-2 toxin specific monoclonal antibody bounded to a solid phase, the inside wall of micro 
wells. This specific antibody cross-reacts 100% with T-2 toxin, and acetyl T-2 toxin but 
only 6% with isoT-2 toxin. There were no cross-reactivities with HT-2 toxin, DAS, DON, 
or TRIOL. The T-2 toxin sample or standard is premixed with the T-2 toxin-enzyme 
conjugate (T-2 toxin-HRP) and allowed to incubate with the bound antibody in the coated 
wells. The free T-2 toxin and the T-2 toxin-enzyme conjugate compete to bind to the 
antibody sites in the coated wells. After addition of enzyme substrate (tetramethyl benzadine 
and H20 2) and development of colour in the presence of the enzyme conjugate, a stopping 
reagent is added and the amount of red colour development is inversely proportional to the 
amount of toxin present.

The other commercial kit tested is the Toxi-Chromotest from Orgenics Ltd. (Israel, USA).
It is not an immunoassay but a non-specific biochemical assay for fast detection of toxicity 
via a bacterial colorimetric method. It is based on the ability of toxic materials and 
antibiotics to inhibit de novo synthesis of the inducible enzyme /?-galactosidase in a highly 
permeable mutant strain of the bacteria E. coli. It is highly sensitive to a wide spectrum of 
toxic substances such as pesticides, mycotoxins and heavy metals. This assay usually does 
not require a lengthy process of sample preparation as demanded for chemical assays. The 
sensitivity of this toxi-chromotest is enhanced by exposing the bacteria to stressing conditions. 
The lyophilised stressed bacteria are rehydrated in a mixture containing a specific inducer of 
/3-galactosidase and the essential factors required for the recovery of the bacteria from their 
stressed condition. The activity of the induced enzyme is detected by the hydrolysis of a 
chromogenic substrate. Toxic materials interfere with the recovery of most metabolic 
functions of the bacteria and thus with the synthesis of the enzyme, resulting in a decreased 
colour formation.

3.7 MEDIA SELECTION FOR TOXIN PRODUCTION STUDIES

For most fungi, the production of mycotoxins is not restricted to natural substrates. They are 
able to produce potent mycotoxins in pure culture on laboratory substrates. The conditions 
for toxin production, however, can be more restricted than for growth. The best media for 
toxin production can depend on the species and even on the strain (Frisvad, 1988). In order 
to identify any possibility of toxin production among the ten biocontrol fungi, several media 
cited in literature (Frisvad, 1988; Miller et al., 1991) for best toxin production were tested.
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The series of media used include: a natural cereal medium with rice; a malt based medium 
(ME) as used earlier in the extracellular enzyme screening study (Sutcliffe and Chan, 1992); 
a medium formulated for spore production by Mycogen Corp., USA (LIMM); a highly 
nutritious medium of glucose, yeast extract and peptone (GYEP); and two chemically defined 
media (MYRO and MOSS). Both MYRO and MOSS contain a high carbohydrate level of 
sucrose and the latter medium is enriched with micronutrients. A known producer of T-2 
toxin, Fusarium sporotrichioides, was also included as a positive control in this study.

3.8 SAMPLE PREPARATION FOR MYCOTOXIN ANALYSTS

Since a clean-up step is generally not necessary for liquid cultures (Nagayama et al., 1988), 
the culture filtrates of the fungi of interest grown in the five different liquid media were 
subjected to the icELISA using the T-2 toxin polyclonal antiserum and monoclonal antibody. 
Results from these assays were used to reduce the number of fungi to be confirmed and 
compared subsequently with the commercial kits by eliminating the non-toxin producers, 
because of the cost of the commercial kit. The matrix of the samples (culture filtrates) may 
cause interference with the ELISA. This is generally overcome by dilution of the sample to a 
range which does not affect the assay (Chu et al., 1987). In the case of the natural cereal 
samples, various extraction methods have been used by various researchers. The traditional 
methods recommended for T-2 toxin extraction involve procedures using methanol and water 
(Gendloff et al., 1984; Kamimura et al., 1981; Romer et al., 1978) or ethyl acetate (Illus et 
al., 1981; Scott, 1982; Greenhalgh et al., 1991). However, instability of T-2 toxin in 
methanol at room temperature (Wei and Chu, 1986), the break down of T-2 toxin in other 
aqueous media and at elevated temperature >37°C (Trusal, 1985), and the interference from 
methanol extracts on the icELISA (Gendloff et al., 1984; Ramakrishna et al., 1990) have led 
to the use of alternate extraction solvent, acetonitrile and water (Kawamura et al., 1990).

Simple post harvest clean-up of culture filtrates or cereal extracts prior to mycotoxin analysis 
is frequently practised using a chromatographic procedures with ChemElut columns 
(previously named as ClinElut, Miller et a l ,  1991) or with Florisil columns (Kawamura et 
a l ,  1990; Sundheim et a l ,  1988). Florisil is basically activated magnesium silicate and is 
commonly used in pesticide analysis. ChemElut consists of diatomaceous earth which is 
basically siliceous frustules and fragments of various diatom species. The clean-up procedure 
of Miller et a l  (1991), using ChemElut columns and ethyl acetate as the extracting solvent, 
was employed in this study. As shown by Gendloff and coworkers, the interferences on the 
icELISA were due to the extracted materials by methanol and not by methanol per se.
Hence, the extraction method adopted in this study involved: extraction with acetonitrile and 
water; defatting with n-hexane; partitioning of polar contaminants by introducing chloroform 
to re-extract the mycotoxin; and clean-up through ChemElut column. The ethyl acetate
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extract from the ChemElut column was taken to dryness then reconstituted back with 
methanol or with ELISA buffer before analysis by ELISA.

4.0 MATERIALS AND METHODS

4.1 MAINTENANCE OF DIFFERENT ORGANISMS

The 10 biocontrol fungi studied are all wood inhabiting fungi from the Forintek Culture 
Collection: ELI, EL2, EL3, EL4, EL5, EL6, EL7, EL8, EL9, ELIO. Also included in this 
study is a known T-2 toxin producer, Fusarium sporotrichioides (obtained from Agriculture 
Canada), as the positive control. ELI was maintained on slants of potato dextrose agar 
(PDA) at 39 g/L. The other fungi were all maintained on slants of malt extract agar (MA) 
consisting of 2% malt extract and 2% agar. Both media were autoclaved for 20 minutes at 
121 °C, without pH adjustment and used at 10 mL per slant. The maintenance slants were 
kept at 4°C until use. Prior to use as inoculum the fungi are transferred from the 
maintenance slants to fresh MA plates (100x15 mm) and incubated at 25°C in the dark for 
two to three weeks, depending on the growth rate of individual fungus.

4.2 FERMENTATION

For each fungus, five sub marginally cut mycelial plugs (8 mm diameter) from MA plate were 
used to inoculate 50 mL medium in a 250 mL erlenmyer flask. This medium consists of 
glucose 20g, NH4C12 3g, KH2P 04 2g, MgS04 2g, FeS04.7H20  0.2g, yeast extract 2g, malt 
extract 2g, peptone 2g, per L deionised distilled water (dd H20). These cultures were used 
as seed inoculum subsequently. This medium and all subsequent media were autoclaved at 
121 °C for 12 min prior to inoculation. The cultures were incubated at 27°C for 48 hr in the 
dark and shaking at 100 rpm. The resulting cultures were separately macerated in sterile 
Waring blenders for 3x3 sec and aliquots of 2.5 mL were inoculated into 25 mL media for 
each fungus in five different media (in duplicates). The composition of the five media is 
presented in Table 1. The cultures in MYRO, MOSS, ME and LIMM media were incubated 
at 27°C with 100 rpm, while that of GYEP was incubated without shaking. Uninoculated 
media were used as negative control. Aliquots of 2 mL cultures were collected weekly for 
four weeks. On the fourth week, all the remaining cultures were collected. Filtrates were 
obtained by filtering through Whatman #\ filter paper. The filtrates were kept frozen until 
subjected to ELISA.
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Table 1

Chemical Composition of the Media MYRO, MOSS, GYEP, ME, and LIMM 
Used for Growth of Biocontrol Leads, ELI to ELIO, and 

the Control Fungus, Fusarium sporotrichioides

C hem icals
( g / L )

M YRO M OSS G YEP M E LIM M

g lu c o se 10 2 0

su cro se 4 0 6 2 .2 2 0

y ea st extract 1

m alt extract 2 0

p ep to n e 1 1

g ly c e r o l 10

g ly c in e 3 .5

(N H 4)2H P 0 4 1

n h 4n o 2 3 .5

k h :p o 4 3 2 2

M g S 0 4.7 H 20 0 .2 0 .3 8 0 .2

N a C l 5

C a C 0 3 2

N a N 0 3 0 .8

K N O j 0 .8

F e C l3.6 H 20 0 .0 2 1

Z n S 0 4.7 H 20 0 .0 0 2 0 .0 1

F e S 0 4.7 H 20 0 .0 0 2

C u S 0 4.5 H 20 0 .0 0 0 3

M n S 0 4.H 2O 0 .0 0 0 1 5

K 2M o0 4.5 H 20 0 .0 0 0 2 8

pH  (b e fo r e  a u to c la v in g ) 6 .2 5 .5 6 .5 6 .3
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For each fungus, an aliquot of 2.5 mL seed inoculum was also used to inoculate 25 g Uncle 
Ben’s rice moistened with 6 mL dd H20. The rice samples were prepared in 250 mL wide- 
mouth flasks, foam-stoppered and tightly sealed with aluminum foil. They were autoclaved 
at 121 °C for 12 min, cooled and then inoculated correspondingly. The rice cultures were 
incubated at 27°C for 30 days (four weeks) in the dark without shaking. Uninoculated rice 
was used as negative control.

4.3 EXTRACTION OF T-2 TOXIN FROM RICE SAMPLES

At the end of the incubation period, infected rice (25 g) was extracted with 200 mL 
acetonitrile-water (3:1) by blending for 2 min in a Waring blender. The extract was filtered 
through Whatman #41 filter paper. The volume of filtrate was noted and transferred to a 
separatory funnel. Equal volume of n-hexane was added and the mixture was shaken for 1 
min. After separation, the bottom hexane layer was discarded. To the defatted aqueous 
acetonitrile layer was added an equal volume of chloroform-0.5 % NaCl (3:1) and the 
resulting mixture shaken for 2 min. The mycotoxins were partitioned into the chloroform 
layer leaving the polar contaminants in the aqueous phase. The chloroform layer was 
transferred to a round bottomed flask and rotary evaporated at ~37-40°C until a volume of 
-3-4 mL remained. This was then transferred to a 5 mL disposable glass vial and dried 
under a stream of nitrogen. The dried extracts were kept at 4°C until subjected to ELISA. 
Reconstitution of the extract was performed with 150 pL ELISA buffer (PBS-Tween) 
containing 10% ethanol (per sample) in an ultrasonic bath for three minutes.

When the alternative extraction method using 70% methanol as extraction solvent was used, a 
simple clean-up step via ChemElut column was included prior to Mab- and Pab-ELISA. The 
rice samples prepared for use with AgriScreen were not purified via the ChemElut procedure. 
An alternative extraction method was adopted from the AgriScreen diagnostic kit involving 
extraction of 5 g infected rice with 25 mL 70% aqueous methanol. The rice samples had 
been grounded to particle size of "instant coffee" via blending before extraction. The mixture 
was shaken vigorously for 10 min, then filtered through glass wool-packed 5 mL disposable 
syringe. The methanol extract of the rice blank, EL4 and F. sporotrichioides were subjected 
to AgriScreen directly. The volume of the aqueous methanol extracts of other fungi for 
icELISA were rotary evaporated to 7 mL. They were then diluted to 20 mL with dd H20  
and added to the ChemElut column.

4.4 PROCEDURE FOR CHEMELUT CLEAN-UP

About 20 mL culture filtrate or aquoeus rice extract were added to the ChemElut column and
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eluted via gravity. The absorbed mycotoxin was then re-extracted from the column using 
2X25 mL ethyl acetate. The combined ethyl acetate extract was rotary evaporated to dryness 
followed by reconstitution with 300 /xL methanol. One hundred and fifty /xL was kept for 
analysis if required by GC-MS. The other 150 qL was dried under N2 and reconstituted to 
150 mL with ELISA buffer (PBS-Tween-BSA) and subjected to Mab- and Pab-ELISA.

4.5 PROTOCOL FOR icELISA USING COMMERCIAL ANTIBODIES

4.5.1 Apparatus and Reagents for icELISA
All chemicals used were reagent grade or chemically pure.

1) . Automatic pipets - Titertek (Flow Lab., USA) 8 channel automatic pipet (50-200 qL)
and Gilson Pipetman of 50, 100, and 1000/xL sizes (Mandel Scientific Co. Ltd., 
Canada). Microtitration plates - Immulon 1 (Dynatech Lab. Inc., USA) polystyrene 
flat bottom plates with 96 wells. Plate reader - optical densities at 490 nm was 
determined using a microplate reader, model EL310 (Bio-Tek Instruments Inc., USA).

2) . Coating buffer - 0.05 M carbonate-bicarbonate buffer, pH 9.6
3) . Washing buffer - Phosphate buffered saline with Tween 20, PBS-T, consists of 0.01

M phosphate buffer, 0.0027 M potassium chloride, 0.137 M sodium chloride, pH 7.4, 
plus 0.05% (v/v) Tween 20.

4) . Dilution buffer - PBS-T-BSA consists of 0.1% BSA made up in PBS-T.
5) . Coating antigen - 1 qg/mL T-2 toxin-BSA (Sigma) in coating buffer, made fresh.
6) . Blank negative control - 1 jug/mL BSA in coating buffer.
7) . Blocking solution - PBS-BSA consists of 0.5% BSA in PBS with no Tween.
8) . T-2 toxin standard - T-2 toxin (Sigma) stock solution made at 1 mg/mL in methanol

and kept at -20°C. Working serial dilution of T-2 toxin was made in dilution buffer 
and concentration ranged from 0.1 - 10,000 ng/mL.

9) . Sample preparation - as described in the previous sections.
10) . Polyclonal antibodies - biotin anti-T-2 toxin conjugate (Sigma) was diluted 1:800 with

PBS-T prior to use. The antibody was raised in rabbit against T-2 toxin-KLH and 
reacted with T-2 toxin. The fractionated antiserum was conjugated to biotin for 
enhanced sensitivity. 11 -ExtrAvidin Peroxidase - ExtrAvidin-HRP enzyme conjugate 
(Sigma) was diluted 1:1000 with PBS-T and used with the Biotin anti-T-2 toxin 
system.

12) . Monoclonal antibodies - monoclonal anti-T-2 toxin (Sigma) was diluted 1:2,000 in
PBS-T prior to use.

13) . Mouse IgG Peroxidase (GAM-IgG-HRP) - the secondary antibody conjugated to HRP
was a goat anti-mouse IgG-HRP enzyme conjugate (Sigma) and was diluted 1:10,000 
with PBS-T prior to use with the monoclonal system.
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14) . Substrate buffer - made from stock solutions of [A] 0.1 M citric acid, [B] 0.2 M
Na2HP04. Mixture of [A] and [B] plus water was adjusted to pH5 prior to addition 
of enzyme substrate.

15) . Enzyme substrate solution - for 10 mL solution, 4 mg o-phenylenediamine
dihydrochloride (OPD) was dissolved in 2.43 mL [A], 2.57 mL [B], 5 mL ddH20, 
and added with 4 pL (30%) H20 2. The solution was prepared just before use.

16) . Stop solution - 1 N H2S04.

4.5.2 Procedure for icELISA

The icELISA was optimised for the use with the Sigma immunochemicals. The variables 
examined included: the coating conditions at 4°C or 37°C, for a few hours or overnight; 
with or without the use of BSA blocking to minimise unspecific binding; the concentration of 
coating antigen; and the dilution of primary and secondary antibodies. The following 
procedure is the finalised version of the icELISA used in the determination of T-2 toxin in 
culture filtrates and rice extracts of the ten biocontrol fungi and the control fungus, Fusarium 
sporotrichioides.

One hundred pL  of T-2 toxin-BSA conjugate solution was added per well on a microtitre 
plate. As negative control, 100 pL of BSA solution was used at the blank well. The plate 
was incubated uncovered at 37°C for 2.5 h. After washing the wells 1x2 min with 200 
^L/well PBS-T, 200 /^L/well of 0.5% BSA in PBS was added and incubated at room 
temperature for 1 h. The subsequent washing steps in between all incubations were 
performed with 200 /zL/well PBS-T for 3x2 min. After washing, 50 pL  samples (diluted 
1:1, 1:10, 1:100) or T-2 toxin standards (0.1 - 10,000 ng/mL) dissolved in PBS-T-BSA was 
added. Then 50 pL of anti-T-2 toxin polyclonal or monoclonal antibodies in PBS-T was 
added immediately. The blank well was added with 50 pL each of PBS-T-BSA and PBS-T. 
The plate was incubated in a covered container at room temperature for 1 hour at 50 rpm on 
an orbital shaker. After washing, 100 ^L/well of ExtrAvidin-HRP was added for the 
polyclonal system and 100 /jL/well of GAM-IgG-HRP was added for the monoclonal system. 
The blank well was added with 100 pL/well PBS-T. The plate was incubated in covered 
container at room temperature for 1 h without shaking. After washing, 100 pL/well substrate 
solution was added to all wells. After incubation in the dark at room temperature for 30 min, 
the substrate solution was added with 100 /iL/well stop solution. Upon further incubation for 
5 min, the optical density of the substrate reaction at 490 nm was recorded on a microplate 
photometer. On each plate, at least triple wells were prepared with each standard and 
sample.
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4.5.3 Calculation for icELISA

Standard curve of T-2 toxin was obtained by plotting log10 concentration against averaged 
absorbance values at 490 nm. For each microtitre plate, a separate standard curve of T-2 
toxin was prepared and used to calculate T-2 toxin concentration of samples assayed on that 
plate. Concentration of T-2 toxin in the samples were determined from the standard curve 
and used to calculate concentration in the original sample: toxin concentration (ng/mL) = 
[toxin concentration (ng/mL) in sample extract X sample extract volume (mL)]/sample weight 
(g).

4.6 RECOVERY OF T-2 TOXIN IN T-2 TOXIN-SPIKED SAMPLES AFTER 
CHEMELUT CLEAN-UP

To 20 mL of uninoculated media blank, namely, MOSS, MYRO, ME and GYEP, and 5 g of 
rice sample, pure T-2 toxin (made up in methanol) was added at 0, 1, and 10 Mg per sample. 
Aliquots from each T-2 toxin-spiked media blank were subjected to Pab- and Mab-ELISA.
To the 5 g rice which had been spiked with T-2 toxin, 24 mL of 75% methanol was added 
and blended for 3 min, filtered through Whatman #1, rotary evaporated to approximately 6 
mL and made up to 20 mL with d H20 . Aliquots was sampled for icELISA. All the 
samples were passed through ChemElut column where the absorbed T-2 toxin was re
extracted using 2X25 mL ethyl acetate (elution via gravity) and collected overnight at room 
temperature. The ethyl acetate extract was rotary evaporated to < 5 mL then dried under a 
stream of N2. The dried extract was reconstituted to 300 juL with methanol. Half was stored 
for GC-MS if necessary. The other half was dried under N2, then reconstituted to 150 /zL 
with PBS-T-BSA (on ultrasonic bath) for subsequent icELISA.

4.7 PROCEDURES FOR USE WITH COMMERCIAL DIAGNOSTIC KTTS

To carry out the AgriScreen test from Neogen Corp., the directions provided with the 
diagnostic kit was followed with slight modifications. The rice samples was extracted with 
70% methanol using the apparatus and solutions provided in AgriScreen Extraction Kit. The 
extracts and culture filtrates were tested for T-2 toxin as followed using precoated micro 
wells, standard and reagents provided in the kit. The T-2 toxin standard/samples were mixed 
with the T-2 toxin-enzyme conjugate (HRP-T-2 toxin) at equal volumes. The mixture was 
transferred to the micro wells precoated with anti T-2 toxin antibody at 100 ML/well. 
Incubation was performed at room temperature for 10 min. After washing several times with 
running tap water to remove excess conjugate and other reagents, 100 /zL/well enzyme 
substrate (tetramethyl benzadene+H20 2) was added and incubated for 10 min at room
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temperature. The colour reaction was stopped by adding 100 juL/well of stopping solution. 
The mixture was transferred to a microplate at 100 juL/well and the optical density read at 
650 nm (instead of the recommended 630 nm) with a microplate reader. The ABS values of 
the samples were compared with that of the standard for subsequent estimation of T-2 toxin 
concentration in the samples.

To carry out the Toxi-Chromotest from Orgenics Ltd., the standard procedure provided with 
the diagnostic kit was followed. Besides mercury chloride (HgCl2), other toxins tested 
included T-2 toxin and gliotoxin (Sigma Co.), commercially available peptaibols, alamethicin 
and paracelsin (Fluka). Serial five fold dilutions of toxins or samples were prepared in 
ddH20  diluent and added at 100 /uL/well to the microplate provided. Blank controls included 
in the test were ddH20  diluent, reconstitution solvent for the toxins (5% methanol), culture 
media and rice blanks. The bacteria (a highly permeable mutant of E. coli) rehydrated in the 
given reaction mixture was then added at 100 juL/well and incubated at 37°C for 120 min. 
Then 100 juL/well of blue chromogenic substrate was added. After incubation for 90 min at 
37°C, the optical density was read at 630 nm (instead of the recommended 615 nm). The 
blank containing ddH20  and the reaction mixture with no bacteria was used to zero the 
microplate reader.

4.8 GC-MS ANALYSIS OF T-2 TOXIN

GC-MS analyses were performed on a Hewlett Packard 5890 GC equipped with a HP 5970 
mass selective detector. A methylsilicone column (HP Ultra2 25m x 0.20 mm ID x 0.33 
micron film thickness) was used. The samples (1 /jL) were injected on-column using an 
HP7673 autoinjector. The initial column temperature of 60°C was held for 1.0 min after 
which the temperature was ramped up to 290°C at the rate of 10°C m in' and held at this 
final temperature for 11 min. A sample of extracted Parafilm was injected for comparison. 
Under the conditions used hydrocarbons C29 and C30 had retention times (min) of 30.03 and 
31.93, respectively. The samples were analyzed with and without derivatization to the 
trimethylsilyl (TMS) derivatives. T-2 toxin eluted at 31.05 min and the T-2 toxin-TMS 
derivative at 29.15 min. Samples were run and detected using total ion monitoring and using 
appropriate masses for single ion monitoring.
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5.0 RESULTS AND DISCUSSION

The original enzyme linked immunosorbent assay (ELISA) described by Engvall and 
Perlmann (1971, 1972) and its modifications (Voiler et a l ,  1979 and 1980; Breuil, 1987, 
1989; Breuil et a l ,  1988; Chiba et a l ,  1988; Fan et a l ,  1984; Gendloff et a l ,  1984) have 
been used extensively for quantification of specific antibodies and related antigens in a variety 
of samples. In general, most of the different methods follow the pattern described by 
Engvall and Perlmann (1971, 1972). They consisted of a solid phase with bound antigen or 
antibody which reacted with an enzyme labeled antigen or antibody. The reaction is 
quantified by the amount of substrate split by the enzyme conjugated to the antibody or 
antigen. In this study, attention was focused on the optimisation of an indirect competitive 
enzyme-linked immunosorbent assay (icELISA) for the estimation of T-2 toxin production by 
the potential biocontrol fungi.

The icELISA method is carried out as follows:

1) . The antigen-BSA conjugate (T-2 toxin-BSA), ie. the bound T-2 toxin, is coated to the
solid phase which is then washed, and blocked with BSA to minimise unspecific 
binding;

2) . The appropriately diluted T-2 toxin samples/standard (free T-2 toxin) is added, and
immediately after, the specific antibody is added, incubated and washed;

3) . An enzyme labeled secondary antibody (anti-species-globulin) is added and allowed to
react, then washed;

4) . The enzyme substrate is added and the degradation of the substrate results in colour
change, the colour change is inversely related to the amount of free T-2 toxin present.

In the development of icELISA for T-2 toxin analysis, four major practical aspects were 
considered. These were the coating conditions of antigen to the solid phase, the washing and 
blocking steps, the appropriate dilution of antibody, and the amount of enzyme conjugate and 
substrate used.

5.1 EXPRESSING icELISA RESULTS

The result or response in enzyme immunoassay is the enzymatic generation of a measurable 
product. Several factors can affect assay performance, which is directly reflected in the 
formation of the final product. Factors that may contribute to inter-plate or intra-plate 
variability are: the adsorption and desorption characteristics of coating microplate, the exact 
amount of reactants added, fluctuations in incubation temperatures and timing of the various
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assay steps which affect the kinetics of enzyme reaction, and the multiple washing steps that 
affect the assay efficiency. In competitive ELISA, the major factors causing assay variability 
are: the dependency on the precise amounts of the standard or sample, the immobilised 
antigen, the specific antibody; and the conditions at which competition between free and 
bound antigen with the specific antibody occurs. Assay precision is thus crucial as it forms 
an integral part of icELISA.

The approach to counter intra-plate variation is usually by running individual sample several 
times in each assay per plate and obtain the coefficient of variation. The inclusion of 
reference standards in each run and assaying the sample in different runs minimize the 
interplate variation. Incorporating reference standards in each plate for quantifying test 
sample assayed in the same plate minimizes variation caused by failure of absolute 
standardization of assay steps between plates. Slight difference in assay steps between plate 
influences reaction rates in different plates that subsequently lead to inter-plate variation of 
ELISA response of the same sample. In the optimisation of assay conditions, icELISA 
response, expressed as inhibition standard curves, from different conditions were compared. 
The inhibition standard curves were constructed by plotting percentage inhibition vs. the 
concentration of standard on semilog scale. Inhibition (%) of specific antibody binding to the 
immobilised antigen on plate = [(/4ovt,)Mo]X100 where A is the absorbance at 490 nm in the 
absence (A0) or presence (At) of inhibitor, ie. T-2 toxin standard or sample. This way of 
expressing ELISA response allows inter-plate comparison without hindrance due to different 
absorbance réponse of the same standard from different plate. For estimation of T-2 toxin in 
an unknown sample, a standard curve (from standards ran on the same plate as sample) was 
constructed with ELISA réponse (absorbance at 490 nm) vs. the log10 concentration of T-2 
toxin standard. The calculation was followed as described in the Materials and Methods 
section.

5.2 OPTIMISATION OF icELISA FOR THE MONOCLONAL ANTIBODY (TVTabl AND 
BIOTIN POLYCLONAL ANTIBODY (Tab) SYSTEMS

5.2.1 Effect of Antigen Coating Condition on icELISA

The attachment of antigen to the solid phase is based on the hydrophobic interactions between 
proteins and the plastic surface. For most proteins and lipoproteins, studies have shown that 
antigen at 1 Mg/well in carbonate buffer pH 9.6 give satisfactory ELISA response, while 10 
to 20 /ig/well are more appropriate when cells are used as antigen.

Three concentrations of antigen, T-2 toxin-BSA, at 1, 5, and 10 ^g/mL  (or 0.1, 0.5, 1 
M g /well) were tested in icELISA using Mab and Pab (Figures 2 and 3). The amount of
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Figure 2 Effect of Antigen Coating Conditions on icELISA Using Anti T-2 Toxin
Monoclonal Antibody (Mab, Diluted 2000X): 4°C Overnight (•); 37°C for 
2h (♦). Data Averaged from Triplicates. Inhibition (%) = [{A0-A^)IA0]X\OQ, 
where A is the Absorbance at 490 nm in the Absence (A0) or Presence (A,) of 
Inhibitor, T-2 Toxin Standard.
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Figure 3 Effect of Antigen Coating Conditions on icELISA When Using Anti T-2 Toxin 
Biotin Polyclonal Antibody (Pab, Diluted 800X): 4°C Overnight (•); 37°C 
for 2h (♦). Data Averaged from Triplicates. Inhibition (%) = [(A0- 
'i-V^yXlOO, where A is the Absorbance at 490 nm in the Absence {A0) or 
Presence (At) of Inhibitor, T-2 Toxin Standard.
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protein adsorbed to plastic was independent of the amount until an upper limit was reached. 
The upper limit determines the maximum amount of functional antigen for the assay.

The sensitivity and precision of ELISA depends not only on the choice of the protein carrier 
and the concentration of the antigen, but also on the adsorption conditions when coating the 
antigen to microwells. Various coating temperatures and times have been used in ELISAs. 
The most common conditions used in T-2 toxin analysis is coating the antigen at 37°C for a 
few hours (in an uncovered microplate). Coating antigen overnight at 4°C (in a covered 
microplate) has also been used widely for other systems. These two conditions were tested in 
icELISA for T-2 toxin analysis using Mab and Pab (Figures 2 and 3).

In icELISA using Mab (diluted 2000X according to Sigma specification), T-2 toxin-BSA 
coating at 37°C demonstrated lower sensitivity than at 4°C (Figure 2). Both conditions 
exhibited considerable unspecific binding reflected by «10% inhibition at <10 ng/mL T-2 
toxin standard. In icELISA using Pab (diluted 800X according to Sigma specification), the 
influence of coating T-2 toxin-BSA at 37°C on ELISA response was much less than that 
observed in Mab-ELISA (Figure 3). However, at 10 qg/mL T-2 toxin-BSA, coating at 37°C 
exhibited some unspecific binding of antibody at <1 ng/mL T-2 toxin. In both Mab and Pab 
icELISA sensitivity decreased with increasing antigen concentration. For subsequent 
icELISA the T-2 toxin-BSA was used at 1 ^g/mL.

5.2.2 Effect of BSA Blocking on icELISA Responses

The procedure of icELISA consists of several incubations of different reactants. They have 
to be separated by many washing steps to prevent carry over of reactants from one step to 
another. As the assay is based on the binding reaction between antigen and antibody, steps to 
minimize non-specific binding reactions are incorporated. Non-ionic detergent Tween 20 is 
usually added to the washing buffer, which helps to lower non-specific binding. Tween 20 
alone is not an efficient blocking agent. A non-reactive protein such as bovine serum 
albumin (BSA) added to the dilution and incubation buffers has been shown effective in 
minimizing non-specific binding (Schonheyder and Andersen, 1984). The inclusion of a 
blocking step with non-reactive protein following antigen immobilization on microplate is 
commonly practised to counter non-specific binding. In this study, the antigen used is a BSA 
conjugate, so an extra BSA blocking step may not be necessary.

No significant difference was observed in the inhibition curves of Pab-ELISA with or without 
a BSA blocking step (Figure 4). In Mab-icELISA, however, BSA blocking increased 
sensitivity significantly when 1 qg/mL T-2 toxin-BSA was coated at 37°C (Figure 5), and 
decreased nonspecific binding bringing the background inhibition (at < 10 ng/mL T-2 toxin 
standard) down to zero. At 4°C, BSA blocking neither increased sensitivity, nor
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G481-4

Figure 4 Effect of BSA Blocking (•, 0.5% BSA, Room Temperature for lh) on
icELISA Using Anti T-2 Toxin Biotin Pab (800X) with 1 /zg/mL T-2 Toxin- 
BSA Versus No Blocking (♦). Data Averaged from Triplicates. Inhibition 
(%) = [(A0-A ^A 0]X 100, where A is the Absorbance at 490 nm in the Absence 
(A0) or Presence (A,) of Inhibitor, T-2 Toxin Standard.
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Figure 5 Effect of BSA Blocking (•, 0.5% BSA, Room Temperature for lh) on
icELISA Using Anti T-2 Toxin Mab (2000X) with 1 ^g/mL T-2 Toxin-BSA 
Versus No Blocking (♦). Data Averaged from Triplicates. Inhibition (%) = 
[(Ao-A^!Aa1X100, where A is the Absorbance at 490 nm in the Absence (A0) or 
Presence (At) of Inhibitor, T-2 Toxin Standard.
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significantly decreased non-specific binding. For efficiency of assaying within the same day 
and for uniformity of procedures, icELISA was performed with 1 /xg/mL T-2 toxin-BSA 
antigen coated at 37°C for 2h followed by BSA blocking.

5.2.3 Effects of Antibodies and Enzyme Conjugate Concentrations on icELISA Responses

Results from the previous section indicated, the sensitivity of the anti-T-2 toxin Pab and Mab 
was lower than specified by the manufacturer. Therefore, the optimum working dilutions of 
the antibodies used in icELISA for T-2 toxin analysis were tested (Figure 6). In this study, 
the inexpensive horseradish peroxidase, HRP, was the enzyme conjugate used. This enzyme 
catalyzes the reduction of H20 2 with the concurrent oxidation of another substrate, o- 
phenylenediamine (OPD). This chromogenic substrate is initially colourless and upon 
oxidation produces a colour measurable by a microplate photometer. The enzyme conjugates 
used are ExtrAvidin-HRP for icELISA using Pab (Pab-ELISA) and the goat-anti-mouse 
immunoglobulin-HRP (GAM-Ig-HRP) for icELISA using Mab (Mab-ELISA). The working 
dilutions of these enzyme conjugates were also tested (Figure 6).

To determine the effects of the HRP’s and antibodies’s concentrations on icELISA, inhibition 
curves of T-2 toxin standards were not used for comparison. The ELISA responses (averaged 
absorbance at 490 nm from triplicates) were plotted against the concentration of T-2 toxin 
standards on semi-log scale prior to evaluation. The range of T-2 toxin standards used in 
Mab-ELISA was increased to 10000 ng/mL in order to attain the upper and lower detection 
limit of the assay. As shown by the Mab-ELISA data in Figure 6, 1000X or 2000X diluted 
Mab demonstrated only slight difference in ELISA response but significantly lower sensitivity 
was observed with 20000X diluted HRP conjugate. For Pab-ELISA, at each Pab dilution, 
similar ELISA response were observed for the three concentrations of HRP tested. The 500X 
diluted HRP gave the highest absorbance values. As expected in competitive ELISA, the 
sensitivity was significantly affected by the amount of Pab used. When three dilutions of 
Pab was used in icELISA using 1000X diluted ExtrAvidin-HRP (Figure 7), the 800X diluted 
Pab showed more acceptable absorbance response. Therefore, the procedure for icELISA 
using Mab or Pab was to coat T-2 toxin-BSA antigen at 1 jug/mL at 37°C for 2h uncovered, 
followed by a BSA blocking step. The working dilutions for Mab and Pab were 1000X and 
800X respectively. The corresponding HRP conjugates used were 10,000X diluted GAM-Ig- 
HRP and 1000X diluted ExtrAvidin-HRP.

5-2.4 Effect of Various Antigen Coating Conditions at 37°C on Mab- and Pab-ELISA

When T-2 toxin-BSA was coated uncovered at 37°C for 2h, almost all of the solvent of the 
100 mL antigen evaporated, and the bottom of the well remained wetted. (Increasing the 
coating time to 2.5h resulted in complete drying). The highest concentration of T-2 toxin
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Figure 6 Effects of ExtrAvidin-HRP and GAM-Ig-HRP (Goat-Anti-Mouse
Immunoglobulin-HRP) Concentrations on Pab-ELISA and Mab-ELISA 
Responses, respectively. The icELISA Was Using 1 /jg/mL T-2 Toxin-BSA 
Coated at 37°C for 2h Followed by BSA Blocking and Different Dilutions of 
Pab (diluted 500X, 1000X) and Mab (diluted 1000X, 2000X). ExtrAvidin- 
HRP Diluted 2000X (•), 1000X (♦), 500X (O); and GAM-Ig-HRP Diluted 
20000X (a), 10000X (□).
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Figure 7 Effect of Pab Concentration (Diluted 500X {•}, 800X {♦}, 1000X {O}) on 
Pab-ELISA Response Using 1000X Diluted ExtrAvidin-HRP. The icELISA 
Was Using 1 /zg/mL T-2 Toxin-BSA Coated at 37°C for 2h Followed by BSA 
Blocking.
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standards tested has not attained the upper limit of the Mab- and Pab-ELISA (Figure 6).
The additional BSA blocking step enhanced Mab-ELISA sensitivity by reducing unspecific 
binding when antigen coated at 37°C (Figure 5). Coating antigen wet in a covered 
microplate at 37°C, however, had not been examined. With these considerations, both 
icELISA were repeated with a wider range of T-2 toxin standards, coating with 1 qg/mL T-2 
toxin-BSA followed by BSA blocking, and with the working dilutions of antibodies and HRP 
conjugates as determined above. The coating of T-2 toxin-BSA was performed at 37°C with 
the following conditions: (A) overnight in uncovered microplate (dry); (B) overnight in 
covered microplate (wet); (C) 2.5h in uncovered microplate (dry); and (D) 2.5h in covered 
microplate (wet). In Pab-ELISA (Figure 8), coating T-2 toxin-BSA dry at 37°C for 2.5h in 
uncovered microplate demonstrated the best ELISA response and sensitivity. The upper and 
lower detection limit of this Pab-ELISA was 1-1000 ng/mL T-2 toxin (the linear portion of 
the standard curve).

In Mab-ELISA (Figure 9), however, all four coating conditions demonstrated similar ELISA 
sensitivity. Coating antigen to dryness showed the highest ELISA réponse (absorbance values 
exceeding 1.5).

To compare the accuracy of this assay under the four coating conditions, undiluted culture 
filtrates from 7 days growth of biocontrol fungi, ELI to ELIO, and the positive control 
fungus Fusarium sporotrichioides in MYRO medium were subjected to Mab-ELISA for T-2 
toxin analysis using the four coating conditions (Figure 10). The amount of T-2 toxin present 
in the sample was estimated from T-2 toxin standard curves prepared in the same plate as the 
sample under the same conditions. More reproducible results were observed when T-2 toxin 
was determined by Mab-ELISA with T-2 toxin-BSA coated dry (37°C for 2.5h or overnight) 
than wet. Sensitivity of the T-2 toxin standard curves was lower when antigen was coated 
wet, but the same trend was observed at all four antigen coating conditions. When samples 
were showing high level or low level of T-2 toxin in one coating condition, similar levels 
were observed in the other three.

Under all conditions, the MYRO blank control showed no T-2 toxin. There were trace 
amount observed in filtrates of ELI, EL3 and ELIO. The level of T-2 toxin exhibited in 
filtrates of the Fusarium species was much higher when antigen was coated dry. Hence, the 
samples were subjected to Pab-ELISA for T-2 toxin analysis with antigen coating at 37°C for 
2.5h. The estimated T-2 toxin values from the 12 filtrates were compared to that obtained by 
Mab-ELISA (Table 2). There were good agreement of results for most samples. However, 
significantly lower value was observed for Fusarium control, while EL6 and EL8 were 
showing much higher T-2 toxin values. For subsequent Mab-ELISA therefore, the antigen 
was coated at 37°C for 2.5h followed by BSA blocking step. The detection limit of this 
Mab-ELISA was 32-10,000 ng/mL T-2 toxin (the linear portion of the standard curve).
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Figure 8 Effects of Coating Antigen Dry (Uncovered Microplate) or Wet (Covered
Microplate) at 37°C for 2.5 h or Overnight (O/N) on Pab-ELISA Response, 
Using 1 /jg/mL T-2 Toxin-BSA and Working Dilution of Pab at 800X.
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Figure 9 Effects of Coating Antigen Dry (Uncovered Microplate) or Wet (Covered
Microplate) at 37°C for 2.5 h or Overnight (O/N) on Mab-ELISA Response, 
Using 1 /ug/mL T-2 Toxin-BSA and Working Dilution of Mab at 1000X.
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Figure 10 Effects of Coating Antigen Dry (Uncovered Microplate) or Wet (Covered 
Microplate) at 37°C on Mab-ELISA on T-2 Toxin Analysis in Undiluted 
Culture Filtrates of Biocontrol Fungi ELI to ELIO, and the Control Fungus 
Fusarium sporotrichioides. The Cultures Were from 7 Days Growth in MYRO 
Medium.
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Table 2

Effect of Antigen Coating Conditions at 37°C on Mab-ELISA for T-2 Toxin 
Analysis in Undiluted Culture Filtrates of Biocontrol Leads ELI to ELIO, 

and the Control Fungus Fusariwn sporotrichioides

Culture
filtrates8

T-2 toxin (/xg/mL) 
antigen coating conditions

O/N dry 2.5h dry 

Pabb

O/N wet 2.5h wet

MYRO blank 0.0 0.0 0.0 0.0 0.0

ELI 0.1 0.1 0.0 0.1 0.1

EL2 4.4 4.3 2.1 6.7 3.7

EL3 0.0 0.0 0.0 0.1 tr.

EL4 17.4 18.2 19.4 11.0 7.7

EL5 4.8 2.1 2.3 8.0 4.2

EL6 3.2 2.9 13.0 2.8 1.8

EL7 1.8 4.1 0.3 8.4 3.5

EL8 35.5 35.5 66.0 13.1 21.2

EL9 3.1 3.3 0.1 5.5 1.7

ELIO 0.1 0.1 0.0 0.1 0.1

Fusariwn 51.0 39.6 4.3 15.2 23.3

The cultures were from 7 days growth in MYRO medium.
Pab, T-2 Toxin was determined by Pab-ELISA under the conditions given in the 
text.
tr. = trace, T-2 toxin concentration determined was lower than 32 ng/mL, the 
detection limit for this Mab-ELISA.
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5.3 DETERMINATION OF T-2 TOXIN IN CULTURE FILTRATES OF BIOCONTROT. 
FUNGI AND FUSARIUM SPOROTRICHIOIDES BY Mab- AND Pab-ELISA

5.3.1 Initial Determination of T-2 toxin in Undiluted Culture Filtrates

As the detection limit of Mab- (32-10,000 ng/mL) and Pab-ELISA (1-1000 ng/mL) together 
ranged from 1-10,000 ng/mL T-2 toxin, both assays were used for T-2 toxin analysis in the 
biocontrol fungi. With the established coating conditions, the culture filtrates of biocontrol 
fungi (ELI to ELIO) and Fusarium sporotrichioides, grown for seven days on MOSS, 
MYRO, GYEP, ME and LIMM media, were analysed for T-2 toxin using Mab- and Pab- 
ELISA (Table 3). The majority of samples gave high absorbance (ABS at 490 nm) values. 
As absorbance is inversely related to concentration, zero to trace amounts of T-2 toxin were 
detected in these samples. Some samples were showing low ABS responses, at times lower 
than the value for the usable limit of the T-2 toxin standard curve in the assay. These 
corresponded to very high or over-ranged T-2 toxin concentration. This was observed in 
Pab-ELISA of the known producer of T-2 toxin, Fusarium sporotrichioides, because the 
detection limit of this assay was only 1-1000 ng/mL T-2 toxin. Although Mab-ELISA was 
able to detect the T-2 toxin concentration in most samples within the usable range of the 
standard curve (Table 3), the determined T-2 toxin amounts for some biocontrol fungi were 
very high considering what would be expected from literature reports of the species 
reponsible for the occurence of this toxin.

When compared with other samples, EL4, EL5, EL6, and EL7 were showing a very dark 
brown colour development after reaction with HRP and its substrate, especially in Pab- 
ELISA. According to Chu and coworkers (1987), interference caused by sample matrix can 
be generally overcome by dilution to a range which does not affect the assay.

5.3.2 Effect of Sample Dilution on icELISA for T-2 Toxin Analysis

When the measured absorbance of the samples corresponded to high T-2 toxin concentrations 
outside the linear range of the standard curve, sample dilution to 100X should enable 
detection of T-2 toxin within the linear portion of the standard curve. The effects of sample 
dilution on Pab-ELISA were tested on filtrates of seven days old cultures in MOSS and 
MYRO media.

When the filtrates were diluted 10X and 100X, the high apparent concentration of T-2 toxin 
determined earlier for EL2, 4, 5, 6, 7, and 8 in MYRO were not found (Table 4). This 
suggested the presence of substances in undiluted filtrates that could interfere with ELISA for 
T-2 toxin analysis. Sample dilution was able to remove the interfering effect, and the false 
positive results observed earlier disappeared when samples were diluted by only a factor of
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Table 3

Determination of T-2 Toxin by Mab- and Pab-ELISA in 7 Day Old Culture Filtrates of 
Biocontrol Leads, ELI to ELIO, and Fusarium sporotrichioides

C ultu re filtrate E L IS A T 2  (p g /m L )  d eterm in ed  in  cu ltu re filtrates*

M O S S M Y R O G Y E P M E L IM M

M ed ia  b lank M ab traceb trace 0 .0 0 0 .0 0 0 .0 0

Pab trace 0 .0 0 trace 0 .0 2 0 .0 0

E L I M ab 0 .6 8 0 .1 5 0 .0 0 trace 2 .5 7

Pab o v e r trace 0 .0 2 o v e r o v e r

E L 2 M ab 0 .0 0 1 .51 0 .0 0 trace trace

Pab trace o v er 0 .5 9 o v er 0 .0 2

E L 3 M ab 0 .5 9 0 .0 7 0 .0 0 trace trace

Pab o v er trace trace 0 .0 1 0 .0 5

E L 4 M ab 1 .5 2 4 .8 0 1 .1 7 2 .4 7 3 .2 4

Pab 0.00*° o v er 0 .0 0 * 0 .0 0 * o v e r

EL 5 M ab 0 .0 0 3 .4 6 0 .0 0 0 .1 0 0 .0 0

P ab 0 .0 7 o v er trace 0 .0 0 * 0 .0 8

E L 6 M ab trace 2 .9 1 0 .1 0 0 .1 7 3 .8 1

Pab 0 .0 0 * o v er 0 .0 0 * 0 .0 0 * o v er

E L 7 M a b 2 .6 9 3 .8 7 0 .0 0 1 .6 6 2 .9 1

P ab o v e r o v er 0 .0 0 * o v er o v er

E L 8 M ab 0 .0 6 o v er 0 .2 3 trace 1 .1 7

P ab 0 .0 5 o v er o v e r o v er o v e r

E L 9 M ab 0 .2 3 3 .4 3 0 .0 0 0 .0 0 0 .0 0

Pab 1 .3 7 0 .3 0 0 .1 0 0 .0 2 0 .0 0

ELIO M ab 0 .0 0 0 .2 5 0 .0 9 0 .0 0 0 .3 1

P ab 0 .0 1 0 .0 0 o v er 0 .0 2 o v e r

F u sariu m M ab 2 .1 9 4 .2 5 1 .5 8 0 .2 3 1 .2 2

P ab o v er o v er o v e r o v er o v er

‘ D ata w er e  averaged  fro m  d u p lica te  f la s k s ; b trace /o v er  =  A B S  v a lu es  w e r e  b ey o n d  u p p er /lo w er  d etec tio n  lim its  
o f  E L IS A  (o u ts id e  lin ea r  p o rtio n  o f  standard cu rv e), [T -2  to x in ] w a s  n ot ca lcu la ted ; c 0 .0 0 *  =  A B S  > 2 ,  sam ple  
g a v e  dark b row n  b ack g ro u n d  c o lo u r  reaction  w ith  H R P  co n ju g a te .
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Table 4

Effect of Sample Dilution on Mab-ELISA for T-2 Toxin Analysis from 7 Days Old 
Culture Filtrates of Biocontrol Leads, ELI to ELIO, and Fusarium sporotrichioides

Culture
filtrate

T-2 toxin (pg/mL) determined in diluted filtrates

MOSS MYRO

undiluted X10 X100 undiluted X10 X100

Media trace3 0.00 0.00 0.00 0.00 0.00

ELI over trace 0.00 0.00 0.00 0.00

EL2 over over 0.13 over 0.00 0.00

EL3 over 0.00 0.00 0.00 0.00 0.00

EL4 0.00*b 0.00* 0.00* over 0.00 0.00

EL5 0.60 0.00 0.00 over 0.00 0.00

EL6 0.00* 0.00 0.00 over 0.00 0.00

EL7 over over over 0.30 0.00 0.00

EL8 0.00 0.00 0.00 over 0.00 0.00

EL9 0.01 0.00 0.00 0.01 0.00 0.00

ELIO 0.00 0.00 0.00 0.00 0.00 0.00

Fusarium over 0.18 0.01 over 0.14 0.04

trace/over = ABS values were beyond upper/lower detection limit of ELISA (outside the 
linear portion of standard curve), [T-2 toxin] was not calculated.
0.00* = ABS >2, sample gave dark brown background colour reaction with HRP 
conjugate.
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10. The high amount of T-2 toxin detected in undiluted filtrates of Fusarium sporotrichioides 
was still present proportionately in the diluted filtrates, suggesting the true production of T-2 
toxin by this fungus. A similar trend was also observed in the amount of T-2 toxin detected 
in diluted filtrates of MOSS medium for this fungus. However, most of the high T-2 toxin 
values determined earlier in biocontrol fungi of undiluted MOSS filtrates were still detected 
high upon dilution. The very dark brown colour reaction with HRP andsubstrate observed 
earlier was still present in the diluted filtrates of EL4 and EL6.

Some of the uninnoculated media blanks gave results corresponding to trace amounts of T-2 
toxin (Table 3). This suggested the growth media may contain components with which the 
specific antibodies cross-react. When the fungi are grown in the different media, they may 
produce different types of interfering substances that can affect the assays to different 
degrees. To examine this effect, the culture filtrates of the other three media were also 
subjected to sample dilution prior to Mab- and Pab-ELISA (Tables 5, 6, 7). Controls 
diluted similarly as the test samples were included in the assays. These controls were assayed 
without the addition of antibodies to determine the background colour reaction of the samples 
with the enzyme HRP and its substrate. As shown (Tables 5, 6, and 7), most samples that 
detected high levels of T-2 toxin in undiluted filtrates did not detect presence of T-2 toxin in 
the diluted filtrates. Fusarium sporotrichioides was, however, showing T-2 toxin 
concentrations appropriate to the dilution of its culture filtrates in all three media. These 
observations were similar to those for the MOSS and MYRO samples.

5.3.3 Comparison of T-2 Toxin Detected from 7 Days and 28 Days Filtrates

When the cultures were grown for 28 days (prolonged growth), the culture filtrates from all 
five media gave less interference and background colour reaction with HRP (Tables 8, 9, 10,
11, 12). In particular, the 28 days filtrates from LIMM medium gave less interference in 
both Pab- and Mab-ELISA than the 7 days filtrates (Table 12). As observed earlier, the 
high T-2 toxin values (over-ranged) detected in undiluted filtrates were not detected in the 
diluted filtrates. Studies (Chiba et al., 1988; Kawamura et al., 1990) have shown that 
culture filtrates can be analysed directly without clean-up steps. Unfortunately, the culture 
filtrates from the five media used in this work produced high background colour reactions 
with HRP and its substrate. Even upon dilution, the control samples (no Pab or Mab) had 
very high ABS values. The interference was particularly obvious in the GYEP and ME 
media (Tables 5 and 6) from cultures of EL4, 5, 6 and 7. These two media contained 
undefined components such as yeast extract and malt extract, respectively. The high 
background colour reaction was lowered after prolonged growth, yet, interference still 
prevailed as shown by the high to over-range T-2 toxin levels detected (Tables 10 and 11).
As the controls of uninnoculated media blanks did not show similar abnormalities, the 
interference must be caused by fermentation products during growth of a certain fungus in a
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Table 5

Determination of T-2 Toxin by Mab- and Pab-ELISA in diluted 7 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusariwn sporotrichioides

Grown in GYEP Medium

C ulture
filtrates

ic E L IS A
sy stem

T -2  to x in  (p g /m L )  in  d ilu ted  filtrates

und ilu ted X 1 0 X 1 0 0

GYEP Mab 0.00 0.00 trace”

Pab 0.00 0.00 0.00

ELI Mab 0.00 trace trace

Pab 0.00 0.00 0.00

EL2 Mab trace 0.00 0.00

Pab 0.01 0.00 0.00

EL3 Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

EL4 Mab bk.gd.b 0.10 0.05

Pab bk.gd. 0.01 0.00

EL5 Mab 0.00 0.04 0.04

Pab 0.00 0.00 0.00

EL6 Mab bk.gd. bk.gd. 0.05

Pab bk.gd. 0.42 trace

EL7 Mab 0.00 0.00 0.00

PAb bk.gd. 0.00 0.00

EL8 MAb 0.21 0.04 0.04

Pab over 0.00 0.00

EL9 Mab 0.00 0.04 0.05

PAb 0.00 0.00 0.00

ELIO Mab 0.08 trace trace

PAb 0.02 0.00 0.00

Fusarium Mab 2.50 0.06 trace

Pab over 0.01 0.00

tra ce /o v er  =  A B S  v a lu es  w e r e  ju s t  b ey o n d  u p p er /lo w er  d etec tio n  lim it o f  E L IS A  (o u ts id e  the lin ear portion  
o f  standard cu rv e ), [T -2  to x in ]  w a s n ot ca lcu la ted .

b k .g d . =  A B S >  d etec tio n  lim it on  standard cu rv e , sa m p les had b ack g ro u n d  c o lo u r  reaction  w ith  H R P  
co n ju gate  in  a b sen ce  o f  T -2  to x in  an tib o d ies.
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Table 6

Determination of T-2 Toxin by Mab- and Pab-ELISA in Diluted 7 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusariwn sporotrichioides

Grown in ME Medium

C ulture
filtrates

icE L IS A
sy stem

T -2  to x in  ( /jg /m L ) in  d ilu ted  filtrates

u nd ilu ted X 1 0 X 1 0 0

ME Mab 0.00 0.00 0.00

Pab 0.01 trace* trace

ELI Mab trace 0.00 0.00

Pab over trace trace

EL2 Mab 0.40 0.00 0.00

Pab over 0.00 0.00

EL3 Mab 0.00 0.00 0.00

Pab 0.01 0.00 0.00

EL4 Mab over over 3.40

Pab bk.gd.b bk.gd. bk.gd.

EL5 Mab 0.18 trace 0.00

Pab bk.gd. bk.gd. trace

EL6 Mab bk.gd. bk.gd. bk.gd.

Pab bk.gd. bk.gd. bk.gd.

EL7 Mab over 4.92 0.14

PAb over over over

EL8 MAb 0.00 0.00 0.00

Pab over 0.01 0.00

EL9 Mab 0.00 0.00 0.00

PAb 0.02 trace trace

ELIO Mab 0.00 0.00 0.00

PAb 0.01 trace trace

Fusaritim Mab 0.92 0.00 0.00

Pab over 0.12 0.01

tra ce /o v er  =  A B S  v a lu es  w e r e  b ey o n d  u p p er /lo w er  d etec tio n  lim its  o f  E L IS A  (o u ts id e  the lin ear p ortion  
o f  standard c u r v e ) , [T -2  to x in ] w a s n ot ca lcu la ted .
b k .g d . =  A B S  >  d etec tio n  lim it on  standard cu rv e , sa m p les  had b ack grou n d  c o lo u r  reaction  w ith  H R P  

co n ju g a te  in  a b se n c e  o f  T -2  to x in  an tib od ies.
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Table 7

Determination of T-2 Toxin by Mab- and Pab-ELISA in Diluted 7 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusarium sporotrichioides

Grown in LI MM Medium

C ulture
filtra tes

icE L IS A
sy stem

T -2  to x in  (/ug /m L ) in  d ilu ted  filtrates

u nd ilu ted X 1 0 X 1 0 0

LIMM Mab 0.00 0.00 0.00

Pab trace" 0.00 0.00

ELI Mab over 8.58 0.53

Pab over over over

EL2 Mab 0.00 0.00 0.00

Pab 0.01 0.00 0.00

EL3 Mab 0.09 0.00 0.00

Pab over 0.00 0.00

EL4 Mab over over 0.33

Pab bk.gd.b over over

EL5 Mab 0.00 0.00 0.00

Pab 0.04 0.00 0.00

EL6 Mab over over 5.94

Pab over over over

EL7 Mab over 7.98 0.31

PAb over over over

EL8 MAb 5.14 trace 0.00

Pab over over trace

EL9 Mab 0.00 0.00 0.00

PAb 0.00 0.00 0.00

ELIO Mab 2.91 0.00 0.00

PAb over 0.53 0.00

Fusarium Mab 0.15 0.00 0.00

Pab over 0.16 0.00

T r a c e /o v e r  =  A B S  v a lu es  w er e  b eyon d  u p p er /lo w er  d etec tio n  lim it o f  E L IS A  (o u ts id e  the lin ear p ortion  
o f  standard cu rv e ) , [T -2  to x in ] w a s not ca lcu la ted .
b k .g d . =  A B S > d etec tio n  lim it on  standard cu rv e , sa m p les had back grou nd  c o lo u r  rea ctio n  w ith  H R P  
co n ju g a te  in  a b sen ce  o f  T -2  to x in  a n tib od ies.
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Table 8

Determination of T-2 Toxin by Mab- and Pab-ELISA in Diluted 28 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusarium sporotrichioides

Grown in MOSS Medium

C ulture
filtrates

icELISA
system

T -2 toxin (pg/m L) in diluted filtrates

undiluted X10 X 100

MOSS Mab trace* trace trace

Pab 0.00 0.00 0.00

ELI Mab trace trace trace

Pab 0.04 0.00 0.00

EL2 Mab 0.12 trace trace

Pab 1.11 trace 0.00

EL3 Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

EL4 Mab over 1.31 0.24

Pab bk.gd.b bk.gd. 0.63

EL5 Mab 0.09 trace trace

Pab 0.00 0.00 0.00

EL6 Mab 0.25 0.09 trace

Pab over 0.06 0.00

EL7 Mab trace 0.00 0.00

PAb trace 0.00 0.00

EL8 MAb over 0.00 0.00

Pab over 0.00 0.00

EL9 Mab trace 0.00 0.00

PAb 0.00 0.00 0.00

ELIO Mab trace 0.00 0.00

PAb 0.00 0.00 0.00

Fusarium Mab 0.57 trace trace

Pab over 0.43 trace

trace/over =  ABS values were beyond upper/lower detection limit o f ELISA (outside the linear portion of standard curve), [T-2 
toxin] was not calculated.
bk.gd. =  ABS >detection limit on standard curve, samples had background colour reaction with HRP conjugate in absence of T-2 
toxin antibodies.

38



Table 9

Determination of T-2 Toxin by Mab- and Pab-ELISA in Diluted 28 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusarium sporotrichioides

Grown in MYRO Medium

C u ltu re
filtra tes

ic E L lS A
sy stem

T -2  to x in  (jjg /m L ) in  d ilu ted  filtra tes

u nd ilu ted X 1 0 X 1 0 0

MYRO Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

ELI Mab 1.27 trace* trace

Pab over 0.00 0.00

EL2 Mab 2.27 0.00 0.00

Pab 0.48 0.00 0.00

E U Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

EL4 Mab 9.62 0.00 0.00

Pab over 0.00 0.00

EL5 Mab 1.35 0.00 0.00

Pab over 0.00 0.00

EL6 Mab 1.19 0.00 0.00

Pab over 0.00 0.00

EL7 Mab 0.56 0.00 0.00

PAb over 0.00 0.00

EL8 MAb over 0.00 0.00

Pab over 0.00 0.00

EL9 Mab 1.19 0.00 0.00

PAb over 0.00 0.00

ELIO Mab 0.55 0.00 0.00

PAb over 0.00 0.00

Fus a Hum Mab 17.69 0.14 0.00

Pab over 0.36 trace

trace/over = ABS values were beyond upper/lower detection limit of ELISA (outside the 
linear portion of standard curve), [T-2 toxin] was not calculated.
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Table 10

Determination of T-2 Toxin by Mab- and Pab-ELISA in Diluted 28 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusarium sporotrichioides

Grown in GYEP Medium

C ultu re
filtra tes

icE L IS A
sy stem

T -2  to x in  (fjg /m L ) in  d ilu ted  filtra tes

u n d ilu ted X 1 0 X 1 0 0

GYEP Mab trace* trace trace

Pab 0.00 0.00 0.00

ELI Mab 0.75 trace trace

Pab over 0.01 0.00

EL2 Mab trace trace trace

Pab 0.43 0.00 0.00

EL3 Mab 0.11 0.00 0.00

Pab over 0.00 0.00

EL4 Mab 9.56 0.46 0.15

Pab bk.gd.b over 0.28

EL5 Mab 0.13 trace trace

Pab 0.18 0.00 0.00

EL6 Mab 1.78 0.14 trace

Pab over 0.16 0.00

EL7 Mab 0.00 0.00 0.00

PAb trace 0.00 0.00

EL8 MAb 0.26 0.09 trace

Pab over 0.00 0.00

EL9 Mab 0.10 0.00 0.00

PAb 0.00 0.00 0.00

ELIO Mab 0.13 0.00 0.00

PAb over 0.00 0.00

Fusarium Mab 9.76 0.11 trace

Pab over over 0.01

tra ce /o v er  =  A B S v a lu es  w ere  b ey o n d  u p p er /lo w er  d etec tio n  lim it o f  E L IS A  (o u ts id e  th e  linear portion  
o f  standard cu rv e), [T -2  to x in ] w a s  not ca lcu la ted .

b k .g d . =  A B S  >  d etec tio n  lim it o n  standard cu rv e , sa m p les had b ack g ro u n d  c o lo u r  reaction  w ith  H R P  
co n ju g a te  in  ab sen ce  o f  T -2  to x in  an tib o d ies.
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Table 11

Determination of T-2 Toxin by Mab- and Pab-ELISA in Diluted 28 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusariwn sporotrichioides

Grown in ME medium

C ulture
filtrates

icE L IS A
sy stem

T -2  to x in  (p g /m L )  in  d ilu ted  filtra tes

u nd ilu ted X 1 0 X 1 0 0

ME Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

ELI Mab trace" 0.00 0.00

Pab over 0.00 0.00

EL2 Mab trace 0.00 0.00

Pab over 0.00 0.00

EL3 Mab 0.22 0.00 0.00

Pab over 0.01 0.00

EL4 Mab over over 0.21

Pab over over over

EL5 Mab trace trace 0.00

Pab 0.00 0.00 0.00

EL6 Mab over 1.14 0.20

Pab over over over

EL7 Mab over 0.67 0.13

PAb over over over

EL8 MAb 0.00 0.00 0.00

Pab 0.00 0.00 0.00

EL9 Mab 0.00 0.00 0.00

PAb 0.00 0.00 0.00

ELIO Mab 0.88 0.12 0.00

PAb over 0.22 0.00

Fusarium Mab trace 0.00 0.00

Pab over 0.01 0.00

trace/over = ABS values were beyond upper/lower detection limits of ELISA (outside 
the linear portion of standard curve), [T-2 toxin] was not calculated.
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Table 12

Determination of T-2 Toxin by Mab- and Pab-ELISA in Diluted 28 Days Old Culture
Filtrates of Biocontrol Leads, ELI to ELIO, and Fusarium sporotrichioides

Grown in LIMM Medium

C ulture
filtrates

ic E L IS A
sy stem

T -2  to x in  (p g /m L )  in  d ilu te d  filtrates

u nd ilu ted X 1 0 X 1 0 0

LIMM Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

ELI Mab trace" 0.00 0.00

Pab trace 0.00 0.00

EL2 Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

EL3 Mab 0.00 0.00 0.00

Pab 0.00 0.00 0.00

EL4 Mab over 0.23 0.06

Pab over over 0.01

EL5 Mab 0.00 0.00 0.00

Pab 0.02 0.00 0.00

EL6 Mab over 0.26 0.00

Pab over over 0.01

EL7 Mab 4.49 0.12 0.00

PAb over 0.92 0.00

EL8 MAb 0.55 0.06 0.00

Pab over 0.08 0.00

EL9 Mab 0.00 0.00 0.00

PAb 0.00 0.00 0.00

ELIO Mab 0.00 0.00 0.00

PAb 0.00 0.00 0.00

Fusarium Mab 0.10 0.00 0.00

Pab 5.30 0.01 0.00

tra ce /o v er  =  A B S  v a lu es  w e r e  b ey o n d  u p p er /lo w er  d etec tio n  lim it  o f  E L IS A  (o u ts id e  the lin ear portion  
o f  standard cu rv e ), [T -2  to x in ] w a s n ot ca lcu la ted .
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particular medium.

The interference was observed mostly in samples assayed with Pab-ELISA. Therefore, this 
system may not be appropriate for analysis of T-2 toxin produced by the fungi studied here. 
The ExtrAvidin-HRP conjugate used was too sensitive. It was recognising interfering 
substances besides the biotin T-2 toxin antibodies, which should bind to immobilised T-2toxin 
on the plate, or the free T-2 toxin in the filtrates. The interfering substances may be 
structurally similar to biotin that the ExtrAvidin-HRP unspecifically bound to. The T-2 toxin 
detected in the 28 days filtrates by Mab-ELISA were compared to that of 7 days filtrates for 
all five media (Tables 8-12). In general, EL4, EL6 and EL8 were producing fermentation 
products detected as T-2 toxin by Mab-ELISA in diluted or undiluted filtrates for most 
media. The T-2 toxin levels were significantly lower in the 28 days filtrate of the control 
fungus, Fusarium sporotrichioides, in the MOSS and ME media, indicating the degradation 
of this mycotoxin at prolonged growth.

5.4 DETERMINATION OF T-2 TOXIN IN RICE CULTURES OF BIOCONTROL 
FUNGI AND FUSARIUM SPOROTRICHIOIDES VIA Mab- AND Pab-ELISA

The best media for toxin production depends on the species and even the strain. For T-2 
toxin production by Fusarium sporotrichioides, a natural cereal medium such as rice is the 
optimum chioce. When the biocontrol fungi were innoculated into moistened rice, they grew 
profusely and after 28 days at 27°C in the dark, the infected rice cultures were extracted for 
T-2 toxin using acetonitrile as described in the Materials and Methods section. This method 
incorporated partial clean-up steps via n-hexane defatting, and chloroform partitioning to 
remove polar impurities in the extracts. The final extracts reconstituted in ELISA buffer 
were subjected to Pab- and Mab-ELISA (Table 13). ELI to ELIO produced no detectable T- 
2 toxin by Pab-ELISA, but there were low levels of fermentation products detected as T-2 
toxin by Mab-ELISA for EL9 and ELIO. As expected for the positive control fungus, 
Fusarium sporotrichioides, high levels of T-2 toxin were detected. These could be detected 
and quantified when the extract was diluted 100X in ELISA buffer. The high levels of T-2 
toxin or background interference observed in EL4, 6 and 8 in the liquid cultures were absent. 
There was no detectable T-2 toxin in any of these samples and furthermore the rice blank 
gave a negative result.
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Table 13

Determination of T-2 Toxin by Mab- and Pab-ELISA in Acetonitrile Extracts from 28
Days Old Rice Cultures of the Biocontrol Leads, EL1-EL10,

and Fusarium sporotrichioides

Rice T-2 toxin (jug/mL) determined in diluted rice extracts8
sample
(aceto-
nitrile
extract)

Mab-ELISA Pab-ELISA

XI X10 X100 XI X10 X100

Rice 0.00 0.00 0.00 0.00
ELI 0.00 0.00 0.00 0.00
EL2 0.00 0.00 0.00 0.00

EL3 traceb 0.00 0.00 0.00

EL4 0.00 0.00 0.00 0.00

EL5 0.00 0.00 0.00 0.00

EL6 0.00 0.00 0.00 0.00

EL7 0.00 0.00 0.00 0.00

EL 8 0.00 0.00 0.00 0.00

EL9 0.23 trace trace 0.00 0.00

ELIO 0.12 trace trace 0.00 0.00

Fusarium over over 2.04 over over 1.16

ELISA buffer was used to reconstitute the extracts and for subsequent dilution, 
trace/over = ABS values were beyond upper/lower detection limit of ELISA (outside the 
linear portion of standard curve), [T-2 toxin] was not calculated.
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5- 5 VERIFICATION OF T-2 TOXIN DETECTED IN CULTURE FILTRATES OF
BIOCONTROL FUNGI AND FUSARIUM SPOROTRICHIOIDES BY dcELTSA 
USING AGRISCREEN T-2 TOXIN DIAGNOSTIC KTT

Fermentation products of the biocontrol leads in the different liquid cultures interfered in 
icELISA using commercially bought Mab and Pab. Therefore, analysis of these samples was 
repeated using the dcELISA available commercially in the T-2 toxin diagnostic kit from 
Neogen. This assay is based on competition of free T-2 toxin in the samples/standards and 
HRP conjugated T-2 toxin in binding with immobilised T-2 toxin polyclonal antibodies. The 
more T-2 toxin in a sample, the less immobilised T-2 toxin antibodies left to bind to 
HRPconjugated T-2 toxin. The amount of T-2 toxin in a sample is therefore inversely 
proportional to the colour subsequently generated by reaction of enzyme conjugate with the 
added substrate tetramethyl benzadine and hydrogen peroxide. This assay was sensitive from
6- 1500 ng/mL T-2 toxin.

The undiluted filtrates of MOSS, MYRO, ME and GYEP were subjected to AgriScreen 
(Table 14). T-2 toxin was detected only in culture filtrates of the control fungus, F. 
sporotrichioides. There was no detectable T-2 toxin in the undiluted culture filtrates of ELI 
to ELIO. ABS responses similar to the corresponding media blanks were measured. The 
high background interference observed in icELISA of EL4, 6, and 8 culture filtrates was not 
present in this assay.

The rice culture of EL4 was also tested in this assay. Previously the rice cultures assayed 
were extracted using acetonitrile with partial clean-up and no interference was observed.
With the AgriScreen Kit, the traditional extraction solvent of 70 % methanol was 
recommended. For comparison, a rice culture of EL4 was extracted with methanol as 
described in the Kit and the methanol extract was subjected to AgriScreen directly. Similar 
to earlier results (Table 13), no detectable T-2 toxin was observed in the extracts of rice 
blank and EL4 (Table 14) with both methanol extracts exhibiting similar ABS response. The 
result for the extract of F. sporotrichioides indicated high levels of T-2 toxin with near zero 
ABS response. This was not quantified because the extracts were not diluted appropriately to 
give ABS values within linear range of the standard curve in this assay.

5.6 T-2 TOXIN ANALYSIS BY icELISA IN SAMPLES WITH OR WITHOUT CLEAN
UP VIA CHEMELUT COLUMN

In the case of the icELISA, if in the culture filtrates there exist interfering substances that 
unspecifically bind to T-2 toxin antibodies, less antibodies remain to bind to the immobilised 
T-2 toxin. This decreases the amount of Ig-HRP binding. This causes a reduction in the
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Table 14

Determination of T-2 Toxin in 28 Days Old Culture Filtrates of Biocontrol Leads, ELI
to ELIO, and the Control Fungus, Fusarium sporotrichioides, by dcELISA Using

the AgriScreen T-2 Toxin Diagnostic Kit

Culture
Filtrate

T-2 toxin (jzg/mL) determined by AgriScreen Kit

MOSS MYRO ME GYEP Rice3

Medium 0.0 0.0 0.0 0.0 0.0

ELI 0.0 0.0 0.0 0.0

EL2 0.0 0.0 0.0 0.0

EL3 0.0 0.0 0.0 0.0

EL4 0.0 0.0 0.0 0.0 0.0

EL5 0.0 0.0 0.0 0.0

EL6 0.0 0.0 0.0 0.0

EL7 0.0 0.0 0.0 0.0

EL8 0.0 0.0 0.0 0.0

EL9 0.0 0.0 0.0 0.0

ELIO 0.0 0.0 0.0 0.0

Fusarium >1.5 >1.5 >1.5 >1.5 >1.5

The methanol extracts (with no clean up) of the rice cultures from EL4 and Fusarium 
sporotrichioides were also assayed.
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extent of the colour reaction with the enzyme substrate, and can lead to false positive results 
or over estimation of T-2 toxin values. It appears that most of the culture filtrates assayed by 
icELISA demonstrated this behaviour. Additionally, some biocontrol leads were producing 
fermentation products that not only bound unspecifically to the immobilised T-2 toxin, but 
also reacted with the enzyme and substrate even in the absence of specific antibodies. The 
high background colour reaction interfered with the true estimation of T-2 toxin present in the 
culture filtrates. Therefore, these interferences must be removed from the samples prior to 
icELISA using the commercial Mab and Pab. Sample clean-up using chromatographic 
elution through ChemElut or Florisil column have been practised by other researchers (Miller 
et al., 1991; Kawamura et al., 1990). In this study, the clean-up with ChemElut column was 
adopted and the T-2 toxin absorbed on the column was reextracted using ethyl acetate.

There were insufficient 7 and 28 days old filtrates left to elute through ChemElut column 
individually, so both sets of filtrates were combined before ChemElut clean-up. The ethyl 
acetate extracts from ChemElut column were rotary evaporated to dryness followed by 
methanol reconstitution since part of these samples were stored in case GC-MS was required. 
The icELISA response was significantly affected by the presence of methanol in the samples 
(Table 15). The 28 days old culture filtrates of Fusarium sporotrichioides had been shown 
previously to contain considerable amount of T-2 toxin. When the filtrates of F. 
sporotrichioides from different media were purified by the ChemElut procedure and the dried 
ethyl acetate extract reconstituted in methanol, the T-2 toxin values detected by icELISA were 
considerably lower in undiluted samples than 10X diluted samples. A similar detrimental 
effect was observed when the methanol extract of the rice culture was assayed directly. In 
the subsequent experiment, the dried ethyl acetate extract after ChemElut was reconstituted 
first with methanol, so that half of this could be taken for GC-MS. Then, the remaining 
methanol reconstitute was dried under N2 and finally reconstituted with ELISA buffer before 
subjected to Mab- and Pab-ELISA (Table 16). Since each sample was composed of both 7 
days and 28 days filtrates, the interferences observed in either set of filtrates were expected to 
be present.

After the ChemElut procedure a considerable reduction in the amount of fermentation 
products detected as T-2 toxin was observed (Table 16). The high interferences from EL4 
and EL8 were eliminated and no measurable T-2 toxin was detected in the samples of these 
two biocontrol fungi. Only the samples from Fusarium sporotrichioides were detected with 
high T-2 toxin values. Results from GC-MS analysis confirmed the absence of T-2 toxin in 
these samples except for those from Fusarium sporotrichioides grown on MYRO medium.

To test the efficiency of recovering T-2 toxin after ChemElut treatment, T-2 toxin was added 
to uninoculated media. Aliquots were taken before and after ChemElut clean-up as described
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Table 15

Effect of Methanol on Mab- and Pab-ELISA for T-2 Toxin Analysis Using Culture 
Filtrates of Fusarium sporotrichioides after ChemElut Clean Up Procedure

Samples T-2 toxin (ng/mL) determined in diluted samples8
in

methanol Mab-ELISA Pab-ELISA

undiluted 10X undiluted 10X

MOSS BLK 0.00 0.00 0.00 0.00
Fusarium 0.00 0.04 0.00 0.00

MYRO BLK 0.00 0.00 0.00 0.00
Fusarium 0.00 0.52 trace 1.30

GYEP BLK 0.00 0.00 0.00 0.00
Fusarium trace 0.12 0.15 0.11

ME BLK 0.00 0.00 0.00 0.00
Fusarium 0.00 0.01 0.09 0.06

Rice BLK 0.00 0.00 0.00 0.00

Fusarium 0.00 0.11 0.00 0.08

The final extracts were made up in methanol and subsequently diluted in ELISA buffer.
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Table 16

Determination of T-2 Toxin in ChemElut Purified Culture Filtrates of ELI, EL4, EL8
and Fusarium sporotrichioides from MOSS, MYRO, GYEP and ME Media

by Mab- and Pab-ELISA

ChemElut
Cleaned
Samples

ELISA
method

T-2 toxin (/ng/mL) determined in cleaned samples8

MOSS MYRO GYEP ME RICE

Medium Mab 0.00 0.00 0.00 0.00

Pab 0.00 0.00 0.00 0.00

ELI Mab 0.00 trace 0.00 0.00 0.00

Pab trace 0.00 0.00 trace 0.00

EL4 Mab 0.00 0.00 0.00 0.00

Pab trace 0.00 0.00 0.00

EL8 Mab trace trace 0.00 0.00 0.00

Pab 0.00 0.00 0.00 0.00 0.00

Fusarium Mab 11.64 14.25 23.04 1.08

Pab 18.3 28.46 21.10 11.33

The filtrates were appropriately diluted in ELISA buffer to give ABS réponse within the 
linear range of the T-2 toxin standard curves in the assays.
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in the Materials and Methods section. These aliquots were subjected to both icELISA 
methods (Table 17). Before ChemElut, similar anomalies to those observed earlier were 
detected. Analysis of the spiked filtrates gave T-2 toxin concentrations differing from the 
amount added, indicating that the assays were affected by interference from the media. The 
T-2 toxin added to the rice sample was not detected probably because the initial extraction 
was with methanol, which had been shown to affect icELISA considerably (Table 15). After 
the ChemElut procedure, T-2 toxin concentrations were detected by Mab-ELISA that were 
comparable to the amount added. There were, however, significant loss of sensitivity for T-2 
toxin using the Pab-ELISA method after the ChemElut procedure. As the Pab-ELISA 
method was too sensititive to the presence of interferences (as shown earlier in Tables 5- 
12),this method is not recommended for T-2 toxin analysis of samples of the type studied. 
Loss of T-2 toxin during the extraction procedure on rice also contributed to lower values 
detected after ChemElut purification.

5.7 TOXI-CHROMOTEST OF SELECTED BIOCONTROL SAMPLES FOR GENERAL 
TOXICITY

The various toxins tested by the Toxi-Chromotest included mercury chloride (HgCl2), 
gliotoxin, two peptaibols (paracelsin and alamethicin), and T-2 toxin. All the toxins were in 
powder form except HgCl2 which was in solution. The powdered toxins were made up in 
5 % methanol according to the concentrations appropriate for the test. The subsequent 
dilutions were made with the sample diluent provided in the Kit. The averaged ABS 
responses of these toxins at the range of concentrations tested are given in Table 18. If the 
standard toxins exert toxic effect on E. coli, /3-galactosidase production is hindered and 
colour development (after addition of enzyme substrate) decreases leading to a lower ABS 
response than the blank. T-2 toxin was not effectively detected at the concentration range 
tested (Table 18). A high concentration of T-2 toxin (-1000 pg/mL) showed an effect on fS- 
galactosidase production by the bacteria. The two peptaibols behaved similarly and the 
concentration that showed toxicity was also high, at -100 Mg/mL. The toxicity exerted by 
gliotoxin was effectively detected at concentration as low as 1-10 pg/mL. These results 
concur with the expected toxicity of these metabolites from reported values (Taylor, 1986). 
Although acutely toxic to mammals T-2 toxin has little effect on bacteria. Alamethicins have 
antimicrobial activity against Gram-1- bacteria at 31/ig/mL and against Gram- bacteria at 
200Atg/mL. Gliotoxin has antimicrobial activity against Gram+ and Gram- bacteria at 
0.8/xg/mL and 18.7/xg/mL, respectively.

Samples from ELI, 4, 8 and 9 grown on M2 medium (Sutcliffe and Sim, 1992) and the rice 
cultures infected with or without Fusarium sporotrichioides (as extracted earlier for the 
AgriScreen test) were tested (Table 19). The 5% MeOH used to make up the standards and
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Table 17

Determination by Mab- and Pab-ELISA of T-2 Toxin Added to Media Blanks of MOSS, 
MYRO, GYEP, ME and Rice Before and After ChemElut Clean Up Procedure

Media
Blank

(20mL)

T-2 toxin 
Added 
(Mg)

Total T-2 toxin (/xg) assayed before/after ChemElut8

Mab-ELISA Pab-ELISA

Before After %b Before After %

MOSS 0 0.8 0.0 0.1 trace
1 1.2 1.3 130 5.4 1.0 100

10 11.0 8.4 84 24.9 6.0 60
MYRO 0 0.0 0.0 0.0 0.0

1 1.2 1.0 100 6.3 0.6 65
10 9.4 7.0 70 16.7 2.6 26

GYEP 0 0.0 0.0 trace 0.0
1 0.0 0.8 80 10.9 0.6 63

10 2.2 8.8 88 28.5 2.6 26
ME 0 0.0 0.0 0.1 trace

1 0.0 1.3 130 18.6 0.4 41

10 2.1 7.6 76 37.4 1.1 11

Rice 0 0.0 0.0 0.0 0.1
(5 g) 1 0.0 0.8 80 0.0 1.5 150

10 0.0 6.4 64 1.1 3.6 36

The cleaned samples was reconstituted in ELISA buffer and diluted appropriately to give 
ABS response within linear range of standard curves in the assays.
% = percent recovery of T-2 toxin after ChemElut clean up step (% of T-2 toxin added).
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Table 18

Data Determined for Standard Curves of Various Toxins Expressed as Absorbance 
(ABS) at 630 nm as Determined by the ToxiChromotest

Toxins
cone.

(Mg/mL)a

Averaged ABS at 630 nm of various toxins

HgCl2 Gliotoxin Peptaibols

Paracelsin Alamethicin

T-2 toxin

1000 0.699
200 1.273
100 0.357 0.930
40 1.310
20 1.213 1.343
10 0.402

8 1.307
4 0.012 1.352 1.348
2 1.071

0.8 0.015 1.422 1.387
0.4 1.354

0.16 1.091

0.08 1.378

0.032 1.315

0.000 1.525

All standard toxins (except HgCl2) were dissolved in 5% methanol. Subsequent dilutions 
were made using sample diluent provided in the ToxiChromotest Kit.
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Table 19

Colorimetric Detection of Toxicity in Selected Samples of Biocontrol Leads (Grown on 
M2 Medium8) and Fusarium sporotrichioides (Grown on Rice) by ToxiChromotest

Sampleb Media
for

growth

Averaged ABS (630nm) by ToxiChromotest

Undiluted 5X 25X 125X

5% MeOH 1.565 1.507 1.503 1.526

Blank M2 0.144 1.162 1.237 1.142

ELI M2 0.020 1.097 1.304 1.328

EL4 M2 0.272 1.377 1.373 1.358

EL8 M2 0.747 1.239 1.284 1.322

EL9 M2 0.014 0.012 0.037 0.722

Blank rice 0.261 1.017 1.290 1.351

Fusarium rice 0.086 0.855 1.155 1.476

M2 medium (Sutcliffe and Sim, 1992)
ELI, 4, 8 and 9 samples were extracted with chloroform and the dried extract 
reconstituted in 5% methanol (MeOH). The rice samples were extracted with 75% 
methanol as in AgriScreen test and the dried extract reconstituted in 5% methanol. All 
subsequent dilutions (5X, 25X, and 125X) were performed with sample diluent provided 
in the ToxiChromotest Kit.
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the dried extracts of the various samples did not show any toxic effect to the bacteria in this 
Toxi-Chromotest. When tested undiluted, all fungal samples including the media blanks did 
indicate toxicity towards /3-galactosidase production from the bacteria in the test. Upon 
dilution, only EL9 persistently gave a low ABS responses. This observed toxicity is 
suspected to be caused by gliotoxin because EL9 is a known producer of this toxin (Sutcliffe 
and Sim, 1992). The known T-2 toxin producer, Fusarium sporotrichioides, when grown on 
rice produced T-2 toxin as detected earlier in the icELISA and AgriScreen methods. By the 
Toxi-Chromotest, this infected rice extract was exhibiting toxicity between 100-1000 Mg/mL 
T-2 toxin, assuming the fungus only produces T-2 toxin. The level of toxicity detected in the 
infected rice extract is probably due to T-2 toxin production and not just contributed by the 
rice blank which also exhibited some toxicity. This can be concluded because at the same 
dilutions, the infected extract always had lower ABS response than the blank extract. In 
general, this Toxi-Chromotest can only indicate the presence of toxic materials and cannot 
specify which type of toxins are present.

6.0 CONCLUSIONS

T-2 toxin could not be detected as being produced by any of the biological control leads, 
under the conditions tested. T-2 toxin was only detected in cultures of Fusarium 
sporotrichioides under all conditions used.

Using the Toxi-Chromotest, EL9 was indicated to be producing toxic metabolites.

Two icELISAs were tested for T-2 toxin analysis using commercially bought 
immunochemicals, Pab- and Mab-ELISA. The former was found to be too sensitive where 
the polyclonal anti-T-2 toxin antibody was conjugated to biotin. The values of detected T-2 
toxin were often over estimated and this system was significantly affected when sample clean
up steps such as ChemElut column chromatography was performed.

The competition step of the assay dictated the high sensitivity of the assay. There were 
significant inter-plate variation of the ELISA responses. The absolute value of T-2 toxin 
determined had to be replaced by % inhibition by the toxin when inter-plate data comparison 
was required.

The media used in the propagation of the ten biocontrol fungi and the control fungus, 
Fusarium sporotrichioides affected icELISA response and sample clean-up steps were 
necessary to assess the production of T-2 toxin by the biocontrol fungi.
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In general, the icELISA tested in this study was more of a qualitative analysis tool than 
quantitative. The samples were also analysed by commercial kits (AgriScreen) which 
confirmed the data obtained by Mab-ELISA.
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PREFACE

This work was performed under the FC Project 3212K205 entitled "Metabolites from 
Biocontrol Candidates" during the period from May 1992 to September 1992, during a COOP 
work term by Jek-Hui Sim (University of Ottawa) under the direction of Dr. R. Sutcliffe.

The general objective of this continuing project is:

"To isolate and characterize metabolites involved in the mechanism of biocontrol. To 
determine whether extracellular enzymes are involved in the mechanism of biocontrol. To 
determine whether any identified metabolites are known mycotoxins."

This report provides information under one of the goals of this project, namely:

"The candidate organisms will be screened for production of trichothecene- and gliotoxin-type 
derivatives."
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SUMMARY

Strain-substrate combinations of the fungal strains ELI, EL4, EL8, EL9 and ELIO were 
prepared and cultured in defined medium (Ml), defined medium with added DL- 
phenylalanine (M2) and on rice medium (M3). Acetonitrile-soluble fractions of chloroform 
extracts from these strain-substrate combinations were prepared. Standardized high- 
performance liquid chromatography (HPLC) based on alkylphenone retention indices was 
used to screen these fractions for the presence of fungitoxic metabolites such as gliotoxin and 
bis-dethio-bis(methylthio)gliotoxin (BDMTG). These fractions were also analyzed by two- 
dimensional thin-layer chromatography. Direct bioautography was performed on the thin 
layer chromatograms for the detection of fungitoxic substances by bioassay. Another 
bioassay, the petri-dish with membrane was developed to determine whether the biocontrol 
organisms produce fungitoxic materials smaller than 0.22pm. This bioassay was also used to 
confirm that Cladosporium cucumerinwn (869A) is an effective test organism that is easier to 
handle and observe than the sapstainers Aureobasidium pullulans (132Q) and Ophiostoma 
piceae (3871).
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1.0 INTRODUCTION

The purpose of this work term was to screen acetonitrile-soluble fractions of chloroform 
extracts obtained from strain-substrate preparations of ELI, EL4, EL8, EL9 and ELIO for the 
presence of fungitoxic metabolites by high performance liquid chromatography, thin layer 
chromatography and bioassays. Also, the purpose of this work term was to screen ELI,
EL4, EL8, EL9 and ELIO for the production of secondary metabolites.

Sapstaining fungi readily populate untreated wood. These sapstainers decrease the market 
value of lumber since their proliferation results in the undesired staining of wood. Current 
methods for control of sapstain involve the use of chemicals. Forintek Canada Corporation 
(Forintek) pursues research for a biological alternative to chemicals. Ideally, a biocontrol 
organism with no harmful or undesirable effects biologically inhibits the growth of sapstainers 
on lumber. ELI, EL4, EL8, EL9 and ELIO are fungal strains that are currently under 
investigation by Forintek for their potential use in the population control of undesired 
sapstaining fungi on wood.

Our interest in the production of fungitoxic metabolites is twofold. If known mycotoxins are 
produced by a strain that is being considered as a biocontrol agent, regulations may prohibit 
its application due to the associated potential health hazard. Furthermore, information 
regarding the production of fungitoxic metabolites would prove useful in determining the 
mechanism of biocontrol for ELI, EL4, EL8, EL9 and ELIO.

2.0 INDIVIDUAL EXPERIMENTS

2.1 PREPARATION AND CULTURE OF STRAIN-SUBSTRATE COMBINATIONS

2.1.1 Purpose

To prepare acetonitrile soluble extracts obtained from strain-substrate preparations of ELI, 
EL4, EL8, EL9 and ELIO. Three different media will be used: defined medium (Ml), 
defined medium with added DL-phenylalanine (M2) and rice medium (M3).

2.1.2 Experimental

ELI, EL4, EL8, EL9 and ELIO were each inoculated in three different media: medium 1
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(Ml), medium 2 (M2) and medium 3 (M3) (see Appendices I, II, and III). Three volumes 
(300mL) of both Ml and M2 were inoculated per strain in 1L erlenmeyer flasks. Each strain 
was inoculated in two separate 1L flasks containing M3. The inoculum consisted of three 
plugs cut from the growing front of cultures established on 2% MA plates. The strain- 
substrate combinations grown in Ml and M2 were cultured in the dark at 28°C while shaking 
at llOrpm in an upright position. The strain-substrate combinations involving M3 were still- 
cultured in the dark at 28°C in an upright position.

Solvent extraction of strain-substrate combinations.
Ml and M2: The strain-substrate combinations were filtered through Whatman #\ filter 
paper. The three filtrates for each strain were combined. For each strain, the combined 
filtrate was extracted three times with 300mL of chloroform. The three chloroform extracts 
were combined then washed with a saturated NaCl solution. The chloroform phase was 
separated and dried with anhydrous MgS04. The chloroform was removed in vacuo. The 
residue was dissolved in minimal volume of methanol and transferred into a tarred vial. The 
methanol was blown off with N2 at 50°C.

M3: The duplicate strain-substrate combinations were extracted separately. Each strain- 
substrate combinations was manipulated as follows: Acetone was added to the strain-substrate 
combination to yield a solvent composition of 80% aqueous acetone. The mixture was 
transferred to a 2L beaker, stirred vigorously for 30 minutes then filtered through a coarse 
sintered funnel. The solids were vigorously mixed with an additional 500mL of acetone for 
another 30 minutes. The aqueous acetone extracts were combined and the acetone was 
removed in vacuo. The aqueous residue was extracted twice with 250mL of chloroform.
The chloroform extracts were combined then dried with anhydrous MgS04 the chloroform 
was removed in vacuo. The oily residue which remained was dissolved in 80mL of 
H20:MeOH (75:5) then washed with 50mL of hexane. The methanol was removed in vacuo. 
If the extract appeared to be wet, 50mL of toluene was added then removed in vacuo. The 
residue was dried in vacuum oven overnight.

2.1.3 Results

The dry mass of the fungal extracts are given in Table 1.

2.1.4 Discussion

Unfortunately, organic extracts for EL4 in M3 were not obtained as both batches of this 
strain-substrate combination appeared to be contaminated with dark green mycelia. This 
contamination could have resulted from cross contamination during inoculation. Due to time 
constraints, we were unable to grow a new batch of EL4 in M3.
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Table 1

Dry mass of strain-substrate combination extracts.

Biocontrol Mass (g)Organism Growth Medium
Ml M2 M3 (1) M3 (2)

ELI 0.0021 0.0021 0.4028 0.1007
EL4 0.0031 0.0022 ns
EL8 0.0041 0.0031 0.1755 0.2410
EL9 0.0059 0.0084 0.2711 0.1216
ELIO 0.0094 0.0082 0.2952 0.2672

ns = no sample due to contamination
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Similar quantities of extracts were obtained from Ml and M2. However, the isolation of M3 
combinations produced a variety of yields. The Ml and M2 extracts were white and dry; 
whereas, the M3 extracts were very colourful ranging from red, to yellow and brown. The 
M3 extracts were also oily in appearance. Since large quantities of water were present in the 
M3 medium during culture, it is possible that the isolation method did not succeed in 
removing all traces of water from the extract. Magnesium sulfate, toluene and vacuum 
drying were intended to remove all trace water from the extracts. It is also possible that the 
oily appearance resulted from the presence of undesired fatty acids and lipids. However, 
these should have been removed with the hexane. In further experimentation it is 
recommended that this water/lipid problem be investigated.

The principal difference between the extraction method employed for the M l, M2 extracts 
and the M3 extracts is that the strain-sub strate combinations of Ml and M2 were filtered 
through a Whatman # 1 filter prior to extraction. This initial filtration removed mycelia. 
However, the M3 strain-substrate combinations were not initially filtered. Therefore, the 
extraction was performed on everything present in the medium including mycelia.

The M3 seems to provide very good yields and considerable pigmentation. However, 
problems occurred with precipitation at room temperature. The extraction method might 
cause the isolation of extraneous material. Emulsion problems were overcome with saturated 
brine solution; this may have driven extraneous material into the organic phase.

The method used to isolate the M3 extracts was time consuming. However, since larger 
quantities of extract were produced, this method proved to be very useful.

2.1.5 Conclusion

Acetonitrile-soluble fractions of chloroform extracts were isolated from strain substrate 
combinations of ELI, EL4, EL8, EL9 and ELIO in medium 1, medium 2 and medium 3.

2.2 STANDARDIZED HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 
BASED ON ALKYLPHENONE RETENTION INDICES

2.2.1 Purpose

To analyze acetonitrile-soluble fractions of chloroform extracts isolated from strain substrate 
combinations of ELI, EL4, EL8, EL9 and ELIO and medium 1, medium 2 and medium 3 for 
the presence of fungitoxic metabolites, such as gliotoxin and bis-dethio- 
bis(methylthio)gliotoxin (BDMTG) by standardized High-Performance Liquid 
Chromatography (HPLC) based on alkylphenone bracketed retention indices (RI) calculated 
according to the formula provided by Frisvad and Thrane (1987).
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2.2.2 Experimental

Method 1 HPLC-grade acetonitrile (OmniSolv, BDH Inc., Toronto, Canada) and Millipore 
Milli-Q purified glass-distilled water were used as eluents. The high-performance liquid 
chromatograph consisted of a Waters 712 WISP Chromatography Data Station, two Waters 
510 pumps, a (variable wavelength) Waters Lambda-Max model 481 LC Spectrophotometer 
and a Waters TCM which maintained a column temperature of 35°C. The fungal extracts 
were filtered through 0.45/im Millipore-HV filters prior to injection into the chromatograph. 
Extracts were eluted through a Waters /iBondapak C18 Guard-Pak precolumn cartridge then 
analyses were performed on a 150 * 3.9 mm Waters Nova-Pak C18 column. The gradient 
solvent system (with solvent A = water and solvent B = acetonitrile) was as follows: the 
initial percentage of solvent B was 10%, which was raised to 50% in 30 min, then to 90% in 
10min, held at 90% for 3 min, lowered to 10% again in 6 min then held at 10% for 1 min at 
a flow-rate of 1.5mL/min. This gradient was developed by Frisvad and Thrane (1987).

Method 2 The liquid chromatograph consisted of a Varian DS654 controlling a Varian LC 
5000 equipped with an autoinjector and a Waters Lambda-Max model 481 LC 
Spectrophotometer set to monitor at 254nm. The fungal extracts were filtered through 
0.45qm Millipore-HV filters prior to injection (20qL) into the chromatograph. Extracts were 
eluted through a Waters qBondapak C18 Guard-Pak precolumn cartridge then analyses were 
performed on a 150 * 3.9 mm Waters Nova-Pak C18 column maintained at 40°C. The 
gradient solvent system (with solvent A = aqueous 0.1 % H3P 04 and B = acetonitrile) was as 
follows: the initial percentage of solvent B was 20%, which was raised to 28% in 1 min, held 
at 28% for 12 min, raised to 90% in 5 min, held at 90% for 5 min, lowered to 20% again in 
5 min then held at 20% for 5 min at a flow-rate of 1.2mL/min. This gradient was developed 
by Stipanovic (personnel communication, Paper submitted for publication: R.D. Stipanovic 
and C. R. Howell, HPLC separation and Quantitation of Metabolites of the Biocontrol Agent 
Gliocladium Virens').

The M3 dry extracts were dissolved in the volume of acetonitrile required to produce a 
0.2g/100mL (0.2% wt/vol) solution. A lmL aliquot of each solution was filtered through a 
0.45qm durapore filter. The Ml and M2 dry extracts were each dissolved in 2mL of 
acetonitrile. A lmL aliquot of each solution was diluted to 2mL with acetonitrile and then 
filtered through a 0.45miti durapore filter. Alkylphenones and gliotoxin were injected 
between each sample. As well, acetonitrile was injected as a blank.

2.2.3 Results

Tables 2 through 9 include results from the HPLC analysis by method 1. Tables 2-8 contain 
the HPLC alkylphenone bracketed retention indices for peaks detected at 254nm and 320nm 
for ELI, EL4, EL8, EL9 and ELIO grown in M l, M2 and M3 by method 1. Table 8 shows 
which of the samples contain gliotoxin. Gliotoxin standard solutions were analyzed where 
concentrations as low as 0.005mg/ml were detected. Table 9 shows which of the samples 
contain bis-dethio-bis(methylthio)gliotoxin (BDMTG). Table 10 includes
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Table 2

HPLC alkylphenone bracketed retention indices (RI) for peaks detected at 254nm, for
organic extracts from ELI, EL4, EL8, EL9 and ELIO grown in M l, samples

were injected and analyzed twice by method 1.

Biocontrol Organism__________ RI (1)________________  RI (2)
ELI 826 826

1322 1319
EL4 1322 1322
EL8 1321 1322
EL9 834 834

841 841
1134 1134
1200 1200
1263 1263
1324 1324

ELIO 833 832
891 891

1136 1136
1170 1170
1326 1326
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Table 3

HPLC alkylphenone bracketed retention indices (RI) for peaks detected at 320nm, for
organic extracts from ELI, EL4, EL8, EL9 and ELIO grown in M l, samples

were injected and analyzed twice by method 1.

Biocontrol Organism RI (1) RI (2)
ELI np np
EL4 np np
EL8 1137 1132

1193 1193
EL9 834 834
ELIO 834 833

np= no peaks detected
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Table 4

HPLC alkylphenone bracketed retention indices (RI) for peaks detected at 254nm,
for organic extracts from ELI, EL4, EL8, EL9 and ELIO grown in M2, samples

were injected and analyzed twice by method 1.

Biocontrol Organism Ri ( i ) RI (2)
ELI 829 829

1135 1135
1194 1194
1322 1322

EL4 1322 1319
EL8 828 828

841 841
861 861

1193 1194
1322 1323

EL9 829 829
836 835
843 842
893 893
901 901

1135 1135
1170 1170
1325 1324

ELIO 828 828
835 834
842 842
892 891
900 899

1134 1134
1169 1169
1323 1322
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Table 5

HPLC alkylphenone bracketed retention indices (RI) for peaks detected at 320nm,
for organic extracts from ELI, EL4, EL8, EL9 and ELIO grown in M2, samples

were injected and analyzed twice by method 1.

Biocontrol Organism Ri ( i ) RI (2)
ELI np np
EL4 np np
EL8 np np
EL9 np np
ELIO np np

np = no peaks detected
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Table 6

HPLC alkylphenone bracketed retention indices (RI) for peaks detected at 254nni, for
organic extracts from ELI, EL8, EL9 and ELIO, grown in M3, duplicate samples were

injected and analyzed twice by method 1.

Biocontrol Sample 
Organism Ri ( i ) RI (2)

ELI 1 1242 1242
1271 1272
1282 1282
1295 1295
1320 1320

2 np np
EL4 ns
EL8 1 1234 1234

1268 1268
1275 1275
1288 1288

2 825 826
929 929

1025 1025
1233 1233
1274 1274
1285 1285

EL9 1 508 498
834 833
842 841

1291 1291
1317 1315

2 508 500
834 834
842 842

1278 1278
1292 1304
1317 1316

ELIO 834 834
842 842
947 947

1140 1141
1288 1288

np = no peaks detected; ns = no sample due to contamination
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Table 7

HPLC alkylphenone bracketed retention indices (RI) for peaks detected at 320nm, for
organic extracts from ELI, EL8, EL9 and ELIO grown in M3, duplicate samples were

injected and analyzed twice by method 1.

Biocontrol Sample 
Organism

RI (1) RI (2

ELI 1 np np
2 912 911

1216 1215
1272 1271
1285 1284

EL4 ns
EL8 1 803 803

1022 1022
1268 1268
1279 1279

2 803 804
1023 1023
1203 1203
1269 1269
1279 1279
1305 1305

EL9 1 522 513
842 542
922 922
1288 1288

2 546 539
1201 1200
872 872
893 893
924 924
962 962
1289 1289

ELIO 1 531 520
924 923

2 726 736
835 835
841 841
854 854
921 920

1222 1223
1250 1253
1282 1282

np = no peaks detected; ns = no sample due to contamination

11



Table 8

Presence of gliotoxin determined by a peak with HPLC alkylphenone bracketed 
retention index (RI) =  833 ± 1 detected at 254nm, for organic extracts from  

ELI, EL4, EL8, EL9 and ELIO grown in M l, M2 and M3 by method 1.

Biocontrol -/+
Organism Growth Medium

Ml M2 M3 (1) M3 (2)
ELI - - - -
EL4 - - ns
EL8 - - - -
EL9 + + + +
ELIO + + + +

- = negative 
+ = positive
ns = no sample due to contamination
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Table 9

Presence of bis-dethio-bis(methylthio)gliotoxin (BDMTG) determined by a peak with 
HPLC alkylphenone bracketed retention index (RI) =  843 ±  1 detected at 254nm, 

for organic extracts from ELI, EL4, EL8, EL9 and ELIO grown 
in M l, M2 and M3 by method 1.

Biocontrol +/-
Organism Growth Medium

Ml M2 M3 (1) M3 (2)
ELI - - - -
EL4 - - ns
EL8 - + - -
EL9 + + + +
ELIO - + + +

- = negative 
+ = positive
ns = no sample due to contamination
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Table 10

HPLC alkylphenone bracketed retention indices (RI) for peaks detected at 254nni for
organic extracts from ELI, EL4, EL8, EL9 and ELIO grown in

M l, M2 and M3 by method 2.

Biocontrol
Organism

RI

Ml M2 M3 (1) M3 (2)
ELI 810 813 np np
EL4 np np np np
EL8 813 810 np 803
EL9 803 804 707 707

811 814 820 815
816 820
865 871
881 885

ELIO 804 809 np 813
814 863
820 877
871
885

np = no peaks detected
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alkylphenone bracketed retention indices for peaks of interest from the HPLC analysis by 
method 2.

The alkylphenone bracketed retention indices for the unknown peaks were calculated 
according to the formula (Frisvad, 1986; Frisvad and Thrane, 1987):

RI = (Tsm - Trl) 100 AZ + 100z 
Tr2 - Tpl

where Tsm 
T p1

TP2

A Z

= retention time of the unknown
= retention time of the alkylphenone that elutes before the unknown 
= retention time of the alkylphenone that elutes after the unknown 
= number of carbon atoms in the alkylphenone that elutes before the 

secondary metabolite
= difference between the number of carbons in the alkylphenones that 

elute before and after the secondary metabolite

2.2.4 Discussion

Method 1 The alkylphenone bracketed retention index was calculated to be 833 for gliotoxin. 
Based on this value, the organic extracts were screened for the presence of gliotoxin. EL9 
and ELIO were the only biocontrol organisms that had organic extracts containing gliotoxin. 
This metabolite was produced in all three media. No peaks with bracketed retention indices 
similar to gliotoxin were found for the ELI (Ml, M2, M3), EL8 (Ml, M2, M3) or EL4 
(Ml, M2) extracts. The RI reported by Frisvad and Thrane for gliotoxin was 848.

The alkylphenone bracketed retention index was calculated to be 843 for BDMTG. Based on 
this value, the organic extracts were screened for the presence of BDMTG. The EL9 organic 
extracts from all three media contained this metabolite. The organic extracts from ELIO 
(M2, M3) and EL8 (M2) also contained BDMTG. It seems that the production of this 
metabolite is dependent on the medium on which the organism is grown. The ELI and EL4 
extracts contained no metabolite which eluted where BDMTG was expected. The results 
indicate that the production of BDMTG by EL8 is dependent on DL-phenylalanine, since the 
difference between Ml and M2 is the presence of this amino acid. BDMTG was not one of 
the metabolites involved in the Frisvad and Thrane analysis. This metabolite has been 
reported for this species of fungus to which EL8 belongs but we had not detected it from this 
strain previously (Turner and Aldridge, 1983).

M2 seems to provide a better medium for the production of metabolites, demonstrating the 
better variety of peaks across the gradient. Again, this variety may be attributed to the added 
DL-phenylalanine in this medium.

Retention indices were calculated according to the formula provided by Frisvad and Thrane 
(1987). Results obtained from our analysis of the fungal extracts by high-performance liquid
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chromatography cannot be directly compared with those reported by Frisvad and Thrane 
(1987).

•  The Frisvad and Thrane analyses were performed with a 100 * 2mm I.D. 
column whereas the column on which our analyses were performed was 150 * 
3.9mm I.D.

•  We maintained a solvent flow rate of 1.5mL/min in order to preserve the 
integrity of the column; however, Frisvad and Thrane maintained a solvent 
flow rate of 2.0mL/min.

•  Frisvad and Thrane did not specify the temperature at which they were 
operating. Constant temperature was maintained by keeping the column 
temperature 35°C.

•  The Frisvad and Thrane solvent system consisted of 0.05% trifluoroacetic acid 
in acetonitrile and water. The system that we used omitted the addition of 
trifluoroacetic acid to the organic phase.

•  Frisvad and Thrane dissolved their standards of secondary metabolites in 
chloroform. If insoluble in chloroform, methanol was added. In a few 
instances, acetone was also added (Frisvad, 1986). All the samples in our 
analysis were acetonitrile-soluble fractions of chloroform extracts. We found 
that variations in solvents affected the retention times of the metabolites being 
analyzed.

The standardized HPLC analysis of fungal metabolites based on alkylphenone retention 
indices reported by Frisvad and Thrane (1987) is a modified version of a previous method 
reported by Frisvad (1986). Frisvad and Thrane provided a more powerful method. This 
method brought advantages such as the ability to compare results obtained from analyses from 
different columns and different runs. Frisvad and Thrane also improved the solvent gradient 
system to achieve better separation of the fungal metabolites.

Frisvad and Thrane (1987) provide reference bracketed retention indices for 182 mycotoxins 
and other fungal metabolites. This data "should be of great value in screening fungi for 
known mycotoxins" (Frisvad and Thrane, 1987) since "most known fungal metabolites are 
unavailable commercially" (Frisvad and Thrane, 1987). Unfortunately, since many of the 
conditions were altered for our runs, we are unable to rely on their data for the identification 
of our unknown peaks. Peak matching is not sufficient information for the identification of 
unknown peaks. They did not consider the separation of the gliotoxin- and viridin- related 
metabolites which would elute too close together on their gradients for successful 
identification, see below.

Two different wavelengths (320 and 254nm) were used in an attempt to improve the analysis 
from the known uv spectra of the metabolites of interest. However, this did not provide any 
useful information.

This method was not suitable for the detection of less common fungal secondary metabolites 
such as cyclic peptides, sterols, fatty acids and pyrimidine- and purine-like compounds.
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These compounds require UV detection at wavelengths where primary metabolites would 
interfere, chemical derivatization, extraction with polar solvents or other compound-specific 
treatments (Frisvad, 1986).

It is recommended that this HPLC analysis be repeated on organic extracts from a new batch 
of EL4 grown in M3 to complete the analysis.

Method 2 The gradient separation of Stipanovic and Howell allows separation of gliotoxin 
and viridiol and their related metabolites. For these metabolites the method is therefore 
superior to the gradient separations of Frisvad. Unfortunately, these authors did not include 
in their analysis readily obtainable standards to calibrate the separation from their system to 
another, for example, using the alkylphenones.

The gliotoxin standard purchased from Sigma is produced from Gliocladium fimbriatwn and 
on analysis clearly had other metabolites present. Inspection of the chromatograms of EL9 in 
particular also appeared to be similar to those of Stipanovic and Howell with the separation 
occurring over 8.3 to 12.9 min in comparison to Stipanovic and Howell separations of 9.0 to
15.7 min. By assigning the observed peaks in the gliotoxin standard and EL9 as viridiol 
(8.41 min) and viridin (12.83 min), calculating their retention indices from the standard 
alkylphenones, and then using these to solve the rearranged equation to predict the position of 
alkylphenone standards in Stipanovic and Howell’s analysis it was thereby possible to 
calculate the retention indices of the other metabolites in their analysis. Only by the 
assignment above could reasonable agreement be found with the other metabolites.

From the peaks observed in chromatography of the fungal extracts and their retention indices, 
EL9 and 10 produced the expected array of metabolites for strains of Gliocladium viride: that 
is, viridiol, gliotoxin, BDMTG, gliovirin, and viridin. Without standards it is not possible to 
quantify the materials.

EL4 did not produce any metabolites that were observed by chromatography in the elution 
period of interest.

The analysis of ELI and EL8 present a problem. ELI is not expected to produce metabolites 
of the gliotoxin of viridiol type, and in each analysis a weak peak was discernable in the 
region of interest with a retention index of 810-812. These peaks cannot be identified as 
gliotoxin without further work to get higher concentrations and other confirmatory results (for 
example complete UV spectrum using a diode-array detector for comparison with gliotoxin).

The difficulty of assigning the identity of the compound based on chromatography alone is 
indicated in the analysis of EL8. In the chromatograms of EL8 extracts from medium 1 and 
2, weak peaks were observed with retention index 809 to 812. From previous work we have 
isolated and identified dibenzylpiperazinedione from this lead organism. Analysis by HPLC 
gave a retention index of 814, therefore we conclude that the peak observed in the analyses of 
EL8 is this compound by the method 2.
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2.2.5 Conclusion

EL9 and ELIO were the only biocontrol organisms that had organic extracts containing 
gliotoxin. The EL9 (Ml, M2, M3) ELIO (M2, M3) and EL8 (M2) organic extracts 
contained bis-dethio-bis(methylthio)gliotoxin. The results indicate that the production of 
BDMTG by EL8 is dependent on DL-phenylalanine.

2.3 THIN LAYER CHROMATOGRAPHY - TWO-DIMENSIONAL

2.3.1 Purpose

To analyze acetonitrile-soluble fractions of chloroform extracts isolated from strain-substrate 
combinations of ELI, EL4, EL8, EL9, ELIO, medium 2 and medium 3 by two-dimensional 
thin layer chromatography as reported by Howell (1991).

2.3.2 Experimental

Samples were spotted on thin-layer chromatography aluminium sheets of silica gel 60 
(without fluorescent indicator), layer thickness 0.2mm. These plates were developed two- 
dimensionally in chloroform/acetone (70:30) and ethyl acetate. Developed plates were 
observed under long wave (365nm) and short wave (254nm) ultraviolet light. Purified 
gliotoxin was used as standard. The developed plates will be screened for the presence of 
fungitoxic substances in Section 2.4.

2.3.3 Results

The retardation factors (Rf) for spots detected from the organic extracts of the media are 
given in Tables 11 and 12.

2.3.4 Discussion

The calculated Rf for the gliotoxin standard is Rf = (0.47 * 0.39). The calculated Rf for 
gliotoxin is different from Rf = (0.49 * 0.55) reported by Howell (1991) for purified 
gliotoxin. However, the Howell separation was performed on chromatography plates of silica 
gel 4GF as opposed to the aluminium sheets of silica gel 60 (without fluorescent indicator), 
layer thickness 0.2mm used in this experiment. Therefore, the values cannot be directly 
compared.

Many factors can account for inconsistencies in data. The purity and composition of each
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Table 11

TLC retardation factors (Rf) for spots detected at 365 and 254nm for organic extracts 
from ELI, EL4, EL8, EL9 and ELIO grown in M2, developed two-dimensionally.

Biocontrol Organism Rf
Solvent system

Chloroform/acetone
(70/30)

Ethyl acetate

ELI 0.625 0.625
0.550 0.525
0.475 0.475
0.413 0.388
0.188 0.175
0.200 0.088
0.025 0.025

EL4 0.138 0.150
0.450 0.388
0.550 0.513
0.625 0.613

EL8 0.050 0.025
0.338 0.263
0.488 0.500
0.550 0.575
0.638 0.650

EL9 0.200 0.225
0.238 0.313
0.300 0.375
0.375 0.400
0.450 0.388
0.438 0.438
0.475 0.513
0.538 0.538
0.575 0.563
0.613 0.625

ELIO 0.213 0.238
0.313 0.375
0.375 0.400
0.463 0.438
0.488 0.500
0.550 0.538
0.638 0.638
0.475 0.388

GLIOTOXIN 0.475 0.388
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Table 12

TLC retardation factors (Rf) for spots detected at 365 and 254nm for organic extracts 
from ELI, EL4, EL8, EL9 and ELIO grown in M3, developed two-dimensionally.

Biocontrol Sample 
Organism

ELI 1

ELI 2

EL9 1

EL8 2

Rf
Solvent system

Chloroform/acetone
(70/30)

Ethyl acetate

0.000 0.000
0.225 0.213
0.113 0.275
0.225 0.2630.188 0.375
0.463 0.500
0.588 0.575
0.250 0.163
0.388 0.263
0.475 0.4130.500 0.450
0.588 0.525
0.650 0.588
0.663 0.475
0.038 0.031
0.075 0.0930.138 0.031
0.175 0.093
0.200 0.165
0.288 0.175
0.300 0.237
0.413 0.381
0.513 0.402
0.513 0.423
0.563 0.464
0.588 0.485
0.650 0.598
0.250 0.200
0.350 0.350
0.438 0.438
0.475 0.475
0.513 0.488
0.513 0.538
0.600 0.613
0.613 0.513
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EL9 1

EL9

ELIO

GLIOTOXIN

0.063
0.200
0.213
0.288
0.325
0.375
0.450
0.513
0.525
0.125
0.388
0.463
0.575
0.088
0.188
0.288
0.463
0.500
0.588
0.138
0.375
0.563
0.475

0.075 
0.313 
0.238 
0.338 
0.375 
0.425 
0.475 
0.538 
0.600
0.100 
0.350 
0.425 
0.600
0.075 
0.138 
0.213 
0.438 
0.463 
0.513 
0.263 
0.313 
0.513
0.388
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solvent must be identical. The moisture content of the chromatography plates prior to 
spotting is also an important factor. Ideally, the plates should be dried before the samples are 
applied. The age of the solvents is also an important factor since solvent evaporation can 
alter the composition of the solvent system in a chromatography tank.

Due to their varied shapes and sizes, it is difficult to measure with accuracy and consistency 
the proper centres of the different compounds (spots). The results of this experiment are 
reported for future reference. However, the direct bioautography on the thin layer 
chromatograms, as reported in section 2.4, will provide further information regarding the 
detection of fungitoxic substances.

Unfortunately, due to a lack of materials we were unable to carry out the two-dimensional 
thin layer chromatography analysis on the series of extracts obtained from the biocontrol 
organisms grown in Ml. It is recommended that this TLC analysis be repeated on the 
organic extracts from M l. Also, it is recommended that this TLC analysis be repeated on 
organic extracts from a new batch of EL4 in M3 to complete the analysis.

An alternative to the TLC method of Howell is one used by Frisvad and Thrane (1987). 
Frisvad and Thrane tabulated retardation factors relative to griseofulvin in two TLC eluents 
for 182 mycotoxins and other fungal metabolites. These are the same compounds as the ones 
they analyzed with HPLC. However, their eluents were (TEF = toluene-ethyl acetate-90 % 
formic acid, 5:4:1, v/v/v; CAP = chloroform-acetone-2-propanol, 85:15:20, v/v/v). This 
solvent system is inappropriate for our purposes since traces of formic acid remain bound to 
the silica gel after drying. These traces interfere with the bioassay used in section 2.4.

2-4 DIRECT BIOAUTOGRAPHY ON THIN LAYER CHROMATOGRAMS FOP 
DETECTION OF FUNGITOXIC SUBSTANCES

2.4.1 Purpose

To distinguish bioactive spots from non-bioactive spots on two-dimensionally developed thin 
layer chromatograms of acetonitrile soluble fractions of chloroform extracts isolated from 
strain substrate combinations of ELI, EL4, EL8, EL9, ELIO, M2 and M3. To screen the 
chromatograms for the presence of fungitoxic metabolites, such as gliotoxin. The method 
reported by Homans and Fuchs (1970) for the direct bioautography on thin-layer 
chromatograms was used.

2.4.2 Experimental

Chromatograms obtained from section 2.3 were dried. A thin layer of a conidial suspension 
of 869A in a glucose-mineral salts medium (see Appendix IV) was poured over these plates. 
These plates were cultured in an upright position in the dark for 14 days.
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2.4.3 Results

Table 13 shows the results of the direct bioautography of undeveloped thin layer 
chromatography plates spotted with the organic extracts. These results demonstrate the 
bioactivity of the unseparated extracts. Table 14 shows the results of the direct 
bioautography of the developed thin layer chromatograms for the organic extracts. These 
results show the presence of bioactive spots resulting from the two dimensional separation by 
thin layer chromatography of the organic extracts. In both Tables 13 and 14, a positive result 
is determined by the presence of a density difference or clear zone for the growth of the test 
organism. Table 15 includes the calculated retardation factors for each of the bioactive spots 
for the developed thin layer chromatograms of the organic extracts. Table 16 shows the 
distinction between less densely populated regions (+) and definite clear zones (+ + )  
corresponding to the bioactive spots identified by their retardation factors. The absence of a 
bioactive spot is denoted by -.

2.4.4 Discussion

Although the calculated retardation factors for the bioactive spots do not exactly coincide, 
their deviation is acceptable. Especially when comparing the gliotoxin spots, it is evident that 
the same metabolite is involved. However, the shapes and sizes of the spots differ between 
extracts. It is also difficult to estimate the centre of each spot accurately.

The retardation factor for the gliotoxin standard was calculated a Rf = 0.47 + 0.03 * 0.41 
±  0.03. Based on the presence of a bioactive spot with this Rf, the organic extracts were 
screened for the presence of gliotoxin. The organic extracts for EL9 (M2, M3) and ELIO 
(M2, M3) contained gliotoxin.

Two additional bioactive spots were discovered. However, without other standards their 
identification is not feasible. As seen in section C, the retardation factors provided by 
Howell cannot be used. However, it is possible that the two unknowns RfA — (0.14 + 0.01 
*0.19 ±  0.03) and RfB = (0.26 ±  0.04 * 0.31 ± 0.01) correspond to gliovirin RfHoweii = 
(0.29 * 0.48) and viridiol RfHoweii = (0.29 * 0.27). Our unknown peaks A and B are eluted 
before gliotoxin with retardation factors neighbouring those obtained by Howell (1991, 739).

It is recommended that standards be obtained for gliovirin and viridiol to verify if retardation 
factors similar to unknowns A and B are found. However, further experimentation such as 
HPLC will be necessary to confirm the identity of the unknown peaks.

Unknowns A and B were found in all M2 extracts. These unknowns were not produced in 
M3. It seems M2 favours the production of these supplementary metabolites. This effect is 
seen in the presence of these bioactive spots on chromatograms of EL9 (M2), ELIO (M2) 
organic extracts, but not EL9 (M3), ELIO (M3).

Unfortunately, due to a lack of materials, we were unable to carry out the direct
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Table 13

Bioactivity of organic extracts from ELI, EL4, EL8, EL9 and ELIO grown in
M2 and M3, spotted on undeveloped TLC plates. Test

organism = Cladosporiwn cucumerinum (869A).

Biocontrol +/-Organism Growth Medium
M2 M3 (1) M3 (2)

ELI + - -

EL4 + ns
EL8 + - -

EL9 + + +
ELIO + + +

+ = 
ns =

negative 
positive 
no sample due to contamination
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Table 14

Bioactivity of organic extracts from ELI, EL4, EL8, EL9 and ELIO grown
in M2 and M3, spotted on TLC plates and developed two-dimensionally.

Test organism = Cladosporium cucumerinwn (869A).

Biocontrol +/"Organism Growth Medium
M2 M3 (1) M3 (2)

ELI + - -

EL4 + ns
EL8 + - -

EL9 + + +
ELIO + + +

= negative 
+ = positive
ns = no sample due to contamination
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Table 15

TLC retardation factors (Rf) for bioactive spots for organic extracts 
from ELI, EL4, EL8, EL9 and ELIO grown in M2 and M 3, developed two- 

dimensionally. Test organism =  Cladosporium cucwnerinum (869A).

Biocontrol
Organism

Sample Medium Rf
Solvent system

Chloroform/ Ethyl acetate
acetone
(70/30)

ELI 1 M3 nbs nbs
ELI 2 M3 nbs nbs
EL8 1 M3 nbs nbs
EL8 2 M3 nbs nbs
EL9 1 M3 0.44 0.44
EL9 2 M3 0.47 0.38
ELIO 1 M3 0.47 0.38
ELI M2 0.13 0.17

0.22 0.31
EL4 M2 0.13 0.19

0.25 0.31
EL8 M2 0.13 0.16

0.25 0.31
EL9 M2 0.15 0.21

0.28 0.30
0.49 0.44

ELIO M2 0.15 0.21
0.28 0.30
0.49 0.44

GLIOTOXIN 0.47 0.39
nbs = no bioactive spots detected
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Table 16

Presence of bioactive spots from organic extracts of ELI, EL4, EL8, EL9 and ELIO
grown in M2 and M3, spotted on TLC plates and developed two-dimensionally.

Test organism = Cladosporium cucumerinwn (869A).

Biocontrol
Organism

Bioactive Spot

+/"
Growth Medium

M2 M3 (1) M3 (2)
A B Gtx A B Gtx A B Gtx

ELI + + - - - - - -

EL4 + ++ - ns
EL8 + ++ - - - - - -
EL9 ++ ++ ++ - ++ - - ++
ELIO ++ ++ ++ nslm - - ++
Three bioactive spots were observed:

A = 0.14 (±0.01) * 0.19 (±0.03)
B = 0.26 (±0.04) * 0.31 (±0.01)
Gtx* = 0.47 (±0.03) * 0.41 (±0.03)

*Gtx
+
++
ns
nslm

gliotoxin
negative
density difference
definite clear zone
no sample due to contamination
no sample due to lack of materials
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bioautography on thin layer chromatogram analysis on the series of extracts obtained from the 
biocontrol organisms grown in Ml. It is recommended that this TLC bioassay be repeated on 
the organic extracts from M l. Also, it is recommended that this TLC bioassay be repeated 
on an organic extract from a new batch of EL4 in M3 to complete the analysis.

2.4.5 Conclusion

Three bioactive spots were found for the M2 and M3 organic extracts of ELI, EL4, E18, EL9 
and ELIO. Gliotoxin standard was used to identify the spot (Gtx) with Rf = 0.47 (+0.03) * 
0.41 (+0.03) as gliotoxin. Two unknown bioactive spots were also found: RfA = (0.14 + 
0.01 * 0.19 ±  0.03) and RfB = (0.26 + 0.04 * 0.31 ±  0.01).

EL9 (M2, M3) and ELIO (M2, M3) organic extracts contained gliotoxin. Unknowns A and 
B were found in all the M2 extracts.

2.5 BIOASSAY: PETRI DISH WITH MEMBRANE

2.5.1 Purpose

To determine whether ELI, EL4, EL8, EL9 and ELIO produce fungitoxic materials smaller 
than 0.22pm that are diffusible in 2% MA. Biological activity will be determined by 
monitoring the growth of the test organism C. cucumerinum (869A), and the representative 
sapstainers, Aureobasidium pullulons (132Q) Oplnostoma piceae (3871) and Alternaria 
alternate! (2H) against media on which the biocontrol organisms were grown then removed.

To confirm that Cladosporium cucumerinum (869A) is an effective test organism which is 
easier to handle and observe than Aureobasidium pullulons (132Q) and Ophiostoma piceae 
(3871).

2.5.2 Experimental

An 1 lmL layer of 2% MA was poured into a 100 * 15 mm petri dish. An autoclaved MSI 
MicroClear Polycarbonate 0.22 pm 90mm membrane was placed on the surface of the 
solidified medium. An inoculation plug (4mm) from the growing edge of the biocontrol 
strain established on 2% MA was placed at the centre of the dish, on the membrane, and was 
still-cultured in the dark at 15°C in an upright position until approximately half to three 
quarters of the membrane was covered with growth. The membrane was carefully removed, 
avoiding contamination of the medium with the fungus. An overlay (llmL) of a conidial 
suspension of a staining fungus in 1% MA was poured over the original layer of MA. These 
plates were still-cultured in the dark at 28°C in an upright position. The growth of the 
staining fungus was monitored. Inhibition zones indicated the presence of fungitoxic 
metabolites.
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2.5.3 Results

Tables 17 and 18 show the results for the petri dish with membrane bioassay. The biocontrol 
organism was grown on an original layer of growth medium for the period specified under 
the header membrane/age of biocontrol organism. The membrane was removed and the 
stainer/test organism overlay was poured. Observations were reported after the period 
specified under the overlay/age header. By visual inspection, a + + positive result was 
shown by a completely clear zone surrounded by sapstainer/test organism growth (Figure 1). 
This + +  positive result shows the complete inhibition of sapstainer/test organism growth by 
secretions from the biocontrol organism.

A + positive result was determined by a density difference in the growth of the 
sapstainer/test organism where the interior zone is less densely populated than the exterior 
(Figure 2). This + positive result illustrates the partial inhibition of growth of the 
sapstainer/test organism by secretions from the biocontrol organism. A - negative result was 
determined by a homogeneous growth for the sapstainer/test organism. This - negative result 
demonstrates the inability of the biocontrol organism to secreted fungitoxic substances that 
inhibit the sapstainer/test organism growth.

All results were negative for Al’remaria alternat a (2H), therefore these results do not appear 
in the tables.

2.5.4 Discussion

The results clearly demonstrate the ability of our biocontrol strains to inhibit the growth of 
Cladosporium cucumerinum, Aureobasidium pullulans (132Q) and Ophiostoma piceae (3871). 
However, it is impossible to determine whether this biological activity results from toxic 
substances, metabolites, enzymes or mycelia which are all able to disperse throughout the 
culture medium.

The results fail to demonstrate the ability of our biocontrol strains to produce diffusible 
substances less than 0.22pm that inhibit the growth of Alternaria alternata (2H). Since this 
sapstainer is representative of its class, the results imply that ELI, EL4, EL8, EL9 and ELIO 
are unable to control this class of Stainers by diffusible substances smaller than 0.22pm.

The results of this bioassay demonstrate the validity of using Cladosporium cucumerinum 
(869A) as a test organism for the detection of fungitoxic substances. In each case where 
positive result was determined for either Aureobasidium pullulans (132Q) or Ophiostoma 
piceae (3871), the same or amplified affect was observed when using C. cucumerinum.

C. cucumerinum produces many spores; therefore, it is very simple to prepare a conidial 
suspension for inoculation purposes. Aureobasidium pullulans (132Q) and Ophiostoma piceae 
(3871) do not readily produce spores and it is more difficult to prepare homogeneous spore 
suspensions for inoculation purposes. Also, O. piceae (3871) and A. pullulans (132Q)
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Table 17

Bioactivity of diffusible materials released by ELI, EL4, EL8, EL9 and ELIO 
grown on MA as determined by the Petri Dish with Membrane Bioassay. 

Test organism = Cladosporium cucumerinum (869A).

Biocontrol
organism

Membrane Overlay ++/+/"
Age of 
Biocontrol 
Organism 
(days)

Growth Medium 

1.1% PDA 1.1% MA

Age of 
_ 869A 
Inoculum 
(days)

ELI 6 * 4 ++
ELI 11 * 3 ++
EL4 4 * 4 +
EL4 11 * 3 +
EL8 5 * 4 -
EL8 4 * 3 +
EL9 6 * 4 ++
EL9 4 * 3 ++
ELIO 5 * 4 ++
ELIO 4 * 3 ++

—  = negative
+ = density difference
++ = definite clear zone
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Table 18

Bioactivity of diffusible materials released by ELI, EL4, EL8, EL9 and ELIO grown on 
MA as determined by the Petri Dish with Membrane Bioassay. Test organisms =  

Aureobasidium pullulans (132Q) and Ophiostoma piceae (3871).

Biocontrol Membrane Overlay ++/+/-
organism Age of 

Biocontrol 
Organism 
(days)

Sapstainer 

3871 132Q

Age of 
Stainer 
Inoculum 
(days)

ELI 7 * 4 + +
ELI 7 * 4 ++
EL4 7 * 4 +
EL4 7 * 4 ns
EL8 9 * 10 +
EL8 9 * 10 +
EL9 6 * 6 ++
EL9 6 * 6 ++
ELIO 6 * 6 +
ELIO 6 * 6 +

Il II II

w 
+

C + +

no sample due to contamination 
density difference 
definite clear zone
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F i g u r e  1. Example o f  a ++ p o s i t i v e  r e s u l t .

EL9 (MA) ON MEMBRANE, 4 DAYS, 15°C 
+ 869A (MA) OVERLAY, 3 DAYS, 28°C

EL9 CONTROL
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F i g u r e  2 .  Example o f  a + p o s i t i v e  r e s u l t .
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do not readily produce pigments. It is difficult to observe the growth of O. piceae (3871) and 
A. pullulons (132Q) due to their lack of pigmentation during the early stages of their 
development. Alternatively, C. cucumerinum is pigmented dark green and is easily observed. 
Results were obtained between three to four days from the sapstainer inoculation when using 
C. cucumerinum as opposed to four to ten days when using O. piceae or A. pullulons.

The membranes that were used were slightly larger than the disposable petri dishes in which 
the assays were performed. This difference in size generated difficulty in executing the 
manipulations. The membranes were folded over at the edges in order to fit them in the petri 
dishes. It is not recommended that smaller membranes be used since they would limit the 
extent to which the biocontrol organism could be grown. Larger petri dishes are easier to 
handle and do not limit the growth of the biocontrol organism as much.

Occasionally, when the membrane was removed from a plate of EL4 and the overlay was 
poured, a single colony of the biocontrol agent was observed growing from the centre of the 
plate (where the original inoculation plug was situated). This was an indication that the 
biocontrol organism succeeded in penetrating through the membrane. It is possible that a 
spore was dropped while pulling the membrane off; however, the same problem reoccurred 
with ELIO. Since in each case the contamination of the overlay originated from the centre of 
the plate, the contamination must have originated from penetration of the membrane by the 
biocontrol organism prior to its removal. In all cases except EL4 with 132Q, at least one of 
the triplicate samples were without contamination.

The membranes were autoclaved for 15 minutes prior to use. It is possible that the 
membrane pores were dilated during this process. Either similar membranes with smaller 
pore size or pre-sterilized membranes should be considered for use in further 
experimentation.

Since these were preliminary experiments. The biocontrol organism was allowed to grow 
until approximately one half to two thirds of the membrane was covered. It is recommended 
that this experiment be repeated at different time intervals to determine how the growth cycle 
of each biocontrol population affects its antagonistic behaviour.

Since the results were negative for all assays tested with 2H, it is recommended that the Petri 
Dish with Membrane bioassay be repeated with 55H, a different strain of the same sapstainer.

The Petri Dish with Membrane bioassay allows for different culture conditions for the 
biocontrol organism and the sapstainer. The possible changes in environment include 
temperature, pH, light intensity and relative humidity. The first organism can be grown 
under a set of conditions, removed, and the second grown under different conditions.

The petri dish with membrane bioassay demonstrates the ability for the biocontrol organism 
to secrete substances diffusible in its environment that control the growth of the sapstainer or 
test organism. This bioassay represents a single type of interaction between the diffusible
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materials and one single sapstainer at a time. If the biocontrol organism is to be applied to 
wood, it would have to compete with a variety of antagonists at the same time. Although the 
results demonstrate ELI, EL4, EL8, EL9 and ELIO have bioactivity and are therefore 
potentially useful for biocontrol, when faced with a non-ideal situation, it is difficult to 
predict whether they will be as successful.

2.5.5 Conclusion

ELI, EL4, EL8, EL9 and ELIO all produce fungitoxic substances that inhibit the growth of 
Cladosporium cucumerinum (869A), Aureobasidium pullulons (132Q) and Ophiostoma piceae 
(3871). Cladosporium cucumerinum (869A) is an effective test organism which is easier to 
handle and observe than Aureobasidium pullulons (132Q) and Ophiostoma piceae (3871), two 
representative sapstainers.

The bioassay also demonstrated that all biocontrol organisms failed to affect the growth of 2H 
with their diffusible secretions.

2.6 LUTRIPLATE BIOASSAY

2.6.1 Purpose

To investigate the production of diffusible fungitoxic materials by ELI, EL4, EL8, EL9 and 
ELIO with the Lutriplate antibiotic testing vessel (Brown, 1982).

2.6.2 Experimental

A 15mL layer of 2% MA was poured into the compartment A of a Lutri-plate antibiotic 
testing vessel. An inoculation plug (4mm) from the growing edge of the biocontrol strain 
established on 2% MA was placed at the centre of the medium. The vessel was still-cultured 
in the dark at 28°C in an upright position. After 3-4 days growth, the vessel was inverted 
and the seal removed. An l lmL layer of a conidial suspension of Cladosporium 
cucumerinum (869A) was poured over the original layer of MA. The vessels were still- 
cultured in the dark at 28°C in this overturned position. The growth of C. cucumerinum was 
monitored. Inhibition zones indicated the presence of fungitoxic substances, metabolites and 
enzymes.

2.6.3 Results

In each case, both the testing organism C. cucumerinum and the biocontrol organism achieved 
physical contact. In each case, the biocontrol organism, its growth having been established, 
succeeded in growing through both layers of gel and reaching the opposite side.
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2.6.4 Discussion

Physical contact between the fungi in opposite compartments of the Lutri-plate vessel could 
not be avoided. The protocol failed to demonstrate the ability for ELI, EL4, EL8, EL9 and 
ELIO to release diffusible fungitoxic secondary metabolites into their culture medium.

Ideally, the effects of diffusible materials between the biocontrol organism and the Stainer 
could be monitored. This was the intention of using the Lutri-plate antibiotic testing vessel. 
We hoped to be able to examine these effects without removing the organisms from the 
media. The objective was to discover whether the concurrent growth of both organisms or 
the simultaneous release of materials from both organisms affect the bioactivity of the 
biocontrol organism.

The Host-Pathogen Interaction System (HPIS) proposed by Tomaso-Peterson and Krans 
(1990) is an improved technique. It proposes the use of the Lutri-plate vessel benefiting from 
the concurrent growth of the biocontrol organism and the sapstainer. However, this method 
prevents the physical contact between the fungi in opposite compartments. This method 
involves separating the two compartments with a polycarbonate Nucleopore membrane, 
plastic cement and caulking cord. However, the manipulations of the HPIS are tedious and 
time-consuming. Maintaining sterility throughout the manipulations is difficult and the 
materials must be non-toxic.

As we were unsuccessful with the simple Lutri-plate bioassay, it is recommended that the 
application of HPIS be attempted. This method could be very useful since the simultaneous 
growth of the biocontrol organism and the sapstainer could be monitored. Organism- 
organism interactions would be avoided. The method could be very versatile, for instance, 
different population ages can be inoculated with the test organism. A profile of the ability of 
the biocontrol organism to inhibit the sapstainer at different periods in its population growth 
cycle could be studied.

2.6.5 Conclusion

The Lutri-plate bioassay failed to demonstrate the production of diffusible fungitoxic 
materials by ELI, EL4, EL8, EL9 and ELIO with the Lutriplate antibiotic testing vessel.

2.7 PEPTAIBOL BIOASSAY

2.7.1 Purpose

To determine whether the peptaibols Alamethicin and Paracelsin have biological activity on 
the test organism Cladosporium cucumerinum (869A) or on the representative Stainers, 
Aureobasidium pidlalans (132Q), Ophiostoma piceae (3871) or Altemaria altemata (2H).
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2.7.2 Experimental

A 2mL layer of 2% MA was poured onto a precleaned FisherBrand 75 * 50 mm microscope 
slide. An inoculation loop was used to transfer four small inoculation plugs from the 
growing edge of the biocontrol strain (established on a 2% MA) to the comers of the slide. 
The centre of the slide was occupied by either:

a) a plug of MA containing 0.05mg of dissolved peptaibol
b) a #740E Schleicher & Schuell filter paper disk saturated with 0.5mg of 

peptaibol

2.7.3 Results

All results were negative. In each case, the organism succeeded in proliferating throughout 
the microscope slide.

2.7.4 Conclusion

0.05mg and 0.5mg are insufficient quantities of Alamethicin and Paracelsin to achieve 
biological activity on on the test organism Cladosporium cucumerinum (869A) or on the 
representative Stainers, Aureobasidium pullalans (132Q), Ophiostoma piceae (3871) or 
Al remaria alternat a (2H).

3.0 CONCLUSIONS

Acetonitrile-soluble fractions of chloroform extracts were isolated from strain-substrate 
combinations of ELI, EL4, EL8, EL9 and ELIO in defined medium (Ml), defined medium 
with added DL-phenylalanine (M2) and rice medium (M3).

M l, M2 and M3 promote the production of different metabolites, resulting in different peak 
profiles obtained by HPLC.

Based on the high-performance liquid chromatography results, gliotoxin is produced by EL9 
and ELIO in all three media and BDMTG by EL9 in all three media, ELIO in M2 and M3 
and EL8 in M2.

The results from the two-dimensional thin layer chromatography and the direct bioautography 
on thin layer chromatograms both confirm the ability of EL9 and ELIO to produce gliotoxin 
in M2 and M3.

M2 was the most versatile medium. The thin layer chromatography results demonstrate that
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this medium promotes the synthesis of fungitoxic substances better than Ml and M3. Two 
additional bioactive spots were determined by the direct bioautography of the thin layer 
chromatograms for the extracts. These two unknowns A and B were found in all the M2 
extracts.

The Petri dish with membrane demonstrated that all biocontrol organisms considered were 
capable of producing toxic compounds that either halted or impeded growth of the sapstainers 
132Q, 3871 and 869A. This bioassay also demonstrated that all biocontrol organisms failed 
to affect the growth of 2H with their diffusible secretions.

The Lutriplate bioassay failed to demonstrate the production of diffusible fungitoxic materials 
by ELI, EL4, EL8, EL9 and ELIO.
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APPENDIX I

MEDIUM 1

Johnson, J.R., W.F. Bruce and J.D. Dutcher. 1942. Gliotoxin, the antibiotic principal of 
Gliocladium fimbriatum. I. Production, physical and biological Properties. J. Amer 
Chem. Soc., 65:2005-2009.

Compound mass (g)

Sucrose 67.5000
Ammonium Sulfate 7.5000
Anhydrous Dipotassium Phosphate 

(potassium phosphate dibasic)
3.7500

Anhydrous Magnesium Sulfate 1.8750
Ferric Chloride 0.0375
Peptone 0.0750

•  Adjust pH to 3.0-3.5 with concentrated sulfuric acid
•  Autoclave 15 min at 121 °C.
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APPENDIX n

MEDIUM 2

Brannon, D.R., J.A. Mabe, B.B. Molloy, and W.A. Day. 1971. Biosynthesis of
dithiadiketopiperazine antibiotics: comparison of possible aromatic amino acid 
precursors. Biochem. Biophys. Res. Commun., 43:588-594.

Compound mass tel

Sucrose 67.5000
Ammonium Sulfate 7.5000
Anhydrous Dipotassium Phosphate 

(potassium phosphate dibasic)
3.7500

Anhydrous Magnesium Sulfate 1.8750
Ferric Chloride 0.0375
Peptone 0.0750
DL-phenylalanine 0.0306

These liquid cultures were grown in incubators, in the dark, at 28°C, with 
shaking at 110 rpm.



APPENDIX HI

MEDIUM 3

Howell, C.R., and R.D. Stipanovic. 1984. Phytotoxicity of crop plants and herbicidal 
effects on weeds of viridiol produced by Gliocladium virens. Phytopathology, 
74:1346-1349.

•  Autoclave 15 min 121 °C
•  Grow static in the dark at 28°C
•  Visual observation of growth to determine when to harvest, literature suggested 

liquid cultures should be grown 4-6 days, solid 6 days. EL8, 9, and 10 grew 
well in all media and were harvested at 6 days. ELI and 4 grew poorly and 
were harvested all media at 20 days.

Compound mass (g)

Long grain rice (Uncle Ben’s) 
Distilled Water

140.0
250.0



APPENDIX IV

Penzes, L.P., and G.W. Oertel. 1970. Direct bioautography on thin-layer chromatograms 
as a method for detecting fungitoxic substances. J. Chromatography 51:327-329.

GLUCOSE-MINERAL SALTS MEDIUM

Penzes, L.P., and G.W. Oertel. 1970. Direct bioautography on thin-layer chromatograms 
as a method for detecting fungitoxic substances. J. Chromatography 51:327-329.

Glucose-mineral salts medium 
in 1 litre of tap water:

Compound mass (g)

KH,P04 7.0
Na,HP03*2H20  3.0
KN03 4.0
MgS04»7H20  1.0
NaCl 1.0

•  lOmL of 30%w/v aqueous solution of glucose is added per 60mL of this 
solution

•  solution was autoclaved for 15mins at 121 °C
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continuation as CFS Project 3212K205 entitled "Metabolites from Biocontrol 
Candidates" during the period from July 1991 to September 1992.

The general objective of this continuing project is:

"To isolate and characterize metabolites involved in the mechanism of 
biocontrol. To determine whether extracellular enzymes are involved in 
the mechanism of biocontrol. To determine whether any identified 
metabolites are known mycotoxins."

This report provides information under one of the goals of this project, 
namely:

"To develop biochemical assays to examine the candidate organisms for 
the production of extracellular enzymes, which may be involved in the 
mechanisms of biocontrol of sapstain. To further develop assays to 
examine the production of chitinases and proteases on wood substrates.
To examine extracellular enzymes produced by selected staining organisms 
for comparison."

The authors wish to acknowledge the many helpful discussions during this 
project with Dr. Brenda McAfee.
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SUMMARY

The purpose of this study was to develop assays for the detection and 
examination of the extracellular enzymes (ECE) produced by potential 
biocontrol fungi, presently under study by Forintek. Ultimately, the long 
term goal is to understand their role in antagonism and how they act in 
concert with other mechanisms to produce enhanced biocontrol activity. Once 
the patterns of extracellular enzymes produced by the potential biocontrol 
fungi are known, it will be possible to select other isolates by first 
screening them for production of similar profiles of extracellular enzymes, 
prior to the tedious screening on wood blocks. The approach taken in this 
study was as follows:

(1) To establish a relatively easy and rapid method for the screening 
of individual extracellular enzymes.

(2) To compare the production of extracellular enzymes on enriched and 
minimal media. Glucose, sawdust from hemlock, and crude cell wall 
from a staining fungus were used as carbon sources.

(3) To gain more information on specific extracellular enzymes.
Protein profiles of these enzymes were determined and subsequent 
differential zymograms produced after isoelectrofocusing (IEF) and 
gradient native-PAGE (polyacrylamide gel electrophoresis).

To determine the different types of ECE produced by the biocontrol fungi, the 
organisms were grown on various soluble and insoluble substrates that could be 
expected to induce different profiles of enzymes, and assay methods were 
optimized for enzymes that could be involved in resource capture or parasitism 
mechanisms of biocontrol.

Five biocontrol fungi demonstrated almost the full spectrum of ECE activity 
screened, irrespective of growth medium. In descending order of active ECE 
responsible for resource capture and cell wall lysis, these five fungi were 
EL8, EL4, EL9, EL6 and ELIO.

A zymogram overlay procedure was developed for detection of chitinase isozymes 
after IEF.

For extracellular proteins separated via IEF, the protein patterns differed 
according to growth on different substrates for the fungi tested. The protein 
profiles of SDI induced extracellular protein from concentrated filtrates 
showed protein bands with acidic pi only, but the number and intensity of 
bands differed between the fungi tested. There were more major protein bands 
for EL4 and EL6 than EL8, EL9 and ELIO in either malt extract medium + glucose 
(ME + Glu), synthetic medium + sawdust (SM + SD), or synthetic medium + cell
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wall (SM + CW) and they were evenly distributed between acidic and basic pis. 
EL8, EL9 and ELIO had major protein bands with acidic pis and only a couple of 
bands towards the basic side. When concentrated filtrates were compared, all 
five biocontrol fungi had more protein bands in sawdust induced ECE proteins, 
and the least in cell wall induced ECE proteins. Intensity of major protein 
bands of all five organisms differed between different inducing substrates.

Silver stain used to develop the separation Phastgels after electrophoresis or 
IEF was too sensitive in that it only requires the presence of 5ng protein per 
band to be detected. In the separation of ECE protein in the crude filtrates 
of the various fungi, a lot of bands were visible which were not related to 
the protein bands of interest, or were simply remains of migrated proteins. 
Coomassie blue staining may be a more suitable technique for the development 
of separation gels from non purified protein samples.

The results for staining organisms indicate that there may be difficulties in 
relating the ECE profile observed for candidates to mechanisms of biocontrol.

Further work is required to determine the effects of wood substrates on the 
ECE profiles of both staining and biocontrol organisms.

The methods established in this project will be useful in further research on 
ECE of staining and biocontrol organisms and in the future in rapid screening 
of ECE production by other biocontrol candidates.
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FIGURES

Figure 1 Trans-eliminative Cleavage of Pectin by Polymethyl- 
galacturonate Lyase.

Figure 2 Schematic Structure of Portions of Amylopectin and Amylose 
Showing Bonds Hydrolysed by Various Enzymes. O, Glucose
Residue; 0, Glucose With an Exposed Reducing Group;-- ► ,
a-1,6-Linkage; --- , a-1,4-Linkage.

Figure 3 Enzymes That Degrade Cellulose (Novo's Handbook of Practical 
Biotechnology, 1986).

Figure 4 Enzymes That Degrade Hemicellulose (Novo’s Handbook of Practical 
Biotechnology, 1986).

Figure 5 Primary Structures of Some /3-Glucans Different From 
Cellulose: A - Yeast Glucan; B - Linear /3-1,3-Glucan; C - 
Linear /3—1,6-Glucan.

Figure 6 Structure of Chitin, a Linear Molecule Constituted Entirely 
of /3—1,4-Linked N-Acetylglucosamine Residues.

Figure 7 Schematic Structure of Two Fatty Compounds and the Ester 
Hydrolysis Reaction (Novo's Handbook of Practical 
Biotechnology, 1986).

Figure 8 Schematic Structure of a Tripeptide and Hydrolysis of a 
Dipeptide. R-Group (Functional Group) is Different for 
Different Amino Acids (Novo's Handbook of Practical 
Biotechnology, 1986).

Figure 9 Differential Zymogram Overlay Protocol.

Figure 10 Screening for ECE Activity on ME Medium with Glucose and Sawdust 
Infusion Broth, SDI, Using Enzyme Detection Substrates such as:
(A) Potato Soluble Starch, (B) CMC, (C) Konjac Root, for resource 
capture enzymes; and, (D) Chitin, (E) Pustulan, (F) Pachyman, (G) 
Milk, for cell wall lytic enzymes. Culture filtrates were from : 
1-EL1, 2-EL2, 3-EL3, 4-EL4, 5-EL5, 6-EL6, 7-EL7, 8-EL8, 9-EL9, 10' 
ELIO, 11-A. alternata, 12-A. pullulans, 13-0. pi ce ae (MA), 14-0. 
p i c e a e (OA), 15-T. h a r z i a n u m .
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F i g u r e  11 Screening for ECE Activity on ME Medium with Glucose, 
Synthetic Medium with Sawdust, SD, or O. p i ce ae Cell Wall, 
CW, Using Enzyme Detection Substrates such as s (A) a- 
Mannan, (B) Laminarin, (C) Pachyman, (D) Pustulan, (E) 
Chitin, (F) Milk, for cell wall lytic enzymes; and (G) 
Avicel, (H) Cellulose Azure, (I) CMC, (J) Locust Bean, (K) 
Konjac Root, (L) Oats Spelts Xylan, (M) Apple Pectin, (N) 
Potato Soluble Starch, for resource capture enzymes.
Culture Filtrates were from s 1 - ELI, 2 - EL2, 3 - EL3, 4 - 
EL4, 5 - EL5, 6 -EL6, 7 - EL7, 8 - EL8, 9 - EL9, 10 - EL10,
11 - A. a l t e r n a t s, 12 - A . p u l l u l a n s, 13 - O. piceae, 14 -
T.harzianum, 15 - Media Blank.

Figure 12 Analysis of Constitutively Produced or Induced ECE Proteins 
via Protein Separation by IEF (3-9) in the Filtrates of (A) 
ME + Glu, (B) SM + SD, and (C) SM + CW; with Lane 1 - IEF
broad pi standards, 2 - ELI, 3 - EL4, 4 - EL8, 5 - EL9, 6 -
ELIO, 7 - A. alternats 2H, and 8 = 0 .  piceae 3871; using 1 
pL Filtrates per Lane. Protein Gel Developed by Silver 
Stain.

Figure 13 Analysis of ECE Proteins via (A) Protein Separation by IEF 
(3-9) in the Filtrates of ME + Glu with Lane 1 - ELI, 2 - 
EL4, 3 - EL8, 4 - ELIO, 5 - 0 .  piceae, and 6 - IEF Broad pi 
Standards; using 4 pL Filtrates per Lane and Protein Gel 
Developed by Silver Stain; and, (B) Differential Zymogram 
Prepared on Milk Overlay Using Another IEF Gel with 
Identical Protein Samples Separated in the Same Run; (C) 
Drawing of (B) showing positions of clearing bands.

Figure 14 Analysis of ECE Proteins via (A) Protein Separation by IEF 
(3-9) in the Concentrated Filtrates of SM +SD with Lane 1 - 
SD4, 2 - SD6, and 3 - SD8 (Using 4pL per Lane); and, (B) 
Differential Zymogram Prepared on Milk Overlay with the 
Corresponding Separated Proteins; (C) Drawing of (B) showing 
positions of clearing bands.

Figure 15 Analysis of ECE Proteins via (A) Protein Separation by IEF 
(3-9) in the Filtrates of ME+Glu in Lanes 2 - EL4, 3 - EL6, 
and SM+SD in Lanes 4 - EL4, 5 -EL5, with Lane 1 - IEF Broad 
pi Standards; and, (B) Activity Detection on Glycol Chitin 
Overlays as Visualised under UV Transillumination with the 
Corresponding Separated Proteins.
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F i g u r e  16 Analysis of ECE Proteins via (A) Protein Separation by 
Gradient Native-PAGE (8-25%) in the Filtrates of ME + Glu 
with Lane 1 - HMW Protein Standards, 2 - EL4, 3 - EL6, 4 - 
EL8, 5 - EL9, 6 - ELIO; and (B) Activity Detection on Milk 
Overlay with the Corresponding Separated Proteins.
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1 . 0  O B J E C T I V E S

To develop a rapid agar plate screening assay for the detection of 
extracellular enzymes (ECE) produced by potential biological control fungi and 
sapstaining fungi. To determine if the identified and partially characterised 
ECE are involved in the mechanism of biological control via antagonistic 
interactions with staining fungi and in the aspect of resource capture.

2.0 INTRODUCTION

Losses through structural damage and discoloration of wood caused by decay and 
sapstaining fungi are of economic importance to the solid wood products 
industry. Presently, chemical treatments are used for protection against 
undesirable fungal attack. Because of increasing public and government 
concerns with the use of chemical preservatives, the industry is committed to 
the elimination of toxic substances in wood protection. An alternative to the 
use of chemicals is biological control (biocontrol). This is the use of an 
organism (an antagonist or attenuated strain) or their metabolites to prevent 
unwanted fungal attack (by a pathogen). Through preliminary screening on wood 
blocks Forintek identified several potential candidates for the biocontrol of 
sapstaining organisms.

Mechanistic understanding of a biocontrol agent is highly desirable because it 
can affect the strategy followed for strain improvement, formulation, 
delivery, and implementation (Papavizas, 1985; Fravel, 1988; Lumsden and 
Lewis, 1989; Lewis et al., 1989, Lynch, 1990, 1992; Lewis and Papavizas, 1991; 
Powell, 1992). Furthermore, identification of the metabolites an agent is 
capable of producing is required for regulatory and product acceptance (Powell 
and Faull, 1989; Anon, 1990; Whipps, 1992).

In antagonistic interactions between wood inhabiting fungi, an ideal 
biocontrol fungus has to be an efficient primary resource captor that grows 
fast and uses the easily assimilated nutrients in the substrate thus 
inhibiting subsequent colonisation by other unwanted organism. Secondary 
resource capture abilities are also important for potential biocontrol fungi 
which must be able to invade (via mycoparasitism or production of antibiotics) 
and capture any parts of the wood already colonised by unwanted fungi, but not 
use structural carbohydrates that will cause loss of wood strength. Resource 
capture is attributed to extracellular enzymes secreted by the microbial cell, 
or colony of cells, that degrade polymeric material in the environment and 
assimilate low molecular weight products. Most extracellular enzymes have no 
cellular substrate and evolved as scavenger enzymes for food. Some do have
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cellular substrates, in particular proteases, nucleic acid hydrolysing enzymes 
and cell wall lytic enzymes. These enzymes are involved in differentiation 
and cell wall turnover and growth. The regulation of their synthesis will be 
associated with the overall processes involved, rather than merely induction 
and repression by molecules in the environment as in the case of scavenger 
enzymes.

The purpose of this study was to develop assays for the detection and 
examination of the extracellular enzymes produced by potential biocontrol 
fungi, presently under study by Forintek. Ultimately, the long term goal is 
to understand their role in antagonism and how they act in concert with other 
mechanisms to produce enhanced biocontrol activity. Once the patterns of 
extracellular enzymes produced by the potential biocontrol fungi are known, it 
will be possible to select other isolates by first screening them for 
production of similar profiles of extracellular enzymes, prior to the tedious 
screening on wood blocks. The approach taken in this study was as follows:

(1) To establish a relatively easy and rapid method for the screening 
of individual extracellular enzymes.

(2) To compare the production of extracellular enzymes on enriched and 
minimal media. Glucose, sawdust from hemlock, and crude cell wall 
from a staining fungus were used as carbon sources.

(3) To gain more information on specific extracellular enzymes.
Protein profiles of these enzymes were determined and subsequent 
differential zymograms produced after isoelectrofocusing and 
gradient native-PAGE (polyacrylamide gel electrophoresis).

3.0 BACKGROUND

The lead organisms selected as having potential for development as biocontrol 
agents for control of sapstain belong to three genera: Trichoderma,

G l l o c l a d l u m , and M a r i a n n a e a. The efficacy of Trichoderma and G l i o c l a d i u m spp. 
as biocontrol agents of economic importance have been well studied (Pachenari 
and Dix, 1980; Cook and Baker, 1983; Elad et al., 1983; Papavizas, 1985; 
Roberts and Lumsden, 1990; Sreenivasaprasad and Manibhushanrao, 1990; Smith et 
al., 1990). Trichoderma spp. control by mycoparasitism and aggressive 
competition with pathogens. Glio cl ad iu m spp. control by parasitism or 
predation and antibiotics. The mechanisms of action of M a ri an na ea spp. have 
not been studied.
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3 . 1  M ECH AN ISM  O F A TTA C K :

3.1.1 Antagonistic Interaction Between Wood Inhabiting Fungi and Biocontrol 
Fungi

Three broad categories of interaction are recognised: competition, antibiosis 
and lysis, and parasitism. Invasion and destruction of sapstaining fungi by 
mycoparasitism depend on lysis of hosts walls, or by antibiotics produced by 
the invading biocontrol fungi.

The rigid cell wall is formed of dynamic cellular constituents whose major 
components are the glucans (/3-1,3- and /3-1,6-linked, and a-1,3- and cr-1,4- 
linked), mannans (a-linked), chitin (/3-linked acetylglucosamine), protein and 
fatty materials. Nevertheless, the rigid cell wall is subjected to action of 
various hydrolytic enzymes. Their mechanism of digestion of fungal matter 
depends on their abilities to convert complex insoluble carbohydrates, 
proteins, and fats into soluble substances to be used as sources of energy. 
Enzymatic attack upon cell wall components is the result from action of two 
systems. Firstly, the action of enzymes released by other organisms, and 
secondly, from the action of autolytic systems originating in their own 
protoplasm caused by death from old age, or death brought on by antibiotics 
from other organism.

The more representative wall-lysing enzymes are a- and /3-glucanases, 
proteases, cellulases, lipases, chitinases, hexosaminidases (lysozyme and 
lysozyme-like enzymes), glucuronidases, glucosaminidases and cellobiases. Due 
to the complexity of the fungal cell wall, successful antagonistic biocontrol 
fungi must possess several of these enzymes to overcome resistance to lysis 
related to the chemical composition and the physical layering effect of the 
fungal cell wall (Aronson, 1965; Villanueva, 1966). The exact role and 
interplay between the autolytic enzymes of the pathogen and lysing enzymes of 
control agents have been questioned recently (Deacon and Berry, 1992).

3.1.2 Primary and Secondary Resource Capture in Competitive Interaction

In most biocontrol situations precolonization of the wood substrate by a 
biocontrol fungus is preferable prior to exposure to the undesirable staining 
fungi. The biocontrol fungus must be an efficient primary resource captor 
able to produce extracellular enzymes that can degrade polymeric material in 
wood to easily assimilable nutrients to be used for fast colonisation. 
Consequently, precolonization of biocontrol fungus inhibits the growth of the 
staining fungi.

Preferably, a successful biocontrol fungus must also be able to capture 
secondary resources, the more complex nutrients such as cellulose,
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hemicellulose and lignin, unused by staining fungi which precolonized the 
wood. Production of extracellular enzymes that can degrade these more complex 
nutrients by the biocontrol fungus is essential, but not favourable, if 
structural carbohydrates in wood are being utilised and cause significant loss 
of wood strength (Seifert, 1988).

Cellulose, hemicellulose and lignin are the three main constituents of wood. 
Other polymeric constituents, present in lesser and various amounts, are 
starch, pectin and polyphenols. The first structures to appear in a 
developing wood cell are the primary wall and the middle lamella, which are 
both rich in pectic material. During subsequent cell wall thickening, 
cellulose and hemicelluloses are deposited to form the secondary wall. Lignin 
formation begins at the end of this phase extending from the cell corners of 
the primary wall into the intercellular space and the secondary wall and 
completes when the cell dies (Timell, 1967). Therefore, the extracellular 
enzymes of interest in the respect of primary and secondary resource capture 
are mainly cellulases, hemicellulases, pectinases, and starch hydrolases.

3.2 EXTRACELLULAR ENZYMES FOR RESOURCE CAPTURE:

3.2.1 Pectinases

Most fungal extracellular enzymes of interest are therefore depolymerases 
acting on polysaccharides, proteins and nucleic acids with the majority being 
hydrolases, except in the case of pectin lyases which are in fact trans- 
eliminases.

Pectin comprises chains of partially methyl-esterified a-1,4-galacturonan.
The demethylated molecule is called pectic acid or polygalacturonic acid 
(Figure 1). Pectinase covers a variety of different enzymes classified into 
two main groups : (1) pectin esterases which de-esterify pectin to produce 
methanol and pectic acid and (2) depolymerases which split the glycosidic 
bonds of pectin substrate. Depolymerases operate by hydrolysis of the 
molecule or by a trans-elimination reaction in which cleavage of the 
glycosidic linkage of the molecule at C-4 is accompanied by simultaneous 
elimination of the hydrogen atom at C-5 to produce oligouronides which 
terminate in a C-4,5-unsaturated galacturonyl unit.

Fungi secrete trans-eliminases that are specific for pectin
(polymethylgalacturonate lyases) while those of bacteria are mostly specific 
for pectic acid (polygalacturonate lyases). Both lyases have different pH 
optimum for activity. In screening for pectinases from potential biocontrol 
fungi on commercially available apple pectin (degree of esterification at 90- 
95%), media must be at the correct pH (Enari et al., 1983). To visualise 
activity on pectin, a 1% cetylmethylammonium bromide solution was used to
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p r e c i p i t a t e  t h e  u n h y d r o l y s e d  s u b s t r a t e  l e a v i n g  t h e  d e g r a d e d  z o n e  c l e a r .

3.2.2 Amylases

The extracellular enzymes responsible for hydrolyzing starch, a polymer made 
up of glucose molecules a-l,4-linked to form linear amylose or a-1,6-branched 
amylopectin, are collectively called amylases (Figure 2).

a-Amylase is an endo-attacking enzyme that hydrolyses the a-1,4-linkages in 
amylose and amylopectin. This random attack results in a rapid reduction in 
iodine staining capacity and viscosity of starch solutions. Hydrolysis of 
amylose yields low molecular weight oligosaccharides ranging from the 
disaccharide maltose, to maltohexaose depending on the origin and nature of 
the amylase. Hydrolysis of amylopectin results in glucose, maltose and a 
variety of branched a-limit dextrins that contain the a-1,6-linkages from the 
original polymer. /3-amylase degrades amylose and amylopectin in an exo
fashion from the non-reducing chain ends by hydrolysing alternate a-1,4- 
linkages to yield maltose in the /3-anomeric form. This enzyme cannot 
hydrolyse a-1,6-linkages. Recently, an extracellular enzyme from bacteria was 
characterized which produced a high molecular weight /3-limit dextrin from 
amylopectin. Fungal amylases are a-amylases with a slightly different action 
pattern. They are more aggressive in the hydrolysis of starch yielding mostly 
maltose and some oligomers. Being glycoproteins, fungal amylases have lower 
temperature stability (50-55°C) and lower pH ranges for activity and stability 
than the bacterial enzymes.

In screening the potential biocontrol fungi for amylase activity, a 
commercially available potato starch was used, and an iodine solution was used 
to aid visualisation of activity (Enari et al., 1983).

3.2.3 Cellulases and Cellobiase

Cellulose is a linear polymer of /3-1,4-linked glucose residues with a mean 
number of 3000. Cellulose strands are usually coupled together by hydrogen 
bonds to give larger units of rigid and inflexible structure (crystalline 
cellulose) and other areas with stringlike flexible structure (amorphous 
cellulose). Presumably, crystalline cellulose would be considered the 
secondary resource and amorphous cellulose the primary resource for biocontrol 
fungi. Extracellular enzymes that degrade cellulose are called cellulases and 
several different enzymes are required to break down native cellulose to 
glucose (Figure 3) via synergism of two modes of enzymes, endocellulases (/3- 
1,4-endoglucanases) and exocellulases (/3-1,4-exoglucanases). The former are 
capable of hydrolysing the /3-1,4-bonds randomly along the cellulose chain, 
while the latter cleave off glucose or cellobiose molecules from one end of
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Figure 2 Schematic Structure of Portions of Amylopectin and 
Amylose Showing Bonds Hydrolysed by Various Enzymes. O  ,
Glucose Residues; 0  , Glucose with an Exposed Reducing Group;

__ ►, a-1,6-LinKage; --  , a-1,4-Linkage.
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ActionEnzyme

Endocellulase Converts crystalline cellulose
to amorphous form, cleaves 
interior glycoside bonds randomly

Exocellulase Systematically cleaves glucose
from nonreducing end of chain

Cellobiohydrolase Systematically cleaves cellobiose
from non-reducing end of chain

Celloblase Hydrolyses cellobiose into
two glucoses

G476b

Figure 3 Enzymes that Degrade Cellulose (Novo's Handbook of 
Practical Biotechnology, 1986).
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the cellulose strand. The cellobiose produced by these two modes of activity 
will eventually reach a level that inhibit the exocellulases activity and a 
third class of enzyme, cellobiase (/3-1,4-glucosidase) must be present to 
cleave the cellobiose to two glucose molecules.

To detect cellulases that hydrolyse crystalline cellulose, avicel was used as 
the detection substrate while cellulose azure was intended for the complete 
cellulase system. Cellobiose was used in the detection of cellobiase 
activity.

3.2.4 Hemicellulases

Hemicelluloses are alkali-soluble polysaccharides associated with cellulose in 
plant cell wall. There are many kinds of hemicellulose with heteropolymers of 
up to 5 or 6 different sugars. They are usually named by the predominant 
sugar making up the main chain, hence, they are referred to as xylans, 
mannans, glucomannans and galactoglucomannans with /3-l,4- bond as the most 
common linkage between these sugars. The principal components from 
hemicellulose of wood are complex, substituted /3-linked xylans and mannans. 
Enzymes that hydrolyse hemicellulose are of endo and exo nature (Figure 4). 
These enzymes exhibit a great deal of specificity for their respective 
substrates.

For the detection of hemicellulases in biocontrol fungi, xylanase, 
galactomannanase and glucomannanase activities were detected using oat spelts 
xylan, mannans prepared from locust bean gum and konjac root powder 
respectively and visualisation of degradation zone was by Congo red complexing 
the undegraded substrate (Wood and Weisz, 1987).

3.3 CELL WALL LYTIC ENZYMES:

3.3.1 6-glucanases and a-mannanase

The major factor in antagonistic interaction between the biocontrol fungi and 
the staining fungi is the production of lytic enzymes which dissolve the cell 
walls and other structures of the staining fungi. The lytic enzyme systems 
active against fungal cell wall usually contain /3-1,3-glucanases, proteases, 
lipases, mannanases, chitinases and /3-1,6-glucanases. The proportion of those 
enzymes activities, their action pattern, synergism and dependence on 
inhibitors constitute the activity profile of the lytic system. /3-Glucans, 
different from cellulose, are the most abundant class of polysaccharides found 
in microbial cell walls. They are present as structural entities, and as 
cytoplasmic and vacuolar reserve materials. They account for about 30% of the 
cell wall dry weight responsible for the shape and rigidity of the cell. They
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H E M IC E L L U L O S E

Type:
Chain Type: 
Main Chain: 

Sugars 
Linkage: 

Side Chain 
Sugars

Linkages:

Degree of Polymerization:

Heteropolysaccharide
Branched

Xylose, Mannose, Galactose 
P-1,4

Methyl Glururonic Acid, 
Arabinose, Glucose, 
Galactose 
a-1,2; (3-1,3;
P-1,4; p-1,6 
150-200

Enzyme

Endohemicellulase

Exohemicellulase

Action

Random cleavage of 
interior bonds. Many types 
exist which are specific 
for different sugar 
backbones

Systematic hydrolysis 
from non reducing 
end of chain

G476a

Figure 4 Enzymes that Degrade Hemicellulose (Novo's Handbook of 
Practical Biotechnology, 1986).
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exist primarily as polysaccharides of the laminarin type. This is a linear 
glucose polymer with /3-1,3-linkages, or in some cases of the type with /3-1,6- 
linkages. Thus, laminarin (alternative substrate, pachyman) and pustulan were 
used to detect /3—1,3— and /3-1,6-glucanases respectively. These /3-glucanases 
are either endo- or exo-glucanases with the endo-glucanase hydrolysing 
interior bonds in a random fashion degrading the glucan molecule into 
oligosaccharides of average 5-6 glucose units. To a lesser extent, some /3- 
glucan may be of the lichenan type which contains both /3-1,4-bonds and /3-1,3- 
bonds in a 30:70 proportion. They can also be of branched chains as in yeast 
glucan with /3-l,3- or /3-1,6-glucosidic bonds (Figure 5). The occurrence of 
polymers of mannose (mannan) has been noted primarily in yeast cell wall 
although the distribution in cell wall of fungi are widespread. The mannan 
found in fungal cell wall is primarily of a linear mannose polymer of a-1,3- 
linkages and the commercially available mannan from yeast cell wall was used 
as the detection substrate in this study (Bielecki and Galas, 1991).

3.3.2 Chitinases

In fungal cell walls, especially of Basidiomycetes and Ascomycetes, chitin 
concentration can be as high as the /3-glucans. In Mucorales presence of 
chitosan, a deacetylated form of chitin, was also observed. Enzymes that 
hydrolyse these cell wall components are called chitinases which liberate /3-N- 
acetyl-D-glucosamine from the chitin polymer constituted entirely of /3 — 1,4— 
linked N-acetylglucosamine residues (Figure 6). These enzymes have been 
divided into two classes based upon whether they have basic or acidic 
isoelectric points. Depending on their sources, chitinases can be either 
exochitinase releasing N-acetylglucosamine from the colloidal chitin or 
endochitinases releasing chitooligosaccharides as principal products. The 
former are mainly present in microorganisms while the latter are usually found 
in plants.

To detect extracellular chitinases commercially available crustacean chitin 
was used. This substrate by X-ray diffraction looks very similar to fungal 
chitin. At the site of chitinase activity, the substrate becomes less opaque, 
or clear, and visualisation is greatly enhanced by Congo red staining of the 
undegraded substrate. When differential zymograms are prepared with 
isoenzymes of chitinase after protein separation via IEF or native PAGE, 
glycol chitin, a soluble modified form of chitin was used as the detection 
substrate (Trudel and Asselin, 1989). The substrate is stained with 
fluorescent brightener and appears blue under UV illumination while the 
clearing zone of hydrolysis appears black.
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Figure 5 Primary Structures of Some f 3 - G lucans Different From 
Cellulose : A - Yeast Glucan; B - Linear p - 1 , 3-Glucan; C - Linear 
/3-1,6-Glucan.

12



G476F6

Figure 6 Structure of Chitin, a Linear Molecule Constituted 
Entirely of /3-1,4-Linked N-Acetylglucosainine Residues.
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3 . 3 . 3  L i p o l y t i c  e n z y m e s

Lipase (glycerol-ester hydrolase) hydrolyses lipids by attacking the ester 
bonds in the compound. Triglycerides are formed when the alcohol groups of 
glycerol are esterified by three fatty acids. Phosphatides or phospholipids 
are glycerol esterified with two fatty acid and the third hydroxyl group 
esterified by phosphoric acid, which in turn may be esterified to an amino 
alcohol. Lipases and phospholipases are special classes of esterase enzymes. 
Lipase act on triglycerides while phospholipases act on phospholipids (Figure 
7). The specificity of these enzymes varies depending on its source. Some 
lipases preferentially hydrolyse short-chain (C2-C10) fatty acids while others 
may prefer unsaturated long-chain fatty acids such as oleic and linoleic 
acids.

Two types of substrates were used to detect lipases from biocontrol fungi, 
namely glycerol tributyrate, a triglyceride (Saksirirat and Hoppe, 1991) and 
sorbitan monolaurate (Hankin and Anagnostakis, 1975) also known as Tween 20 
with a fatty acid composition of about 50% lauric acid balanced primarily with 
myristic, palmitic and stearic acids.

3.3.4 Proteolytic Enzymes

In nitrogen nutrition of wood inhabiting fungi, extracellular and 
intracellular proteolytic enzymes have functions both in primary attack on 
wood protein and in acting on senescent mycelium to retrieve fungal protein.
In antagonistic interactions, the key function of proteolytic enzymes of 
biocontrol fungi involves attacking the cell wall protein of staining fungi. 
These enzymes are likely to be among the extracellular enzymes with which the 
biocontrol fungi in concert with other types of cell wall lytic enzymes 
dissolve the cell wall and other parts of the staining fungi.

Proteolytic enzymes are enzymes that hydrolyse peptide bonds in proteins. The 
functional groups (R) present on each amino acid determine the function of the 
protein, and its susceptibility to protease attack (Figure 8). Generally, 
there are three classes of microbial proteases: serine, métallo and acid
proteases which have alkaline, neutral and acid pH optima, respectively.
Serine and métallo proteases are mainly produced by bacteria. Fungi produce 
acid proteases predominantly, containing an aspartic acid residue at the 
active site of the protease molecule and are unaffected by chelating agents or 
by serine protease inhibitors. The acid proteases have very similar affinity 
as the animal digestive enzymes pepsin and rennin (Aunstrup, 1980). Similar 
to cellulases, proteases hydrolyse proteins via two modes. Exoproteases 
cleave off amino acids from either ends of the peptide chain while 
endoproteases attack peptide bonds on the interior of the protein chain 
yielding smaller polypeptides and peptides.
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Figure 7 Schematic Structure of Two Fatty Compounds and the Ester 
Hydrolysis Reaction (Novo's Handbook of Practical Biotechnology, 
1986).
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Tri peptide

G476e

Figure 8 Schematic Struture of a Tripeptide and Hydrolysis of a 
Dipeptide. R-Group (Functional Group) is different for Different 
Amino Acids (Novo's Handbook of Practical Biotechnology, 1986).
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Extracellular protease activity in culture filtrates of the test fungi was 
detected in terms of their ability to clear skimmed milk agar at various pH. 
In quantitating protease activity, the assay depends on three variables 
besides the intrinsic properties of each protease, namely, the assay 
substrate, the assay conditions, and the protein content. Hence, the units 
chosen for this study are in terms of dry weight of the assay substrate being 
solubilised in contrast to the conventional spectrophotometric absorbance 
units.

3.4 DETECTION OF EXTRACELLULAR ENZYMES

When fungi are grown on a solid medium, extracellular enzymes diffuse into the 
agar around the colony. If the substrate for the enzyme is incorporated into 
the medium, the presence of the enzyme activity can be revealed as a zone of 
degraded substrate. This forms the basis of several rapid screening 
procedures for extracellular enzymes (Hankin and Anagnostskis, 1975; Hagerman 
et al., 1985). With insoluble substrates clearing zones are apparent around 
the productive colonies, while soluble substrates require precipitation or 
staining of the polymer by added reagents (such as ethanol or Congo red) to 
reveal the clearing zones. Alternatively, substrate coupled with dyes such as 
remazol brilliant blue and azure are commonly used. For example, cellulose 
azure is in the form of insoluble blue granules. When hydrolysed by the 
extracellular enzymes, the lower molecular weight oligosaccharides diffuse 
away from the colony to leave a pale blue halo. Extracellular enzymes that 
hydrolyse low molecular weight substrate such as cellobiose require different 
screening procedures. The product of the enzymes reaction can be detected 
using added chromogenic reagents like o-dianisidine. Limitations of these 
methods are: dense growth of fungi often makes observation of enzyme
production difficult; growth of the fungi on the solid medium, enzyme 
synthesis and activity are all pH dependent. For example, when growth is good 
at a certain pH of the solid medium, enzyme activity may be limited, or even 
inhibited. Therefore, culture filtrates from growth of the test fungi are 
used on the solid medium for the evaluation of enzyme profiles from individual 
fungi and for rapid screening of the production of extracellular enzymes. The 
method described in this study, for all the enzymes discussed, was modified 
from Wood and Weisz (1987) to allow rapid survey of the extracellular enzymes 
capabilities of the biocontrol fungi over staining fungi.
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4.0 EXPERIMENTAL PLAN

The major experimental activities were:

4.1 - Growth and maintenance of test fungi on Malt Agar (MA), Potato
Dextrose Agar (PDA), or Oatmeal Agar (OA).

4.2 - Development of rapid screening method for extracellular enzymes on
solid medium with respect to:
(a) incubation with mycelial plugs vs. culture filtrates on the 

solid medium;
(b) incubation time and temperature for enzyme activity;
(c) with or without autoclaving of substrates incorporated in 

the solid medium;
(d) concentration of substrates in solid medium;
(e) buffer and pH used in solid medium;
(f) various visualisation techniques to view degradation zones 

at sites of enzymatic hydrolysis of substrates in the solid 
medium.

4.3 - Optimization of the rapid plate screening method for extracellular
chitinase detection and detection of chitinase activity after 
protein separation via IEF or electrophoresis using gradient 
native-PAGE using purified chitinase (from Sigma). Purified 
crabshell chitin and glycol chitin were used as substrates 
respectively.

4.4 - Rapid screening of extracellular enzymes produced in the culture
filtrates of test fungi growing on malt extract medium with 2% 
glucose and on hemlock sawdust infusion broth. A comparison of 
extracellular enzymes production in a rich medium and a minimal 
medium.

4.5 - Comparison of extracellular enzyme profiles via rapid screening
method from test fungi growing on (1) malt extract medium with 2% 
glucose (ME + Glu); (2) synthetic medium with 0.5% hemlock sawdust 
(SM + SD); and (3) synthetic medium with 0.5% crude cell wall from 
a staining fungus Ophiostoma piceae (SM + CW). This was to study 
enzyme induction by growing the test fungi in the respective 
growth substrates.

4.6 - Based on the enzyme activity profiles from rapid screening method,
the protein profile of ECE in culture filtrates from the above 
experiment were determined via IEF (protein separation by 
isoelectrofocusing) and gradient native-PAGE (polyacrylamide gel
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electrophoresis). Differential zymograms using milk overlay and 
glycol chitin overlay gels were prepared to determine the 
respective isoenzymes.

4.7 - The extracellular protease and chitinase activities in the above 
culture filtrates were quantitated using Azocoll and chitin as 
assay substrates respectively, and the data compared with the 
profiles observed with the rapid screening method.

5.0 MATERIALS AND METHODS

5.1 GROWTH OF ORGANISMS

The test fungi studied include 10 biocontrol strains: ELI, EL2, EL3, EL4, EL5, 
EL6, EL7, EL8, EL9, and ELIO; and 3 staining fungi: Alternaria alternata 2H,
Aureobasidium pu ll ul an s 132Q, Ophiostoma pi ce ae 3871. A known cellulase 
producer with biocontrol potential was included as a control: Trichoderma 
harzianum 160M. ELI was maintained on slants of potato dextrose agar (PDA) at 
39 g/L. O. pi ce ae was maintained on slants of oat meal agar (OA). This was 
prepared by boiling 3% oat meal on a double boiler for 1 h followed by 
straining off the oat meal residue and adding water back to original volume, 
and finally addition of 2% agar. The other fungi were all maintained on 
slants of malt extract agar (MA) consisting of 2% malt extract and 2% agar.
All three media were autoclaved for 20 minutes at 121°C and used without pH 
adjustment. The maintenance slants were kept at 4°C until use. Prior to use 
as inoculum in an experiment, the fungi were transferred from the maintenance 
slants to fresh MA plates (100x15 mm) and incubated at 25°C in the dark for 
two to three weeks, depending on the growth rate of individual fungus. The 
fungi were grown under three different nutritional regimes.

5.1.1 Growth #1 - For Comparison of Enzyme Activity Detection Using Mycelial 
Plugs or Culture Filtrates and Optimisation of Rapid Screening Method

The test fungi from maintenance slants were inoculated onto MA plates (or OA 
plates for O. piceae) and incubated at 25°C for 2 to 3 weeks. Mycelial MA 
plugs (8mm) cut submarginally were inoculated onto agar (1.5%) plates 
incorporated with substrates for enzyme activity detection (60x15 mm). The 
substrate + agar were autoclaved prior to inoculation with MA plugs. These 
plates were incubated at 25°C in a humid chamber with no shaking. The 
remaining mycelia were macerated in 70 mL sterile water and used at 10% (v/v) 
to inoculate malt extract medium ME containing 2% malt extract, 2% glucose and 
0.1% bacto peptone (refer to as ME + Glu in subsequent sections). The liquid
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cultures were incubated at 25°C and 100 rpm for the same duration as the MA 
plug inoculated substrate + agar plates. Culture filtrates from periodic 
sampling were obtained via filtering through Whatman glass fibre filter paper 
934-AH, and applied onto substrate + agar plates for enzyme detection (via 
glass fibre filter paper discs of 7mm dia. soaked with filtrate). Since 
growth of the fungi was not involved here, autoclaving of the substrate + agar 
was not necessary.

5.1.2 Growth #2 - For Growth on Sawdust Infusion Broth

In this experiment, only culture filtrates from a rich medium ME and a minimal 
medium of sawdust infusion broth (SDI) were used to screen for extracellular 
enzymes and activity detection on the substrate + agar plates. SDI was 
prepared by boiling 5% hemlock sawdust in water for 1 h over a double boiler 
and the broth obtained by filtering through triple layered cheese cloth. The 
pH of the media prior to autoclaving at 121°C for 20 minutes was 5.8 for ME 
and 4.5 for SDI. They were used with no pH adjustment at 50 mL per 300 mL 
flask. As mentioned earlier, the fungi on maintenance slants were transferred 
to fresh MA plates, but to both MA and OA plates for O. pi ce ae in this 
experiment for comparison. To avoid enzyme carry over from using macerated 
inoculum (as in 1) the liquid media were inoculated with a single 
submarginally cut mycelial plug per 50 mL medium in 300 mL flask. The 
cultures were grown at 25°C shaking at lOOrpm with weekly sampling of 2 to 5 
mL aliqouts. Filtrates thus obtained were screened for extracellular enzymes 
activity on substrate + agar plates (100x100x15 mm).

5.1.3 Growth #3 - For Growth in ME and Synthetic Media with Glucose. Hemlock 
Sawdust and O. piceae Cell Wall

All ten potential biocontrol fungi EL1-EL10, three staining fungi and the 
control fungus were inoculated from the maintenance slants onto fresh MA 
plates (100x15mm) and incubated at 25°C for 2 to 3 weeks. Three mycelial MA 
plugs were inoculated into 50 mL ME medium or synthetic medium SM. ME medium 
with glucose as growth substrate was prepared as before, (ME + Glu). The 
synthetic medium consisted of 0.2g MgS04.7H20, 0.9g K2HP04, 0.2g KCL, lg NH4N03, 
0.002g FeS04.7H20, 0.002g ZnS04.7H20, and 0.002g MnCl2.4H20 per litre in 
distilled water (Ridout et al., 1988), was supplemented with different growth 
substrates. For induction of /3-glucanases and chitinases activity in the test 
fungi, cell walls of O. piceae at 0.5% (w/v) was used as sole carbon source, 
(SM + CW). The preparation of 0. pi ce ae cell wall is described in Appendix 
9.2. For induction of cellulase activity, the synthetic medium was 
supplemented with 0.5% (w/v) hemlock sawdust, SM + SD. All media plus growth 
substrates were autoclaved at 121°C for 20 minutes and used without pH 
adjustment at 50 mL per 300 mL flask. The pH prior to inoculation was 5.5 for
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ME + Glu, 6.5 for both SM + SD and SM + CW. The cultures were grown at 25°C 
and shaken at 100 rpm. Sampling of 5 mL from each culture was performed 
weekly and culture filtrates were obtained as described earlier.
Extracellular enzyme activity was monitored via the rapid plate screening 
method. After three weeks of growth, cultures filtrates from each fungi were 
collected and subjected to electrophoresis.

5.2 RAPID SCREENING OF EXTRACELLULAR ENZYME ACTIVITIES ON SUBSTRATE + AGAR 
PLATES

Weekly samples of 2 to 5 mL aliqouts were aseptically taken from all liquid 
cultures. Filtrates were obtained by filtering these cultures from ME + Glu, 
SM + SD, SM + CW, and SDI through Whatman glass fibre filter paper 934-AH (1.5 
fjm pore size). At times, brief centrifugation was necessary to remove spores 
still present in the filtrates. The cell free filtrates were applied directly 
onto the substrate + agar plate via a glass fibre filter paper disc of 7 mm 
dia. Filtrate volume of 20 pL (25 pL for more absorbent substrate such as 
chitin) was applied per disc. The filtrate absorbed through the disc and 
barely formed a ring around it without spreading out. Uninoculated media were 
used as control.

The concentration of enzyme substrates incorporated in the 1.5% agar solid 
medium was tested at 0.15% to 0.5% (w/v). The substrate + agar was autoclaved 
only for plates inoculated with MA plugs from Growth #1. The effect of 
substrate + agar plates prepared with or without autoclaving on the efficiency 
of activity detection was also examined. The buffer and pH of the substrate + 
agar plates were tested on 50 mM MES and 50 mM acetate buffer with pH 5-7 for 
optimum enzyme activity. The following substrates were incorporated for the 
corresponding enzyme activity: apple pectin for pectinase activity (Harney and 
Widden, 1991); potato soluble starch for amylolytic activity (Hankin and 
Anagnostakis, 1975); avicel, CMC carboxymethycellulose (Wood and Weisz, 1987), 
cellulose azure, and cellobiose for cellulase and cellobiase activities; xylan 
(Wood and Weisz, 1987), locust bean gum and konjac root for hemicellulase 
activity; yeast mannan for a-mannanase activity; chitin (Hankin and 
Anagnostakis, 1975) and glycol chitin (Trudel and Asselin, 1989; Pan et al., 
1991) for chitinolytic activity; laminarin (Pan et al., 1991), pachyman (Wood 
and Weisz, 1987), pustulan (Brown 1972; Schep et al., 1984) and pullulan for 
j8-glucanases activity; Tween 20 (Hankin and Anagnostakis, 1975) and glycerol 
tributyrate (Saksirirat and Hoppe, 1991) for lipolytic activity; and skim milk 
powder (Donly and Day, 1984) for proteolytic activity. The substrate + agar 
was plated on square petri plates (100x100x15 mm) to allow the comparison of 
all 15 samples in one plate.

The substrate + agar plates were sealed with parafilm and incubated in a humid 
chamber under various time and temperature : (1) at room temperature (RT)
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overnight; (2) at RT overnight plus 1 hour at 50°C; (3) at 37°C for 30 
minutes; (4) at 37°C overnight; (5) at 37°C overnight plus 1 hour at 50°C; or 
(6) at 50°C for 1 hour. Prior to carrying out visualisation technique, the 
discs were washed off the plates with distilled water. Congo red (0.1%, w/v) 
complexing with the unhydrolysed substrates was used to visualise degradation 
zone of enzyme activity in most cases. Other reagents used for visualisation 
included iodine for starch, ethanol for pustulan, cetylmethyammonium bromide 
for pectin, and o-dianisidine for glucose from cellobiose. For lipase 
activity calcium salts in the solid medium crystalised the released lauric 
acid from the substrate (Tween 20) and can be seen clearly via microscopic 
examination using low magnification. Detail description of the final 
optimised procedures used in preparation of substrate + agar plates and 
visualisation of enzyme activities are presented in the Appendix 9.1.

Photographs were taken of the substrate + agar plates placed on a light box 
with a fluorescent light inside as the only light source and using Ektochrome 
400 (daylight) color slides. Using a SMC Takumar 1:1.8/55 7343569 lens (Asahi 
Opt. Co., Japan) the exposure time is 1/60 sec and f stop varies from /5.6 to 
/II depending on the degree of darkness in the stained plates.

5.3 PROTEIN PROFILE OF THE EXTRACELLULAR ENZYME IN CULTURE FILTRATES OF 
BIOCONTROL FUNGI SEPARATED VIA ISOELECTROFOCUSING OR ELECTROPHORESIS 
USING GRADIENT NATIVE-PAGE

The extracellular protein in the filtrates of ME + Glu, SM + SD, SM + CW, and 
SDI from three weeks old cultures were separated via isoelectrofocusing, IEF, 
and native-PAGE (polyacrylamide gel electrophoresis), using the automated 
PHASTSYSTEM (Pharmacia, Uppsala, Sweden). IEF separates proteins according to 
their pi while native PAGE separates proteins on the basis of their size, net 
charge, and conformation. In this study we used Phastgel IEF 3-9 which is a 
homogeneous polyacrylamide gel (5%) containing Pharmalyte carrier ampholytes 
that generate stable linear pH gradient (pH3-9) during the run. Gradient gel 
(8-25% acrylamide) for native PAGE was chosen over homogeneous gel in native- 
PAGE since it allows complex mixtures of proteins, such as those in the 
culture filtrates, with wide MW distribution, to be separated on a single gel.

The total protein content of the culture filtrates were determined by the 
Bradford micro method using BioRad Protein assay kit with bovine serum albumin 
as standard. Due to the low protein content in SD and CW filtrates, the 
samples were concentrated -25 fold using the centricon microconcentrators 
(Amicon, Denver, USA) fitted with a 10,000 MW cutoff membrane. The samples 
were loaded at 4 pL/well onto Phastgel IEF 3-9 or Phastgel gradient 8-25. For 
IEF, the separation was carried out at a constant current of 2.5 mA for 500 
accumulated volthours with pi markers from Pharmacia Broad pi Calibration Kit, 
pH 3-9. For native-PAGE, the separation was carried out at a constant current

22



of 10 mA for 280 accumulated volthours with MW markers from Pharmacia high 
molecular weight calibration kit. When the samples possessed pi >7, extended 
electrophoresis was assumed with the run prolonged until proteins reach their 
pore limit. The temperature of the separation bed was set at 15°C for both 
separations. The gels were developed by silver staining using the Phastgel 
Silver Kit according to the manufacturer's manual (Pharmacia).

5.4 DETECTION OF PROTEASE AND CHITINASE ACTIVITIES AFTER IEF OR NATIVE-PAGE

For detecting protease activity, the overlay gel was prepared by mixing 1% 
skim milk powder and 1.5% agar in 50 mM acetate buffer at pH5 and solubilised 
on heater stirrer using low heat. Prolong heating is avoided to prevent 
dénaturation of the skim milk protein. The cooled solution was cast between 
two sheets of GelBond (Pharmacia) with the gel sandwiched between the 
hydrophobic and hydrophillic sides of the sheets. Even thickness of the thin 
substrate overlay gel was achieved by using the LKB Ultramould 221720 with a 
0.2 mm spacer. For detecting chitinase activity, glycol chitin, a soluble 
form of chitin, was used as the substrate in the overlay gel. The synthesis 
of glycol chitin was according to the method of Trudel and Asselin (1989), see 
Appendix 9.4. A stock solution of 1% (w/v) glycol chitin was obtained by 
acetylation of glycol chitosan. To a 1.5% agar solution in 50 mM acetate, a 
calculated volume of the 1% stock glycol chitin was added to give a 
concentration of 0.04% (w/v) glycol chitin in the substrate overlay gel. The 
gel was casted as described in the preparation of the milk overlay gel.

To prepare differential zymograms for protease and chitinase activity (Figure 
9), the overlay gel was prewarmed at 50°C in 50 mM acetate buffer at pH5 for 5 
minutes then placed in a petri dish lined with wet filter paper (Whatman Reeve 
Angel). After electrophoresis, the separation gel was rinsed in prewarmed 
(50°C) acetate buffer. Excess buffer was drained off by gently tapping the 
side of the separation gel on tissue paper. It was then overlaid on the 
prewarmed substrate gel. Bubbles trapped between the gels were removed by 
sliding gels gently over each other. The petri dish was then sealed with 
parafilm and placed in a 50°C incubator. Milk overlay was incubated for 90 
minutes while glycol chitin overlay was incubated for 60 minutes.

After incubation, the milk overlay gel was briefly rinsed in 1M NaCl followed 
by staining in 0.1% (w/v) congo red for 30 minutes at room temperature and 
washing 2X20 minutes in 1M NaCl or until clearing bands are visible. To 
increase the contrast, the gel was put in 5% (v/v) acetic acid where the 
background turns from red to dark blue. Pictures of the zymograms were taken 
using Ektochrome 400 (day light) color slides with the gels placed on a light 
box illuminated by fluorescent light as the only light source. The exposure 
time was 1/125 sec at /II using a SMC Takumar 1:1.8/55 7343569 lens (Asahi 
Opt. Co., Japan).
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1 ) Apply sample to 
PHASTsystem IEF gels 
to separate proteins.

5a) Stain IEF gel
for proteins.

5b) Stain  agar film 
for unsolubilized 
substrate.

6) Observe any clearing on agar and correlate with IEF gels.
7) Repeat with different agar films.

Figure 9 Differential Zymogram Overlay Protocol
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Following incubation, the glycol chitin overlay gel was put in freshly 
prepared 0.01% (w/v) fluorescent brightener 28 (Sigma) in 500 mM Tris-HCl 
(pH8.9) at room temperature for 5 minutes. The brightener solution was 
discarded and the overlay gel was incubated in water at room temperature for 2 
hours, or at 4°C overnight. The chitinase activity on the gel can be 
visualised as clearing bands under UV illumination using a Spectroline Model 
ENF-240C light (using long wave at 365 nm). Gels were photographed with 
Ektochrome 400 (day light) color slides with the UV light on as the only light 
source. The exposure time was 4 sec at /4 using a Super-Multi coated Macro 
Takumar 1:4/50 8151793 lens (Asahi Opt. Co., Japan).

5.5 QUANTITATIVE ASSAYS

Protein concentration in the culture filtrates was determined by the Bio-Rad 
protein microassay procedure using bovine serum albumin as standard (Appendix 
9.6). Residual glucose in the filtrates of ME + Glu was determined by Sigma 
diagnostic kit for glucose (via the glucose oxidase peroxidase reaction) 
(Appendix 9.7). Protease activity was determined with Azocoll (CalBiochem) 
according to the direction of the manufacturer (Appendix 9.3). Chitinase 
activity was estimated by the hydrolysis of purified crabshell chitin 
releasing N-acetyl glucosamine which was measured by the method of Ressig et 
al. (1955) (Appendix 9.5).

6.0 RESULTS AND DISCUSSION

6.1 DEVELOPING RAPID SCREENING METHOD FOR EXTRACELLULAR ENZYME fECE)
ACTIVITY ON SUBSTRATE + AGAR PLATES

6.1.1 Comparison of ECE Activity on Substrate + Agar Plates Inoculated with MA 
Plugs or ME Culture Filtrates

In the preliminary attempt to detect extracellular enzymes produced by the ten 
biocontrol fungi and the three staining fungi, traditional agar diffusion 
assays (Hankin and Anagnostakis, 1975; Kjoller and Struwe, 1980; Donly and 
Day, 1984) were carried out with slight modifications. In the traditional 
method, inoculation of the fungi to solid medium with substrates made up in a 
basal medium was involved. Instead, plain water agar with the appropriate 
substrate was used to prevent dense growth of fungi interfering with 
observation of degradation zone. Filtrates of the fungi growing in liquid 
medium, ME, were also screened. Although inoculated plates and liquid 
cultures were incubated simultaneously, the fungal growth on plates was much 
faster than in liquid. Therefore, comparison of the extracellular enzyme
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Visualisation of the degradation zones at the site of enzyme activity was by 
Congo red complexing with the undegraded substrates. The clearing zone of 
protease activity was obvious in the milk + agar plates prior to Congo red 
staining. This staining only serves to enhance contrast. Protease activity 
was more pronounced in the MA plug inoculated milk + agar plates and was 
produced by all fungi tested. But, the majority of the fungi tested appeared 
to show activity when screened using culture filtrates. EL4 and EL5 indicated 
presence of /3-mannanases activity in the filtrates but not in the plates with 
the MA plugs. EL9 and ELIO showed presence of /3-glucanases and /3-mannanases 
activity in the filtrates but not with the MA plug inoculated plates. The 
better elicitation of ECE activity in the filtrates of most fungi tested could 
be result from several factors. Presence of enzymes through carryover of 
enzymes from the macerated inoculum of 10% (v/v) used to inoculate the ME 
medium. The conditions of the substrate + agar plates may support growth of 
fungi in preference to enzyme production. Visualisation of activity was 
hindered by the mycelial growth on the substrate + agar plate inoculated with 
MA plugs. In general, the overall intensity of staining of the autoclaved 
substrate + agar was lower than for the unautoclaved substrate + agar. 
Therefore, in the following experiments, the screening was performed mainly on 
extracellular enzymes produced in liquid cultures inoculated with a single 
mycelial plug and with no autoclaving of the substrate + agar.

a c t i v i t i e s  w e r e  m ade  f r o m  3 d a y s  a n d  5 d a y s  g r o w t h ,  r e s p e c t i v e l y  ( T a b l e  1 ) .

6.1.2 Comparison of ECE Activity Profiles of ELI and Ophiostoma piceae 3871 
When Grown in ME medium Inoculated with PDA, OA or MA Mycelial Plugs

Initially, all the fungi being examined were inoculated from the maintenance 
slants at 4°C to petri plates of different fresh media prior to use in an 
experiment. Except for ELI, which grows best on PDA, and O. pi ce ae 3871, 
which grows best on OA, all other fungi were inoculated to MA plates. This 
was to ensure good growth of the organism prior to use in the experiment. In 
order to standardize the screening method, ELI and O. piceae were also grown 
on MA. Both organisms grew on MA but they did not produce the same intensity 
of pigmentation. ELI was less purplish on MA than on PDA, while O. p i c e a e was 
producing greyish mycelium rather than greyish black mycelium as seen on OA. 
Nevertheless O. pi ce ae was still able to produce synamata but for a longer 
incubation period. More importantly, the ECE activity profiles from these two 
organisms were not affected when grown on ME liquid medium using inoculum 
plugs from MA, PDA or OA (Table 2). Therefore, liquid cultures in subsequent 
experiments were inoculated with mycelial plugs from fungi growing on MA only.
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T a b l e  1

Screening for Extracellular Enzyme Activity on Substrate + Agar Plates 
Inoculated with MA Plugs or ME Culture Filtrates

SUBSTRATES Inoculum EL1 EL2 EL3 EL4 ELS EL6 EL7 EL8 EL9 ELIO 2H 1320 3871

AVI CEL HA p lug * / - ♦

ME f i l t r a t e ♦ / -

CMC MA p lug ♦ 4 ♦ 2+ ♦ 3+ ♦ 2+ 2+
ME f i l t r a t e * / - 2+ ♦ + /- ♦ 2+ + / - -f 2+ 4

PUSTULAN MA p lug 3+ ♦ 4 3+ ♦ / - 2+ + / - 4

ME f i l t r a t e 3+ 3+ 3+ 2+ ♦ 2+ 2+ 2+ 2+ 3+ 4- + /- 3+

LAMINARIN MA p lug + /- ♦ ■f
HE f i l t r a t e + / ■ + /- ♦ ♦ •f 4

a - M A N N A N MA p lug

ME f i l t r a t e ♦ / -

XYLAN MA p lug 4 ♦ / - 2+ 2+ ♦ / - ♦ ♦ 4- 2+
HE f i l t r a t e ♦ / - ♦ / - ♦ 4- ♦ / - + / - ♦ / - 2+ + /- 2+

LOCUST MA p lug + /- ♦ / - + /- ♦ / - 4- 2+
BEAN ME f i l t r a t e ♦ / * ♦ 4 ♦ •f ♦ 4

KONJAC MA p lug ♦ / - ♦ / - ♦ / - 2+
ROOT HE f i l t r a t e ♦ 4 * / ■ ♦ / - ♦ ♦ 4- 2+ 2+ 2*

SKIM MILK MA p lug ♦ 4 4 2+ + /- 2 * 2+ ■f ■f 4- ♦ 4 2+
ME f i l t r a t e ♦ / - + /- + / - 2+ 4 ♦ ♦ * / ■ + / - + / - 4 4 4

CHITIN MA p lug ♦ •f
+ / -

HE f i l t r a t e + / - + / - ♦ / - * / - * / ■ * / - ♦ / - * / - + / - * / - + / -

MA plug Substrate + agar plates inoculated with mycelial plugs cut
submarginally from MA plate and grown for 3 days.
Plugs were removed prior to staining of substrate to visualise 
degradation zone of enzyme activity.

ME filtrate Substrate + agar plates inoculated with glass fibre filter paper 
disc soaked with 5 days old culture filtrate.
ME medium consists of 2% malt extract, 2% glucose and 0.1% peptone.

+/- No distinct clearing zone but the color of stained gel was much 
lighter at inoculation spot.

+ Definite clearing zone.
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T a b l e  2

Comparison of ECE Profile in Filtrates of ELI and O. piceae Grown for 1 Week 
in ME Medium Inoculated with Mycelial Plugs from PDA, OA or MA

ELI O. piceae

SUBSTRATES PDA MA OA MA

Avicel - - -

CMC - - + +

Pustulan 2 + + + +

Laminarin - + /- +/" +/-

a-Mannan - + /- + /" +/-

Xylan - + + +

Locust Bean + /- + /" 3 + 2 +

Konjac Root - - 4- +

Skim Milk + /- + /" + +

Chitin + /" + /- + 4-

+/- means no distinct clearing zone but the color of stained gel was much 
lighter at inoculation spot
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6.1.3 Optimisation of ECE Activity Detection on Substrate + Agar Plates and 
the Visualisation Technique

As culture filtrates were used to screen for ECE activity, the substrate + 
agar plates were prepared in the optimised conditions for individual enzymes. 
As shown in literature, different enzymes have different optimum buffer system 
and pH for assaying their activity. MES and acetate buffer with pH ranging 
from 5 to 7 were most commonly cited so these buffer systems were tested and 
no difference was found in eliciting ECE activity. However, the use of MES in 
the substrate + agar plates interfered with the visualisation technique 
involving Congo red. This is contrary to the findings of Wood and Weisz, 
(1987). The substrates under the filtrate soaked discs were often stained a 
darker purplish-red after the acetic acid addition in the Congo red staining 
method. Although intensity of congo red staining is pH dependent, the 
interference persisted even at higher pH. To avoid inaccurate assessment of 
ECE activity, acetate buffer was used subsequently in all substrate + agar 
plates and tested between pH5-7 for the enzymes without established optimum pH 
from literature (except for cellulases and hemicellulases). The activity of 
most enzyme tested was found to elicit similarly from pH 5 to 7, except in the 
case of protease where pH5 was better (Table 3). For lipase activity, 
crystals of lauric acid and calcium salts were observed only in Tween + agar 
plates made up in pH5 acetate buffer. For agar plates incorporated with 
glycerol tributyrate, no activity was detected at any pH tested, so this 
substrate was omitted in subsequent experiments.

For detection of /3-1,3-glucanase activity, laminarin and pachyman were the 
substrates used. Laminarin did not complex well with Congo red at room 
temperature, but prolonged staining at elevated temperature was able to reveal 
the degradation zone from the undegraded substrate after a brief rinse in 
sodium chloride. In cases where glucose was absent in the culture filtrates, 
an alternate reagent, 2,3,5-triphenyltetrazolium chloride, was used. This 
reagent stained the degradation product (glucose) instead of the undegraded 
substrate. Although pachyman was insoluble, congo red staining of the 
undegraded substrate was applicable to reveal ECE activity in this substrate. 
Since none of the visualisation technique and incubation conditions tested 
were able to reveal ECE activity on pullulan, this substrate was subsequently 
omitted. /3 — 1,6-glucanase activity on pustulan was visualised using ethanol 
precipitation of the undegraded substrate and efficiency of detection was best 
at pH5.

ECE activity on chitin was rather difficult to detect from the culture 
filtrates. No definite clearing zone was observed, but under and around the 
filtrate soaked discs was seen a halo faintly stained with congo red.
Therefore, the screening was performed with pure chitinase (Sigma) to 
determine the optimum conditions for eliciting this activity on chitin + agar 
plates (Table 4) and to determine how positive activity would be detected.
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T a b l e  3

Effect of pH on Protease Detection on Substrate + Agar Plates

pH of
acetate
buffer

Clearing on milk by protease in 3rd wk ME filtrate

EL4 EL8 ELIO 2H 3871

5.0 3 + 2 + 2 + + +/"

6.0 3+ + + + /- + /-

7.0 3 + + + + +
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T a b l e  4

Optimisation of Chitinase Activity Assay on Chitin + Agar Plate Using 
Pure Chitinase from Sigma and Visualisation after Congo Red Staining

Substrate

Chitin pH 
(%) bu

[ of
f  f  e r

Degree of Clearing on Degradation Zones 
after Incubation with Chitinase 
(Sigma; mg/ml) in 50 mM acetate, pH 6

1.0 0.5 0.25 0.12 0.06 0.03

ino in. water 3 + 2 + + + + /" + /-
5 acetate 6+ 5 + 4 + 3 + 2 + +

6 acetate 6 + 5 + 4 + 3 + 2 + +

7 acetate 3 + 2 + + + /- - -

1.0 5 acetate 6+ 5 + 4+ 3  + 2 + +

no halo, no clearing
+/- faint clearing with definite halo of pale purplish red discoloration 
+ clearing under disc
2+, 3+.. clearing larger than area of disc
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Chitinase at 0.03 to 1 mg/mL in pH6 acetate was tested on chitin + agar plates 
made up at varying pH and concentrations. Definite clearing was observed even 
at the lowest chitinase concentration before congo red staining at pH5. 
Clearing of chitin under the disc was denoted by + and increase in diameter of 
clearing zone denoted by more +. When a halo was observed after congo red 
staining, it was denoted by + /-.

Substrate concentrations were tested for other enzyme activities. Increasing 
substrate concentration from 0.15% to 0.5% (1% in some cases) only increased 
contrast in the visualisation step. However, varying incubation time and 
temperature affected greatly the degree of ECE activity elicited. Incubation 
time and temperature for elicitation of ECE activities on the substrate + agar 
plates were optimised from the six conditions listed in the Materials and 
Methods section. Generally, most incubations were carried out at room 
temperature overnight plus another hour at 50°C, except for avicel, cellulose 
azure, and chitin where 37°C was required. These conditions allowed detection 
of the lowest enzyme activity without allowing diffusion of activity from very 
active enzymes to interfere with neighbouring samples on the same substrate + 
agar plate. The optimised incubation conditions and visualisation technique 
for each enzyme activity were summarised in Table 5. More detailed 
description of the procedures are given in Appendix 9.1.

6.2 COMPARISON OF ECE ACTIVITY IN A RICH MEDIUM (ME WITH GLUCOSE) AND A 
MINIMAL MEDIUM (SDI) SAWDUST INFUSION BROTH

Using the conditions established above, the ECE activity profiles from all 14 
fungi were determined again on ME medium with glucose (a rich medium) and 
compared to that obtained from growth in a minimal medium representing the 
natural habitat of wood (Table 6). The minimal medium was an infusion broth 
prepared from 5% hemlock sawdust with no supplement of any other minerals or 
carbon source. Uninoculated medium was included as a blank control and 
incubated similarly to the test media. The blank control showed no activity 
on any of the substrates and the observations are not presented in Table 6.
As expected, all fungi proliferated in ME medium with good elicitation of ECE 
activity when the ME filtrates were screened on the substrate + agar plates. 
The growth in SDI medium was minimal for all fungi tested with hardly any 
change in the pH of the cultures over three weeks incubation. Nevertheless, 
there were ECE activities observed on pectin, starch, cellulose, and 
hemicellulose for most of the fungi. With SDI medium, this activity is 
expected to be related to enzymes required for resource capture.

All fungi exhibited chitinase activity whether grown on ME or SDI medium.
There were no definite clearing on chitin and the activity was observed as 
halos on the congo red stained substrate which was denoted as + in Table 6. 
Protease activity was observed only in ME filtrates of EL4, 6, 7, 8, 9, 10 and
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T a b l e  5

Screening Conditions for Detection of Extracellular Enzyme Activities on Substrate + Agar Plates

Enzyme Substrate
(% w/v in 50mM acetate pH5)

Incubation Conditions Reagents for visualization

a - 1 ,3-MANNANASE Yeast a-mannan (0.5) RT, O/N + 50°C, lh Congo red (complexing the substrate, pale red to clear zones formed)

/3-GLUCANASE
p-1,3-Glucanase

p-1,6-Glucanase

CHITINASE

Laminarin (0.5) 

Pachyman (0.5) 

Pustulan (0.5)

Chitin (0.5)

RT, O/N + 50°C, lh 

RT, O/N + 50°C, lh 

RT, O/N + 50°C, lh

Congo red (complexing the substrate, pale red degradation zones formed) 
or 2,3,5-triphenyltetrazolium chloride (staining degradation product) 
Congo red (complexing the substrate, pale red degradation zones formed)

95% ethanol (clear zones in precipitated substrate)

37°C, O/N + 50°C, lh Congo red (enhanced contrast showing pale red halo of degradation zones)

u>co
CELLULASE

Cellulases

p-1,4-endo-glucanase 

0-1,4-glucosidase

Avicel PH101 (0.5)

Cellulose azure (0.5)

Carboxymethylcellulose 
(CMC) (0.25)

Cellobiose (20mM)

37°C, O/N + 50°C, lh 

37°C, O/N + 50°C, lh 

RT, O/N + 50°C, lh

RT, O/N

Congo red (enhanced contrast showing pale red halo of degradation zones) 

Pale blue degradation zones against dark blue insoluble dyed substrate 

Congo red (complexing the substrate, pale red degradation zones formed)

PGO enzyme + o-dianisidine staining of the glucose released

HEMICELLULASE 
p-1,4-galacto-

mannanase

p-1,4-glucomannanase 

p-1,4-xylanase

LIPASE

PECTINASE

PROTEOLYTIC ENZYMES

Locust bean gum (0.5) RT, O/N + 50°C, lh Congo red (complexing the substrate, pale red to clear zones formed)

Konjac root powder 
(0.5)

Oat spelts xylan (0.5)

Sorbitan monolaurate 
(Tween 20) (l%v/v)

Apple pectin (0.5)

Skim milk powder (1.0)

RT, O/N + 50°C, lh

RT, O/N + 50°C, lh

RT, O/N + 50°C, lh

RT, O/N + 50°C, lh

RT, O/N + 50°C, lh

Congo red (complexing the substrate, pale red to clear zones formed) 

Congo red (complexing the substrate, pale red to clear zones formed)

Precipitates of calcium salt crystals with the released lauric acid

Cetylmethylammonium bromide (clear zones in precipitated substrate)

Congo red (enhanced contrast showing pale red to clear degradation zone)

STARCH HYDROLASE 
Amylase Potato soluble starch 

(0.5)
RT, O/N + 50°C, lh Iodine solution (clear zones against stained background)



T a b l e  6

Screening for ECE Activity on Substrate + Agar Plates Using 2nd Week 
Culture Filtrates from ME Medium or SDI Broth

(a)4*

SUBSTRATES Filtrates ELI EL2 EL3 E U EL5 EL6

AVICEL ME medium <♦/->
SDI broth ♦/- < ) ♦/-

CMC ME medium ♦ <2+ ) 4 2+
SDI broth ♦/- ♦/- ♦/- 2+ ( + ) 4 ♦/-

PUSTULAR ME medium ♦/- ♦/“ ♦/- ♦ (3+ ) ♦/- +/-
SDI broth * / - ♦/- ♦/- ♦/- <+/-) ♦/- ♦/-

PACHYMAN ME medium 4 ♦/- 4
SDI broth ♦/- ♦/- ♦/- ♦/- ♦/- 4

LAMINAR IN ME medium ♦/- ♦/" ♦/- 4 4 ♦/-
SDI broth ♦/- ♦/- ♦/- ♦/- ♦/- ♦/*

XYLAN ME medium 2 * 2+ ♦ 2+ 2+ 2+
SDI broth ♦/- 3+ 4 2+ 4 24

LOCUST ME medium ♦/- ♦/- + (♦/-> 4
BEAN SDI broth ♦/- ♦ ♦/- 3* (2+ ) ♦/-

KONJAC ME medium ♦ <♦/-> 4
ROOT SDI broth ♦/- ♦/- ♦/- 3* <3* ) ♦/- ♦/-

a-MANNAN ME medium * / - * / ■ ♦/* ♦ (2+ ) 4 4
SDI broth ♦/- ♦/- <♦/-) 4 4

SKIM MILK ME medium ♦/- 2+ (3* ) ♦/- 2+
SDI broth ( )

STARCH ME mediun ♦/- 4 4 4 ♦/- 4
SDI broth ♦/- ♦ 4 4 ♦/“ 4

CHITIN ME medium ♦ ♦ 4 2+ (2+ ) 4 2+
SDI broth ♦ ♦ 4 ♦ < ♦ ) 4 4

PECTIN ME medium ♦ ♦ 4 4 4 2+
SDI broth ♦ ♦ 4 4 4 4

EL7 EL8 EL9 ELIO 2H 132Q 3871 160M

♦/- <+/-> ♦/- (+/-> <♦/-> (♦/-> ♦/-
♦/- ♦/- ( ) ♦/- ( ) ( > < > ♦/-

4 4 ( ♦ ) 4 2+ (2+ ) 2+ (3+ ) ♦ ( ♦ > 3+
♦/- 4 ( ♦ ) 4 ♦ ( + > 2* C + > 4 ♦ < ♦ > 24

4 (2* ) 4 ♦ ( ♦ ) ♦/- <+/-) ♦/- ♦/- (2* ) 4
♦/- 4 (♦/-> ♦/- ♦/- <♦/-> ♦/- (♦/-> ♦/- ♦/- (♦/-> 4

♦/- ♦/- 4 4 4 ♦/- 4
♦/- ♦/- ♦/- * / - ♦/- ♦/- ♦/-

♦/- ♦/* ♦/- 4 ♦/- ♦/- 4 4
♦/- ♦/- ♦/- ♦/- ♦/- ♦/- ♦/- ♦/-

2> 4 24 24 3+ 4 4 3+
♦/- 2* 2* 4 4 4 2+ 3+

4 ( > 4 ♦ ( ) 2+ C ) 2+ (2+ ) 4
♦/- 24 (2+ ) ♦/- * ( ♦ ) ♦ ( ♦ ) 2+ (2+ ) 24

( ) 4 3+ (2* ) (2+ ) 2* <2* ) 2+
♦/* 4 (2* > ♦/- ♦ ( ) ♦ (♦/-> 4 2+ <2+ ) 2+

4 4 (2+ ) 4 ♦ <3* ) ♦ <+/-) ♦ ( ♦ ) 4
♦/- ♦/- (+/-> ♦/- ♦/- (♦/-> <♦/-) (♦/-) +/-

4 4 <2+ > 4 2+ (2+ ) 2+ ( + ) ♦/- ♦ <♦/-> 4
( ) < ) < ) < )

♦/- 34 4 24 4 +/- 4 2+
♦/- 24 4 4 4 ♦/- 4 4

4 4 ( ♦ ) 24 2+ (3+ ) 2+ ( + ) ♦ ( ♦ ) 2+
4 4 ( + ) 4 ♦ < + > ♦ ( ♦ ) 4 + (♦/-> 4

4 4 4 4 34 24 4 4
4 4 4 4 4 4 4 4

ME medium
SDI broth

bactopep?onl)°m CUltUr6S Rowing in malt extract medium (2% malt extract, 2% glucose and 0.1%
in1ÏrdiïtinedC w1̂ e% gr0Viîîg ln he^ l0̂ k sawdust infusion broth (50 g hemlock sawdust was boiled 
c L e L  cllh ^ s ^ H  h ° \ u  d°^blG b°iler- ThS br°th resuiting from filtration through

3rd week filtJate^ ïi parentheses medlUm f°r the fUngi) *



all other fungi. These could be induced by the peptone present in the ME 
medium. Amylase activity was observed on starch by the same fungi whether 
growing on the ME or SDI medium. The plates were photographed as described in 
the Materials and Methods section and presented in Figure 10. The ECE 
proteins in filtrates from EL4, 8, 10 and A. alternata, O. p i c e a e grown on ME 
and SDI were separated via IEF. As the SDI filtrates ECE protein content was 
very low, they were concentrated 25X prior to IEF. Differential zymograms 
were prepared on milk overlay which indicated presence of acidic protease 
isoenzymes at pi around 4.5 in EL8 and ELIO on ME medium. EL4 demonstrated 
protease isoenzymes with broad pi at 5.5, 7.0 and 8.9. Protein separated on 
IEF gel using concentrated SDI filtrates indicated presence of proteins having 
acidic pi, but they did not demonstrate any protease activity on milk overlay. 
Neither ME nor concentrated SDI filtrates showed chitinase activity on chitin 
overlays even though activity was observed on chitin + agar plates in ECE 
activity screening (Table 6). The purified chitinase preparations used 
earlier to determine optimised chitinase detection on chitin + agar plates 
were subjected to IEF. The separated proteins from these also failed to 
exhibit activity on chitin overlays. This suggested that chitin may be too 
complex for separated individual chitinase isoenzymes to act on, or chitinase 
activity is a synergistic reaction involving all chitinase isoenzymes. An 
alternative soluble substrate, glycol chitin was tried in subsequent 
experiments. This substrate was obtained by acetylation of glycol chitosan.

6.3 INDUCTION OF ECE IN BIOCONTROL AND STAINING FUNGI BY GROWING ON
SYNTHETIC MEDIUM SUPPLEMENTED WITH SAWDUST OR O. piceae CELL WALL AS 
SOLE CARBON SOURCE

6.3.1 Comparison of ECE Activity Profiles on Substrate + Agar Plates from
Filtrates of Biocontrol and Staining Fungi Growing on ME + Glu, SM + SD, 
and SM + cw

As observed earlier, growing the 14 wood inhabiting fungi on SDI broth did not 
produce significant amounts of extracellular protein for ECE activity 
screening. Subsequently, the fungi were grown with sawdust as sole carbon 
source at a low concentration (0.5%) in a synthetic (defined) medium 
consisting of small amounts of essential minerals. The presence of sawdust 
should induce the production of ECE of resource capture ability. Crude cell 
wall of a staining fungus O. piceae was also used as carbon source for the 
induction of cell wall lytic enzymes in the biocontrol fungi. To ensure 
growth of the fungi, the different liquid cultures were inoculated with 3 
mycelial MA plugs per 50 mL media instead of single plug inoculation. Growth 
on ME with glucose as carbon source was repeated for comparison providing the 
profiles of ECE activity elicited in absence of inducing substrates.

As observed earlier, growth on ME was profuse for all 14 fungi. Growth on SD
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FIGURE 10

A- Starch

B- CMC C- Konjac G476F10a

S c r e e n i n g  f o r  ECE A c t i v i t y  on ME Med ium  w i t h  G l u c o s e  a n d  S a w d u s t  I n f u s i o n  B r o t h ,  S D I ,  u s i n g  
E n z y m e  D e t e c t i o n  S u b s t r a t e s  s u c h  a s  : (A) P o t a t o  S o l u b l e  S t a r c h ,  (B) CMC, (C) K o n j a c  R o o t ,  
f o r  r e s o u r c e  c a p t u r e  e n z y m e s ;  a n d ,  (D) C h i t i n ,  (E) P u s t u l a n ,  (F) P a c h y m a n ,  (G) M i l k ,  f o r  c e l l  
w a l l  l y t i c  e n z y m e s .  C u l t u r e  f i l t r a t e s  w e r e  f r o m  : 1 - E L l ,  2 - E L 2 ,  3 - E L 3 ,  4 - E L 4 ,  5 - E L 5 ,  6 - E L 6 ,  
7 - E L 7 ,  8 - E L 8 ,  9 - E L 9 ,  1 0 - E L 1 0 ,  1 1 -A.alternata, 12-A.pullulans , 1 3 -O.piceae  (MA),  1 4 - O . p i c e a e  
(OA) , a n d  1 5 -T.harzianum.



FIGURE 10 (con’t)

D- Chitin E- Pustulan

U)-j

G- MilkF- Pachyman G476F10b



was less than on ME but evidenced by mycelial clouding of the otherwise clear 
medium, especially for EL4, 6, 8, 9, 10, 2H, 3871 and 160M. As on CW, growth 
was the least among the three media but it was obvious for EL8, 9, and 160M 
with clearing of cloudiness in CW medium caused by the suspended cell wall.
No clearing was observed by the staining fungi. Uninoculated media were used 
as controls and the overall observations from ECE activity screening are 
presented in Table 7 and 8 from 2nd and 3rd week culture filtrates, 
respectively.

Detection of laminarinase activity was by staining the glucose released using 
2,3,5-triphenyltetrazolium chloride from filtrates of SD and CW. The 
observation of ECE activity in ME filtrates was by congo red complexing with 
the undegraded substrate. When the data in the two tables are compared, more 
intense ECE activity is observed when the fungi are at a later stage of 
growth. For some fungi, certain ECE activities were elicited only after three 
weeks incubation. Lipase activity was produced by EL8 in ME medium while EL5 
exhibited activity on pachyman in ME medium after growth for 3 weeks. EL4, 6, 
8, 9, 10 showed avicelase activity after 3 weeks growth on SD. The substrate 
+ agar plates from the screening of the 3rd week filtrates were photographed 
and presented in Figure 11.

For better evaluation of the profiles of ECE produced in the different media, 
the data from Table 8 is presented in Tables 9 to 22 for each individual 
fungus, ELI to ELIO, Alternaria alternata 2H, Au re o b a s i d i u m  p u ll ul an s 132Q, 
Op hiostoma pi ce ae 3871, and Trichoderma h a rz ia nu m 160M. Almost all the fungi 
gave most ECE activity in ME medium, less in SD, or none CW. This suggests 
that most of the ECE activity screened can be constitutively produced in an 
enriched medium and a few can be induced.

If enzyme production is important in biocontrol mechanisms, ELI is not as good 
a candidate as EL4, 6, 8, 9 and 10, which were eliciting almost the whole 
spectrum of enzyme activity screened (Table 9). The most noticeable ECE 
activity detected for ELI was from ME medium and limited to /3-glucanases, 
xylanase, a-mannanase, and chitinase. The enzymes believed important in 
resource capture and cell wall lysis were not inducively produced as limited 
ECE activity was detected when SD or CW was used as carbon source in the 
growth medium.

EL4, 6 and 10 were able to demonstrate similar or at times better ECE activity 
profile in SD than ME, with EL6 lacking /3-glucanase activity and ELIO lacking 
protease activity in SD (Table 12, 14 and 18). Unexpectedly, all three fungi 
were efficient chitinase elicitor in the presence of SD and not CW, which 
should induce ECE activity on chitin and /3-1,3-glucan (laminarin or pachyman).

Of all ten biocontrol fungi screened, EL8 elicited the most ECE activity from 
filtrates of all three media (Table 16). This organism was able to
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T a b l e  7

Screening of the 2nd Week Filtrates for Extracellular Enzyme Activities
on Substrate + Agar Plates

SUBSTRATES MEDIA EL1 EL2 EL3 EL4 ELS EL6 EL7 EL8 EL9 ELIO 2H 132Q 3871 160M

AVI CEL ME */■ + /- + /- + / - ♦ / - ♦
SD + /- + /-
CU + /-

CMC ME + * / - * / ■ 2+ 2+ ♦ ♦ 2+ 2+ 2+ 2+ 2+ 2+ 3+
SD 3+ 2+ 3+ ♦ 3+ 2+ 3+ 3+ 2+ ■f 4+
CU + /- ♦ 2+ 2+ 2+ ♦ */■ ♦

CELLULOSE ME + /- + /- + / - + / - + / - + / - ■f
AZURE SD •f ♦ ♦ ■f •f ♦ 2+

CU + /- ♦ */■

CELLOBIOSE ME

SD ♦ + ♦ ♦
CU ♦ ♦

PUSTULAN ME 2+ 2+ 3+ 2+ ♦ ♦ + /- 2+ ♦ 2+ 2* 2+
SD ♦ / - ♦ / - ♦ / - 2+ + / - * / ■ * / ■ 2+ + /- ♦ + / - + /- 3+
CU + /- + / ■ + /- * / ■ 2+ + /- + /-

PACHYMAN ME ♦ + /- ♦ / - ♦ ♦ ♦ ♦ «► ■f ♦ ■f ♦ / - ♦
SD ♦ + /-
CU

LAMINAR IN ME

SD

CU

a-MANNAN ME + /- * / ■ * / ■ + /- ♦ / - * / - + /- ♦ / - ♦ ♦ / -
SD + /- + /- * / - * / ■ */■ + /- + / - + /- V -
CU + /- * / •

XYLAN ME ■f 2+ ♦ 2+ ♦ •f ♦ ♦ 2+ 2+ ♦ + ♦ 2+
SD ♦ ♦ * / - 3+ ♦ 2+ •f 3+ 3+ 3+ 3+ * / - + /- 4+
CU ♦ / - 2+ ♦ ♦ ♦ + / - + /- 3+ 2+ + / - 2+ ♦ ♦ ♦

LOCUST ME + /- ♦ ♦ ♦
BEAN SD 2+ 2+ 2+ ♦ 2+ ♦ ♦ 2+ ♦ 2+ 3+

CU ♦ + / - + /-
KONJAC ME ♦ ♦ ♦

ROOT SD 2+ 2+ 2+ ♦ 2+ ♦ ♦ 3+ 2+ 3+
CU ♦ ♦

PECTIN ME 2+ + /- * / ■ + /- * / - ♦ 2+ + /-
SD 2+ + ♦ */■ ♦ * / ■ ♦ ♦ 2+
CU ♦ / - + / - + / - */- + /•

POTATO ME 2+ 2+ */■ + /- + /- + /- 3+ + 2+ + /- */■ ♦

STARCH SD + /- ♦ + / - ♦ * / - ♦ */■ ♦ 2 * + /- + /- + /-
CU 2+ ♦ ♦ 2+ 2+ */- ♦ + / - ♦ / - ♦

TUEEN 20 ME ♦ 2+ ♦

SD

CU

SKIM MILK ME + /- 3+ 2+ 2+ ■f + 3+ ♦ + / - ♦ / - 2+
SD + /- + /- + / -
CU + /-

CHITIN ME + / - + + /- 2+ 2+ + ♦ + /- 2+ ♦ ♦ ♦ 2+
SD + / - + /- + /- 3+ + / - 3+ 3+ 2+ 2+ 3+ 4+
CU 3+ 2+ ♦
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T a b l e  8

Screening of the 3rd Week Filtrates for Extracellular Enzyme Activities
on Substrate + Agar Plates

SUBSTRATES1 MEDIA EL1 EL2 EL3 EL4 EL5 EL6

AVI CEL ME * / - +/- 4 4

SD ♦/- 4 +/-
C U

CMC ME 4 +/- +/- 3+ 2+ 4

SD 4+ 4 3+
C U ♦/- 4

CELLULOSE ME +/- ♦/-
AZURE SD 4 4

C U

CELLOBIOSE ME

SD 4

CW

PUSTULAN ME 3+ 2+ 3+ 2+ 4 ♦/-
SD +/- 2+
C U

PACHYMAN ME 4 4 * / - 4 4 4

SD 3+ 4

C U

LAMINAR IN ME 2+ 4 3+ +/- * / ■ +/-
SD +/-
C U

a-MANNAN ME 4 4 ♦/- 2+ 2+ */■
SD 3+ 3+
C U

XYLAN ME 2+ 2+ 2+ 4+ 3+ 2+
SD ♦ 2+ 4 3+ 4 3+
C U +/- 2+ 4 2+ 4 4

LOCUST ME

BEAN SD 2+ 2+ 2+
C U

KONJAC ME

ROOT SD 2+ 4 2+
C U

PECTIN ME 4

SD +/- * / - * / - 3+ +/- 2+
C U

POTATO ME +/- 2+ 2+ +/- 2+ 2+
STARCH SD +/- 4 +/- 4 4 4

C U 4 ♦/-
TWEEN 20 ME 4

SD

C U

SKIM MILK ME +/- +/- + / ■ 3+ 2+
SD 4 4

C U

CHITIN ME 4 2+ 4 2+ 3+ 4

SD 3+ 3+
C U

EL7 EL8 EL9 EL10 2H 132Q 3871 160M

4 4 N.S. 4

4 4 4

4 +/- * / ■

4 2+ 4 3+ 3+ N.S. 4 3+
+/- 3+ 2+ 3+ 3+ * / ■ */■ 4+

3+ 3+ 2+ 4 3+
+/- * / - +/- N.S. 4

4 * / - 4 4 2+
4 4 4

N.S.
4 4 4

+/- 4

2+ +/- 4 N.S. 2+ 3+
2+ 3+
3+ * / • 2+

+/- 4 4 4 4 N.S. 2+ +/-
3+ 2+ 2+ 4 3+
3+ 3+ 4 3+

♦/- 4 4 2+ +/- N.S. 4+
3+ +/- 4 * / - 4+
4+ 2+ 5+

+/- 4 4 4 2+ N.S. 3+ 3+
3+ 3+ 3+ 4+ +/- 4+
3+ 3+ 4+

4 2+ 3+ 3+ 3+ N.S. 2+ 44
4 3+ 2+ 3+ 4+ 4 4 5+
4 3+ 3+ 4 2+ 4 4 4+

N.S. 4 4

4 2+ 4 4 3+ +/- 4 3+
2+ 4

4 N.S. 4 4

+/- 2+ * / - 4 2+ 4 2+
3+ 4

4 N.S.
+/- ♦/- +/- * / - +/- * / - +/- 3+

+/- 2+ 4 4 +/- N.S. 4 4

+/- 4 +/- 4 4 * / - */■ 4

4 2+ 2+ +/- +/- + / ■ +/- 4

2+ 3+ 2+ N.S. 4

4

2+ 2+ 4 2+ 2+ N.S. +/- 2+

+/- * / - +/- +/-
♦/- 4 4 2+ 2+ N.S. 4 3+

3+ 2+ 3+ 3+ 4+
3+ 3+ 4 3+
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FIGURE 11

B- Laminarin
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Screening for ECE Activity on ME Medium with Glucose, Synthetic 
Medium with Sawdust, SD, or O .  p i c e a e  Cell Wall, CW, using Enzyme 
Detection Substrates such as : (A) a-Mannan, (B) Laminarin, (C) 
Pachyman, (D) Pustulan, (E) Chitin, (F) Milk, for cell wall lytic 
enzymes; and, (G) Avicel, (H) Cellulose Azure, (I) CMC, (J) Locust 
Bean, (K) Konjac Root, (L) Oats Spelts Xylan, (M) Apple Pectin, (N) 
Potato Soluble Starch, for resource capture enzymes. Culture 
Filtrates were from : 1 - ELI, 2 - EL2, 3 - EL3, 4 - EL4, 5 - EL5, 
6 - EL6, 7 - EL7, 8 - EL8, 9 - EL9, 10 - ELIO, 11 - A .  a l t e x r n a t a , 

12 - A .  p u l l u l a n s , 13 - O. p i c e a e ,  14 - T .  h a r z i a n u m ,  15 - Media Blank.
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FIGURE 11 (con’t)

C- Pachyman

F- Milk G476F11b
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FIGURE 11 (con’t)

G- Avicel

H- Cellulose azure

I- CMC

J- Locust bean G476F11C
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FIGURE 11 (con’t)

K- Konjac root

L- Xylan

M- Pectin

N- Starch G476F11d
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T a b l e  9

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  EC E  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
o f  ME + G l u c o s e ,  SM + SD , a n d  SM + CW f r o m  E L I

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + /- - -

Cellulose azure - -

p - 1,4-endo-glucanase CMC + ~

/3-1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
/3-1,4-galactomannanase Locust bean gum - - -
P ~ l ,4-glucomannanase Konjac root “ -
/3-1,4-xylanase Oats spelts xylan + + + + /-

a—1,3-MANNANASE Yeast a-mannan + - -

fi-GLUCANASES
/B-l, 3-glucanase Laminarin + + - -

Pachyman + -
>3—1,6-glucanase Pustulan + + + + /" "

CHITINASE Chitin + + + /"

PROTEASES Skim milk powder + /- - -

LIPASE Tween 20 - - -

PECTINASE Apple pectin - + /- -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + /" + /- -
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T a b l e  10

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  E C E  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
o f  ME + G l u c o s e ,  SM + SD , a n d  SM + CW f r o m  E L 2

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + /" + /- -

Cellulose azure -

/3—1,4-endo-glucanase CMC + /"

P - 1 ,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
/3-1,4-galactomannanase Locust bean gum - - -
/G-l, 4-glucomannanase Konjac root - -

j3-l, 4-xylanase Oats spelts xylan + + + + + +

a-1,3-MANNANASE Yeast a-mannan + - -

/3-GLUCANASES
/3-1,3-glucanase Laminarin + - -

Pachyman + -
p - 1 ,6-glucanase Pustulan + +

'

CHITINASE Chitin + + + /- + /"

PROTEASES Skim milk powder + /" - -

LIPASE Tween 20 - - -

PECTINASE Apple pectin - + /- -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + + + -
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T a b l e  11

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  E C E  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
of ME + Glucose, SM + SD, and SM + CW from EL3

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel _ _

Cellulose azure - - -

(3-1,4-endo-glucanase CMC + /" — —

(3-1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
(3-1,4-galactomannanase Locust bean gum - - -

(3-1,4-glucomannanase Konjac root - - -

(3-1,4-xylanase Oats spelts xylan + + + +

a-1,3-MANNANASE Yeast a-mannan + /- - -

/3-GLUCANASES
(3-1,3-glucanase Laminarin + + + - -

Pachyman + /- - -
(3-1,6-glucanase Pustulan + + + — —

CHITINASE Chitin + + -

PROTEASES Skim milk powder + /- - -

LIPASE Tween 20 - - -

PECTINASE Apple pectin - +/- -

STARCH HYDROLASE 
Amylase Potato soluble 

starch ++ + /- +
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T a b l e  12

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  ECE  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
of ME + Glucose, SM + SD, and SM + CW from EL4

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + + -

Cellulose azure + /" + -

/3-1,4-endo-glucanase CMC + + + ++++

/3-1,4-GLUCOSIDASE Cellobiose - + -

HEMICELLULASE
/3-1,4-gal actomannanase Locust bean gum - ++ -
/3-1,4-glucomannanase Konjac root “ + + -

[3-1,4-xylanase Oats spelts xylan + + + + + + + + +

a-1,3-MANNANASE Yeast a-mannan + + + + + -

fi-GLUCANASES
p - 1 ,3-glucanase Laminarin + /- + /- -

Pachyman + + + + “
p - 1 ,6-glucanase Pustulan + + + +

CHITINASE Chitin + + +++ -

PROTEASES Skim milk powder +++ + -

LIPASE Tween 20 - - -

PECTINASE Apple pectin + + + + -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + /" +
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T a b l e  13

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  ECE  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
of ME + Glucose, SM + SD, and SM + CW from EL5

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel — _ _

Cellulose azure + / - - -
/3-1,4-endo-glucanase CMC + + + +

P - 1 ,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
>3—1,4-galactomannanase Locust bean gum - + + -

P ~ 1 ,4-glucomannanase Konjac root - + -
>3—1,4-xylanase Oats spelts xylan + + + + +

a-1,3-MANNANASE Yeast a-mannan + + - -

/3-GLUCANASES
>3—1,3-glucanase Laminarin + / - - -

Pachyman + - -
>3-1,6-glucanase Pustulan + — —

CHITINASE Chitin + + + - -

PROTEASES Skim milk powder - - -

LIPASE Tween 20 - - -

PECTINASE Apple pectin - + / - -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + + + -
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T a b l e  14

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  EC E  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
o f  ME + G l u c o s e ,  SM + SD , a n d  SM + CW f r o m  E L 6

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + + /" -

Cellulose azure - + -
/3-1,4-endo-glucanase CMC + + + +

/3-1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
>3—1,4-galactomannanase Locust bean gum - + + -
/3-1,4-glucomannanase Konjac root + +
>3—1,4-xylanase Oats spelts xylan + + + + + +

o-l,3-MANNANASE Yeast a-mannan +/- + + + -

/3-GLUCANASES
>3—1,3-glucanase Laminarin + /" - -

Pachyman + + -
/3-1,6-glucanase Pustulan + /" —

CHITINASE Chitin + + + + -

PROTEASES Skim milk powder + + + -

LIPASE Tween 20 + - -

PECTINASE Apple pectin - + + -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + + + -
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T a b l e  15

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  E C E  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
of ME + Glucose, SM + SD, and SM + CW from EL7

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel _ — __

Cellulose azure - - -
/3-1,4-endo-glucanase CMC + + /- —

(3-1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
[3-1,4-galactomannanase Locust bean gum - + -
(3— 1 ,4-glucomannanase Konjac root - + /- -
[3-1,4-xylanase Oats spelts xylan + + +

a-1,3-MANNANASE Yeast a-mannan + /" - -

fi-GLUCANASES
(3-1,3-glucanase Laminarin + /" - -

Pachyman + /- - -
(3-1,6-glucanase Pustulan

CHITINASE Chitin + /" - -

PROTEASES Skim milk powder + + - -

LIPASE Tween 20 - - -

PECTINASE Apple pectin - + /" -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + /" + /" +
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T a b l e  16

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  E C E  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
o f  ME + G l u c o s e ,  SM + SD , a n d  SM + CW f r o m  E L 8

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + + +

Cellulose azure + /- + +
p - 1 ,4-endo-glucanase CMC + + +++ +++

P ~ 1 ,4-GLUCOSIDASE Cellobiose - + + /"

HEMICELLULASE
P ~ l , 4-galactomannanase Locust bean gum - + + + +
p - 1 ,4-glucomannanase Konjac root - + + + + +
P ~ l , 4-xylanase Oats spelts xylan + + ++ + +++

a-1,3-MANNANASE Yeast a-mannan + +++ +++

/3-GLUCANASES
P ~ 1 ,3-glucanase Laminarin + + + + + + + +

Pachyman + + + + +++
P ~ l , 6-glucanase Pustulan + + + + +++

CHITINASE Chitin + + +++ + + +

PROTEASES Skim milk powder + + - + /-

LIPASE Tween 20 + + - +

PECTINASE Apple pectin - + /- -

STARCH HYDROLASE
Amylase Potato soluble

starch + + + + +
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T a b l e  17

S u b s t r a t e  + A g a r  P l a t e  S c r e e n i n g  f o r  E CE  A c t i v i t y  i n  3 r d  W eek  F i l t r a t e s
o f  ME + G l u c o s e ,  SM + SD , a n d  SM + CW f r o m  E L 9

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel - + + /"

Cellulose azure - + /- +
/3-1,4-endo-glucanase CMC + + + +++

/3-1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
(3-1,4-galactomannanase Locust bean gum - + +
(3-1,4-glucomannanase Konjac root + /" +
(3-1,4-xylanase Oats spelts xylan + + + + + +++

a-1,3-MANNANASE Yeast a-mannan + + + + + + +

j3-GLUCANASES
(3-1,3-glucanase Laminarin + - + +

Pachyman + + + + + +
(3-1,6-glucanase Pustulan + /- + /- + /-

CHITINASE Chitin + + + + + +

PROTEASES Skim milk powder + - + /-

LIPASE Tween 20 + + + - -

PECTINASE Apple pectin - + /“ -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + + /" + +
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Table 18
Substrate + Agar Plate Screening for ECE Activity in 3rd Week Filtrates

of ME + Glucose, SM + SD, and SM + CW from ELIO

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + + + /-

Cellulose azure + /- +
f3-l, 4-endo-glucanase CMC + + + +++ —

/3-1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
/3-1,4-galactomannanase Locust bean gum - + -
/3-1,4-glucomannanase Konjac root - + -
/3—1,4-xylanase Oats spelts xylan + + + + + + +

a-1,3-MANNANASE Yeast a-mannan + + + + -

/3-GLUCANASES
/3-1,3-glucanase Laminarin + + + /" -

Pachyman + + + -
/3-1,6-glucanase Pustulan +

CHITINASE Chitin + + + + + -

PROTEASES Skim milk powder + + - -

LIPASE Tween 20 ++ - -

PECTINASE Apple pectin - + /- -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + + + /"
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Table 19
Substrate + Agar Plate Screening for ECE Activity in 3rd Week Filtrates

of ME + Glucose, SM + SD, and SM + CW from Alternarla alternata 2H

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel

Cellulose azure + /- + -
/3-1,4-endo-glucanase CMC +++ ++ + ++

/Q-l, 4-GLUCOSIDASE Cellobiose - + -

HEMICELLULASE
P ~ 1 ,4-galactomannanase Locust bean gum “ ++ +
P ~ 1 ,4-glucomannanase Konjac root - + + —
/3-1,4-xylanase Oats spelts xylan +++ + + + + + +

a-1,3-MANNANASE Yeast a-mannan + + + + + + -

fi-GLUCANASES
/3-1,3-glucanase Laminarin + /- + -

Pachyman + + +
p - l ,6-glucanase Pustulan

CHITINASE Chitin + + + + + +

PROTEASES Skim milk powder ++ - -

LIPASE Tween 20 - - -

PECTINASE Apple pectin + + /" -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + /- + + /"
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Table 20
Substrate + Agar Plate Screening for ECE Activity in 3rd Week Filtrates
of ME + Glucose, SM + SD, and SM + CW from A ureabasidium pullulans 132Q

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + /- - -

Cellulose azure + /" - -

(3-1, 4-endo-glucanase CMC + + + /- +

(3-1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
/3-1,4-gal act omannanase Locust bean gum + + /- -
(3-1,4-glucomannanase Konjac root + - -
/B-l, 4-xylanase Oats spelts xylan + + +

a-1,3-MANNANASE Yeast a-mannan - - -

/3-GLUCANASES
/3-1,3-glucanase Laminarin ns + /- -

Pachyman + -
(3-1,6-glucanase Pustulan

CHITINASE Chitin - - -

PROTEASES Skim milk powder +/- - -

LIPASE Tween 20 + - -

PECTINASE Apple pectin ++ + /- -

STARCH HYDROLASE
Amylase Potato soluble

starch +/- + /- + /~
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Table 21
Substrate + Agar Plate Screening for ECE Activity in 3rd Week Filtrates

of ME + Glucose, SM + SD, and SM + CW from Ophiostoma piceae 3871

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel + - -

Cellulose azure - - -

/3-1,4-endo-glucanase CMC + + /-

/3— 1,4-GLUCOSIDASE Cellobiose - - -

HEMICELLULASE
/3-1,4-gal act omannanase Locust bean gum + + -
/3-1,4-glucomannanase Konjac root + +
P ~ l ,4-xylanase Oats spelts xylan + + + +

a-1,3-MANNANASE Yeast a-mannan + + + + /- -

fi-GLUCANASES
j3-l, 3-glucanase Laminarin + /- - -

Pachyman + + - -
/3-1,6-glucanase Pustulan + + —

CHITINASE Chitin + - -

PROTEASES Skim milk powder + /- - + /"

LIPASE Tween 20 - - -

PECTINASE Apple pectin - + /" -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + + /" + /-
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Table 22
Substrate + Agar Plate Screening for ECE Activity in 3rd Week Filtrates
of ME + Glucose, SM + SD, and SM + CW from Trichoderma harzianum 160M

Enzyme Substrate ME+Glu SM+SD SM+CW

CELLULASES
cellulases Avicel - - -

Cellulose azure + + + +
/3-1,4-endo-glucanase CMC + + + ++++ +++

/3-1,4-GLUCOSIDASE Cellobiose - + +

HEMICELLULASE
/3-1,4-galactomannanase Locust bean gum + + + + +
/3-1,4-glucomannanase Konjac root + + +
/3-1,4-xylanase Oats spelts xylan ++++ + + + + + ++++

a-1,3-MANNANASE Yeast a-mannan +++ + +++ ++++

/3-GLUCANASES
/3-1,3-glucanase Laminarin + + + + + + + + + + + + +

Pachyman + /- + + + + + +
y8—1,6-glucanase Pustulan + + + + + + + +

CHITINASE Chitin + + + + + + + + + +

PROTEASES Skim milk powder + /- - + /"

LIPASE Tween 20 + - -

PECTINASE Apple pectin - ++ + -

STARCH HYDROLASE 
Amylase Potato soluble 

starch + + +
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demonstrate significant cellulase and hemicellulase activity in the presence 
of CW, besides being very active on chitin and /3-glucan. It was the only 
fungus that showed better ECE activity profile in CW than in the other two 
media. This organism is obviously the best biocontrol candidates by its full 
spectrum of ECE activity elicited in both CW and SD. This is because in 
antagonistic interaction between wood inhabiting fungi, a successful 
biocontrol fungus must be an efficient resource captor producing ECE that 
could utilise the wood (SD) and most importantly, cell wall lytic enzymes that 
could attack the unwanted staining fungus (CW).

The ECE activity profiles demonstrated by EL9 was typically inducive with 
respect to the growth substrate (Table 17). Chitinase and laminarinase 
activity were most prominent in the presence of CW, and the cellulase and 
hemicellulases activity were observed noticeably in SD. Lipase activity was 
markedly demonstrated by EL9 in ME medium. This ECE activity was only 
elicited by a few other fungi tested, namely, EL6,8,10, A .pullulans 132Q and 
T.ha rz ia nu m 160M in the ME medium only. The extracellular lipase of these 
fungi might be constitutively produced but could also be inducively produced 
by the presence of lipid components in the malt extract. Similarly, the 
protease activity demonstrated by those fungi only in the ME media could be 
induced by the presence of peptone in this medium.

Of all the enzyme activity screened, ECE activity on xylan and CMC was most 
frequently demonstrated suggesting that these enzymes were intrinsically 
produced irrespctive of the carbon source in the growth medium. As expected, 
most cellulase and /3-mannanase activities were induced in cultures with wood 
as growth substrate. Cellobiase activity was only demonstrated in cases where 
ECE activity was exhibited on cellulose azure. Activity on this substrate is 
detected by the presence of endo and exocellulase and cellobiohydrolase. The 
latter enzyme produced cellobiose, which necessitates the production of 
cellobiase in the system for effective cellulose hydrolysis.

Although pachyman and laminarin are both substrates for detecting /3—1,3 — 
glucanases, there were some discrepancies in the activity elicited on these 
two substrates (Table 23). In particular, EL4 and EL6 demonstrated ECE 
activity on pachyman but not on laminarin in both ME and SD media. It was 
noticed that ECE activity observed on laminarin is often observed on pachyman 
but not vice versa. This suggested the production of different /3-l,3- 
glucanases by different fungi possessing different substrate specificity. 
Whether using pachyman or laminarin, ECE activity was observed in filtrates of 
all fungi in the ME medium with glucose, but with the extent of substrate 
degradation much less than that observed in SD or CW. This demonstrated 
enhanced activity in the induced /3—1,3-glucanses under stress conditions of 
limited nutrients over the constitutively produced /3-1,3-glucanases from an 
enriched environment of ME. As cited in literature, /3-glucanases can be cell 
wall bound, cytoplasmic, or exocellular and many fungi appeared to have these
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T a b l e  23

Substrate + Agar Plate Screening for EC /3-1,3-Glucanases on Pachyman and
Laminarin with 3rd Week Filtrates

3rd week Pachyman Laminarin

ME+Glu SM+SD SM+CW ME+Glu SM+SD SM+CW

ELI + - - 2 + — _

EL2 + - - + — __

EL3 + /" - - 3 + — _

EL4 + 3 + + /- + /" _

EL5 + - - + /- —

EL6 + + - +/- - _

EL7 + /- - - + /- - —

EL8 + 3 + 3 + + 3+ 4+
EL9 + 2 + 3 + + - 2 +
ELIO + 2 + 2 + + /" -

2H + + + + /" + _

132Q + - - ns + /" -

38712 + - - +/- -

160M + /- 3 + 3+ 4 + 4+ 4+

60



enzymes repressed by catabolites such as glucose (Pitson et al., 1991; Del Ray 
et al., 1979). The presence of this activity in 2nd and 3rd week filtrates of 
ME medium indicates otherwise for the tested strains. Because, glucose was 
the growth substrate and there was still considerable residual glucose in the 
3rd week filtrates especially in T. harz ia nu m 160M (Table 24). Since this 
study screened the occurrence of /3-glucanases in these 14 fungi, no further 
attempt was made to examine the regulation of these enzymes.

When filtrates of the three staining fungi were screened, ECE activity was 
demonstrated predominantly in substrates for resource capture with noticeably 
high activity on cellulose and hemicellulose, and limited activity on starch 
and pectin (Table 19, 20, 21). In general, the staining fungi are deficient 
in /3-1,3-glucanase activity on laminarin except in A. alternata 2H, where 
limited ECE activity on pachyman was noticed in filtrates from all three 
media. Limited chitinases activity was also demonstrated by the staining 
fungi with the exception of A. alternata 2H which showed very high chitinase 
activity. Although some chitinase activity was present, yet deficiency of /3- 
1,3-glucanses (as laminarinases) failed to clear up the growth substrate, O. 
piceae cell wall, in the cultures of staining fungi growing on SM + CW as 
mentioned earlier.

6.3.2 Protein Profile and Protease Activity of Separated Extracellular
Proteins on Milk Overlay After IEF(3-9) from 3rd Week Filtrates of ME + 
Glu, SM + SD and SM + CW

When culture filtrates of the 14 fungi were screened for ECE activity on skim 
milk (Table 25), almost all fungi demonstrated protease activity when grown on 
ME + Glu from the first week (except EL8) suggesting the constitutiveness of 
this ECE production, or that it could be inducively produced by the small 
amount of peptone present in this medium. This is supported by the trace 
amount of protein detected in the uninoculated ME + Glu media blank (Table 
26), which may aid protease induction in this medium. When grown on SM + SD, 
only EL4 and EL6 demonstrated protease activity on milk. This ECE may be 
produced inducively by the presence of wood associated proteins in SD, or it 
could be produced by the aged fungi at a later stage of growth to act on 
senescent mycelium to retrieve fungal protein. Distinguishing the different 
isoenzymes in order to elucidate their role in biocontrol interaction is 
therefore important. To determine the differences in isoenzymes and 
properties of these extracellular proteases, the extracellular protein from 
filtrates of ME + Glu, SM + SD and SM + CW were examined by IEF and 
differential zymograms using milk overlay gels.

IEF is a high resolution, non-denaturing technique for separating proteins on 
the basis of their isoelectric points (pi). This technique was employed since 
the activity of separated protein must be preserved for subsequent detection
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T a b l e  24

Residual Glucose in 3rd Week Filtrates

3rd Week 
Culture

Glucose in Filtrate (mg/mL)

ME + Glu SM + SD SM + CWFiltrate

ELI 3.01 0 0.01
EL2 0.18 0 0.26
EL3 1.25 0 0.01
EL4 2.74 0 0.07
EL 5 2.11 0 0.03
EL6 0.84 0 0.06
EL7 0.20 0 0.01
EL8 1.57 0 0.01
EL9 0.63 0 0.00
ELIO 0.87 0 0.00

2H 2.95 0 0.29
132Q ns 0 0.06
3871 1.48 0 0.02

160M 2.35 0 0.00
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T a b l e  25

S c r e e n i n g  f o r  EC E  A c t i v i t y  o n  M i l k  + A g a r  P l a t e s  f r o m  F i l t r a t e s  o f
ME + G lu ,  SM + SD , a n d  SM + CW

C u lt u r e
f i l t r a t e

ME+Glu SM+SD SM+CW

1 s t  wk 2nd wk 3 r d  wk 1 s t  wk 2nd wk 3 r d  wk 1 s t  wk 2nd wk 3rd wk

ELI + / -
EL2 + / -
EL3 + / - + / -
EL4 + 3 + 3 + + + / - +
EL5
EL6 2 + 2 + 2 + + / - +
EL7 2 + 2 + 2+
EL8 + 2 + + / - + / - + / - + / -EL9 + + + + / -
ELIO + 3 + 2 +

2H + 2 +
132Q + / - + / - no sam p le
3871 + / - + / - + / - + / -160M 2 + 2+ 2+ + / - + / -
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on substrate overlay gel. The IEF 3-9 Phastgel is a homogenous 5% 
polyacrylamide gel containing Pharmalyte carrier ampholytes that generate 
stable linear pH gradient (pH3-9) during the run. Proteins migrate under an 
electric field, unhindered by the porous gel, to a point in the pH gradient 
that corresponds to their pi.

The protein pattern separated on IEF phastgel 3-9 from filtrates of ELI, 4, 8, 
9, 10, A. alternata and O. piceae on ME, SD and CW using 1 pL filtrate per 
lane with 8 samples per gel are shown in Figure 12. As shown, more protein 
was observed in ME filtrates than in SD or CW but the overall protein content 
was very low with hardly any protein bands observed from SD and CW filtrates. 
IEF was thus repeated using more filtrate at 4 pL per lane. Two gels with 
identical samples application were subjected to IEF at each run. One 
separation gel was developed with silver stain using the Pharmarcia silver 
stain kit for protein profile while the other separation gel was used for 
overlaying gel with milk to detect protease activity and localisation of 
protease isoenzymes. Differential zymograms from milk overlay were prepared. 
With 4 pi, filtrates per lane, ME filtrates show more protein bands on the 
protein gels and protease activities were detected on milk overlay (Figure 
13). However, the protein content of SD and CW filtrates applied were still 
too low to show distinctive protein bands (Table 26) and no activity on milk 
overlay was observed.

Filtrates from EL4, 6, and 8 on SM + SD (abbreviated as SD4, SD6, SD8) and EL8 
and 9 on SM + CW (CW8, CW9) were concentrated about 25X (via centricon with 
10,000 MW cut off) prior to application to IEF Phastgel for protein 
separation. IEF was then repeated with more filtrates (applied Apl per lane 
for 6 samples per IEF gel) and with the concentrated SD and CW filtrates.
More protein was observed on the protein gel with concentrated SD4, SD6, SD8 
and CW8 and CW9, but only SD4 and SD6 showed clearing bands of protease 
activity on milk overlay (Figure 14). Prior to concentration of SD4, SD6,
SD8, there were more protein bands observed on IEF separation gel for EL4, 6, 
and 8 growing on ME + Glu than on SM + SD. When the concentrated filtrates 
were subjected to IEF, similar number of protein bands were observed for EL4,
6 and 8 on both media, with EL4 and EL6 having proteins with broad pis while 
EL8 having mostly acidic proteins. The position of some major bands were 
different for different media, particularly for EL6, which showed a major band 
at pi 6.5 in concentrated SM + SD but not in ME + Glu. When protease activity 
was determined on milk overlay using the separated proteins, protease isozymes 
with slightly different pis were observed for the same fungus on different 
media.

The pi of the protease isozymes which showed clearing bands on milk overlay 
were estimated by comparing the positions of clearing bands on milk overlay 
and the corresponding protein bands on the protein separation gel to that of 
the IEF broad pi standards (separated on the same protein gel). The standard
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FIGURE 12
pi of
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c
Analysis of Constitutively Produced or Induced ECE Proteins via 
Protein Separation by IEF (3-9) in the Filtrates of (A) ME + Glu, 
(B) SM + SD, and (C) SM + CW; with Lane 1 - IEF broad pi standards, 
2 - ELI, 3 - EL4, 4 - EL8, 5 - EL9, 6 - ELIO, 7 - A .  a l t e r n a t a , and 
8 - 0 .  p i c e a e ;  using 1 p L  Filtrates per Lane. Protein Gel Developed 
by Silver Stain.

pi Of
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FIGURE 13
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c
Analysis of ECE Proteins via (A) Protein Separation by IEF (3-9) in 
the Filtrates of ME + Glu with Lane 1 -ELI, 2 - EL4, 3 - EL8, 4 - 
ELIO, 5 - 0 .  p i c e a e ,  and 6 - IEF Broad pi Standards, using 4 /iL 
Filtrates per Lane and Protein Gel developed by Silver Stain; and,
(B) Differential Zymogram Prepared on Milk Overlay using another 
IEF Gel with Identical Protein Samples Separated in the Same Run;
(C) Drawing of (B) showing positions of clearing bands.

pi Of
standards

3.50 —

5.85 —  6.55 —

FIGURE 14

A B

3 2 1

c
Analysis of ECE Proteins via (A) Protein Separation by IEF (3-9) in 
the Concentrated Filtrates of SM + SD with Lane 1 - EL4, 2 - EL6, 
and 3 - EL8 (using 4/xL per Lane) ; and, (B) Differential Zymogram 
Prepared on Milk Overlay with the Corresponding Separated Proteins; 
(C) Drawing of (B) showing positions of clearing bands.
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T a b l e  26

Protein Content in 3rd Week Filtrates of Filtrates of ME +Glu, SM + SD 
and SM + CW and Amount Loaded on Phastgel (Biorad Microassay)

3rd Week
Culture
Filtrates

Total Protein in Filtrate 
(mg/mL)

Protein Loaded on 
(mg/mL)

PHASTGEL

ME+Glu SM+SD SM+CW ME+Glu SM+SD SM+CW

ELI 0.07 0.01 0.01 0.26 0.02 0.03
EL2 0.05 0.01 0.00
EL3 0.03 0.01 0.01
EL4 0.16 0.07 0.01 0.64 0.28 0.02
EL5 0.22 0.01 0.00
EL6 0.10 0.03 0.01 0.40 0.10 0.02
EL7 0.03 0.00 0.00
EL8 0.13 0.01 0.02 0.52 0.06 0.09
EL9 0.12 0.00 0.01 0.50 0.01 0.06
ELIO 0.22 0.01 0.00 0.89 0.02 0.00
2H 0.08 0.02 0.01 0.32 0.06 0.02
132Q ns 0.01 0.01
3871 0.04 0.01 0.01

160M 0.42 0.04 0.03

MEDIA BLANK 0.02 0.00 0.02
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proteins with corresponding pis, starting from the anode, are amyloglucosidase 
pi 3.5, soybean trypsin inhibitor pi 4.55, /3-lactoglobulin A pi 5.2, bovine 
carbonic anhydrase B pi 5.85, human carbonic anhydrase B pi 6.55, horse 
myoglobin acidic pi 6.85, basic horse myoglobin pi 7.35, acidic lentil lectin 
pi 8.15, middle lentil lectin pi 8.45, and basic lentil lectin pi 8.65. A 
standard curve constructed with pis of protein standards vs. the distance of 
protein bands from the cathode was used to estimate the pis of the detected 
protease isoenzymes. All band measurements were made on enlarged projections 
of the photographic slides taken of the milk overlay gel and the protein 
separation gel photographed at the same magnification. The actual size 
enlargement was twice the original size of the IEF Phastgel. The estimated 
pis of the protease isozymes in filtrates of ME + Glu, SM + SD and SM + CW was 
presented in Table 27. As the photographs were not very good (Figure 12-14), 
evaluation of protease active bands was done on the pis calculated by 
measurement of bands on the gels.

Protease isoenzymes with broad pi were observed most evidently in EL4 growing 
on ME + Glu, and on SM + SD of which the filtrate was concentrated 25 fold 
prior to detection of activity on milk overlay. Two common protease isozymes 
were detected at pi 6.5 and 8.0 in both media, but EL4 also had an acidic 
protease isozyme at pi 5 in ME + Glu. Similarly, EL6 was exhibiting an acidic 
protease isozyme at pi 4.7 when grown on ME + Glu, and a slightly alkaline 
protease isozymes with pi >7 in both ME + Glu and SM + SD. As for EL8, EL9 
and ELIO, acidic protease isozymes were observed when they were grown on ME + 
Glu with estimated pi ranging from 4 to 4.4, but ELIO also had a slightly 
alkaline protease isozyme with pi >7. No protease activity was observed on SM 
+ SD for these three fungi. The majority of the observed acidic protease 
isoenzymes were produced in ME + Glu filtrates, while the predominant 
isoenzyme in SM + SD filtrates was of the alkaline type. The absence of 
protease activity from SM + CW filtrates could be due to poor growth of fungi 
producing insufficient extracellular protein with protease activity to be 
detected on milk overlay. Although the media blank showed presence of trace 
protein content (Table 26), this was insufficient to induce protease 
production. This suggests that growth of the fungi must be well established 
to secrete extracellular protein prior to induction of protease activity.

6.3.3 Protein Profile and Chitinase Activity of Separated Extracellular
Proteins on Glycol Chitin Overlay after IEF(3-9) from 3rd Week Filtrates 
of ME + Glu, SM + SD and SM + CW

As mentioned earlier, purified chitin is too complex a structure for separated 
chitinase isozymes after IEF to elicit activity on chitin overlay gels, even 
for purified chitinase (Sigma). A soluble form of chitin substrate, glycol 
chitin, was prepared and was used successfully to elicit activity on the 
overlay using separated proteins of purified chitinase after IEF. Purified
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T a b l e  27

Estimated pis of Protease Isozymes after IEF (3-9)

3rd Week 
Filtrates

pi of Protease Isozymes on Milk Overlay

ME + Glu SM + SD SM + CW

ELI NB NB NB

EL4 5.16 (cone.) NB
6.41 6.48
8.05 8.05

EL6 4.69 (FB) (cone.)
8.05 7.19

8.28

EL8 4.42 (cone.) (cone.)
NB NB

EL9 4.22 (cone.) 
NB

ELIO 4.18
7.19 (FB)

2H NB NB NB

3871 NB NB NB

cone, filtrates concentrated -25X prior to IEF
NB no clearing band
FB faint clearing band
ME malt extract medium with glucose
SM synthetic medium with hemlock sawdust or with crude cell wall from 

O. piceae 3871
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chitinase from Sigma is prepared from A. ni ge r and indicated broad pis for its 
chitin isozymes. The detection on glycol chitin overlay was visible clearly 
as individual bands corresponding to different protein bands on the separation 
gel at levels of chitinase as low as 30 mg/mL or < 0.35 Sigma chitinase units. 
The principle of activity detection is based on the binding of glycol chitin 
to fluorescent brightener 28 by affinity. After the glycol chitin is degraded 
by the chitinases that have diffused from the IEF gel to the overlay gel, the 
resulting bands are visualised on overlay gels by UV transillumination as 
nonfluorescent dark bands in a fluorescent background, because the brightener 
is bound only to undegraded glycol chitin. (No pictures were recorded for 
this evaluation of glycol chitin with purified chitinase because the overlay 
gel broke upon subsequent handling. The glycol chitin overlay gel is very 
fragile and care must be exercised when handling it. Increasing the agar 
content in the overlay gel interfered with the diffusion of enzyme from IEF 
gel to the overlay and affected elicitation of activity).

As shown in Table 28, chitinase activity was detected for most of the 
biocontrol fungi tested in the three media and the staining fungus, A. 
alternats 2H. Although there was never any true clearing of the chitin 
substrate in the substrate + agar plates, the extent of the discolored halo on 
the stained substrate was most prominent. As chitinase is the major enzyme 
that degrade extracellular cell wall, elicitation of this activity would be 
closely related to the biocontrol ability of ELI to ELIO. To investigate the 
proteins and the isoenzymes activity, filtrates of ELI, 4, 6, 8, and the 
staining fungus, A. alternats 2H, from the three media were subjected to IEF 
and subsequent determination of chitinase activity on glycol chitin overlay 
was performed.

Preliminary determinations of ECE activity on glycol chitin after IEF of 
filtrates from ELI, EL4, EL8, 2H and media blanks separately on three IEF gels 
for the three media were made using the recommended (Pan et ai., 1991) overlay 
conditions of 1.5 hour at 40°C. The results indicated one big diffuse 
clearing band of low pi, only for EL4, in ME + Glu and SM + SD, and a faint 
band in SM + CW. The detection of EL4 chitinase isozymes activity was 
repeated using overlay conditions of 1 hour at 50°C together with the three 
filtrates of EL6 on one single IEF gel for easy comparison (Figure 15). With 
these overlay conditions, the major clearing bands were not as diffuse as 
before, but they were still large probably resulting from bands focussing 
closely to each other. There were however an increase in the number of active 
bands from EL4 in ME + Glu at higher pis. These less active bands correspond 
to minor protein bands on the protein separation gel and are not from the 
major bands at pi 7 and 8. They were still visible as clearing bands on the 
glycol chitin substrate.

The pis of the identified chitinase isozymes were estimated in a similar 
manner to the proteases described in Section 6.3.2. with the IEF broad pi
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T a b l e  28

Substrate + Agar Plate Screening for Chitinase in Filtrates from 
ME + Glu, Sm + SD, and SM + CW

3rd Week Culture 
Filtrate ME + Glu SM + SD SM + CW

ELI +
EL2 + + - -

EL3 + - -

EL4 + + + + + -

EL5 + + + - -
EL6 + + + + -

EL7 + /- - -
EL8 + + + + + + +
EL9 + + + + + +
ELIO + + + + +

2H + + + + + +
132Q ns - -
3871 + - -

160M +++ + + + + + + +

70



A B
Analysis of ECE Proteins via (A) Protein Separation by IEF (3-9) in 
the Filtrates of ME+Glu in Lanes 2 - EL4, 3 - EL6, and SM+SD in 
Lanes 4 - EL4, 5 - EL6, and SM+CW in Lane 6 - EL6, with Lane 1 - 
IEF Broad pi Standards; and, (B) Activity Detection on Glycol 
Chitin Overlays as Visualised under UV Transillumination with the 
Corresponding Separated Proteins.

FIGURE 16

MW of 1 2 3 4 5 6  1 2 3 4 5 6

A B
Analysis of ECE Proteins via (A) Protein Separation by Gradient 
Native-PAGE (8-25%) in the Filtrates of ME + Glu with Lane 1 - HMW 
Protein Standards, 2 - EL4, 3 - EL6, 4 - EL8, 5 - EL9, 6 - ELIO; 
and, (B) Activity Detection on Milk Overlay with the Corresponding 
Separated Proteins.

G476F15
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protein standards, and values are given in Table 29. As the glycol chitin 
overlay gels broke prior to photography, estimated pis were calculated from 
measurements made directly on the gels. No active chitinase isozymes were 
present in the three media blanks. Only EL4 and EL6 from ME + Glu, and EL4 
from SM + SD and SM + CW showed clearing bands at pi <5. EL4 was the only 
fungus that grew well in all three media and produced ECE activity on glycol 
chitin overlay after IEF, especially from ME + Glu. This observation was 
unexpected as chitin is a major fungal cell wall component, one would expect 
production of chitinase with fungal cell wall as growth substrate to be more 
pronounced. Other fungi that showed chitinase activity on chitin + agar 
plates (Table 28) did not exhibit any activity on glycol chitin with the 
separated protein after IEF. Therefore, the filtrates were assayed for 
chitinase activity using purified chitin as assay substrate. The released 
product, N-acetylglucosamine, was estimated by the method of Reissig et al. 
(1955) and the data presented in section 6.3.5.

6*3.4 Protein Profiles and Enzymes Activities of Separated ECE Proteins on 
Glycol Chitin and Milk Overlays after Electrophoresis Using Gradient 
Native-PAGE (8-25%) from 3rd Week Culture Filtrates of ME + Glu, SM + SD 
and SM + CW

As shown by data presented in Tables 27 and 29, after IEF, the dominant 
chitinase isozymes were acidic proteins with low pi values of <5, while 
protease isozymes were neutral and acidic proteins with pis ranging from 4 to 
8. The ECE proteins induced by ME + Glu, SM + SD and SM + CW were analysed 
using PAGE (polyacrylamide gel electrophoresis) system with alkaline pH (8.9). 
Gradient gel with 8-25 % acrylamide was chosen over homogeneous gel in this 
study because it allows complex mixtures of proteins such as the crude culture 
filtrates, with a wide MW distribution, to be separated on a single gel.
Since the separated proteins were used in overlays for detection of chitinase 
and protease activity, non-denaturing native-PAGE was chosen over SDS-PAGE so 
that the biological activity would remain intact after electrophoresis.

When electrophoresis is started, ions from the buffer strips in the native- 
PAGE system migrate into the gel forming a region of uniform voltage and 
constant pH (8.8). When proteins are applied to the gel, they are 
concentrated in the stacking gel before entering the separation gel. If the 
proteins' pi <8.8, proteins become net -ve, and migrate through the stacking 
gel to reach the separating gel at which point the proteins' mobility 
decreases due to decrease in pore size in the acrylamide gradient. The 
proteins separate in the gradient gel according to their size, charge and 
conformation. The gradient sharpens the protein bands with a high resolution 
separation. When the run time is over, the protein bands' pattern becomes 
relatively constant and the migration does not stop until the method 
programmed in the Phast system is stopped.
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T a b l e  29

Estimated pis of Chitinase Isozymes after IEF (3-9)

3rd Week 
Filtrates

pi of Chitinase Isozymes on Glycol Chitin Overlay

ME + Glu SM + SD SM + CW

ELI NB NB NB

EL4 4.47 4.05
4.73 4.75 4.75 (FB)
5.11
5.71
7.35

EL6 4.47 (FB) 4.77 NB
5.71 (FB)

EL8 NB NB NB

3871 NB NB NB

Media Blank NB NB NB

NB no clearing band
FB faint clearing band
ME malt extract medium with glucose
SM synthetic medium with hemlock sawdust or with crude cell wall from 

0. p i ce ae 3871
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Proteins subject to electrophoreis must reach their pore limit, depending on 
their pi and corresponding migration rate in order to determine their 
molecular weights. Proteins with pi >7 migrate slowly in the basic 
electrophoretic system and thus required extended electrophoresis for the 
proteins to reach their pore limit. The molecular weight markers used were 
from Pharmacia high molecular weight calibration kit which included protein 
standards of albumin (MW 67,000), lactate dehydrogenase (140,000), catalase 
(232,000) ferritin (440,000), and thyroglobulin (669,000).

The induced ECE proteins in filtrates of EL4, 6, 8, 9, and 10 from ME + Glu,
SM + SD and SM + CW were subjected to gradient native-PAGE (8-25%) and the 
separated protein were used to detect chitinase and protease activity on 
glycol chitin or milk overlays respectively. Similar to the procedures in 
protein separation via IEF, molecular weights of the chitinase and protease 
isoenzymes were estimated by comparing the Rf values of active bands with the 
R.f values of the standards which was plotted against the logarithm of 
standard’s MW in a standard curve. The estimated MW of the active bands 
showing chitinase or protease activity are given in Table 30. The protein gel 
and the corresponding milk overlay are shown in Figure 16. The clearing bands 
on milk overlay for EL4 and EL6 in ME + Glu and EL4 in SM + SD are mainly in 
the area of the stacking gel. As indicated in Table 27, one of the protease 
isozyme of EL4 and EL6 was at pi 8 which was very close to the pH of the 
Phastgel for native-PAGE, thus these proteins assumed a neutral net charge and 
would not be able to migrate into the separating gel unlike the ones with more 
acidic pi of 4-6. Moreover, these ECE proteins may be of an aggregate 
conformation, a complex structure that would hinder the separation by the 
native-PAGE system. Thus the MW of these isozymes would be inaccurately 
defined as having high MW. The electrophoretic analysis of such basic 
proteins can be performed using SDS-PAGE or native-PAGE at pH4 instead of pH8.

The protein pattern of the electrophoresed extracellular protein induced by SM 
+ CW indicated a very distorted front and retarded elution even after extended 
electrophoresis and no protein bands for EL2, 4, and 7, while EL8 and 9 showed 
a few major bands of low intensity. No activity was observed on glycol chitin 
or milk overlays. When the SM + SD induced ECE of EL4, 6, 8, 9, and 10 were 
electrophoresed, only EL4 and 6 showed major protein bands and two lighter 
bands that correspond to chitinase isozyme and protease isozyme. The major 
band did not correspond to any activity bands on the overlays. There was a 
diffused band at the stacking gel for EL4 which demonstrated protease activity 
on milk overlay. For the protein pattern of the electrophoresed ME + Glu 
induced ECE of EL4, 6, 8, 9, and 10, more protein bands were observed with EL4 
having the most major bands. Similar to EL4 in SM + SD, a big diffuse band 
was observed at the stacking gel for EL4, EL6 and a faint diffuse band for 
EL8. All these bands demonstrated protease activity on milk overlay besides 
the active band also observed in the separating gel. All these protein bands 
at the stacking gel probably correspond to the protease isozymes with pi >7 in
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T a b l e  30

Estimated Molecular Weights (MW) of Chitinase and Protease Isoenzymes 
Separated by Gradient Native-PAGE (8-25%) from 3rd Week Filtrates 

of ME + Glu, SM +SD, and SM + CW

3rd Week
Culture
Filtrates

MW of Chitinase 
( kDa )

Isoenzymes MW of Protease Isoenzymes 
(kDa)

ME+Glu SM+SD SM+CW ME+Glu SM+SD SM+CW

EL4 115 155 NB 76
(941)

236
(842)

NB

EL6 NB 155 NB 267
452

(1046)

NB NB

EL8 NB NB NB 619(FB) NB NB

EL9 NB NB NB NB NB NB

ELIO NB NB NB 330 NB NB

NB no clearing band
FB faint clearing band
ME malt extract medium with glucose
SM synthetic medium with hemlock sawdust or with crude cell wall from 

O. pi ce ae 3871
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T a b l e  2 7 .

6-3.5 ECE Activity Assay Using Azocoll and Purified Chitin as Assay Substrates 
for Protease and Chitinase Activity in the 3rd Week Culture Filtrates 
from ME + Glu, SM + SD and SM + CW.

As mentioned in section 5.3.3, extracellular protein exhibiting chitinase 
activity observed on chitin + agar plates did not show activity on glycol 
chitin overlay after IEF for some fungi especially EL8, EL9 and ELIO grown on 
SM + SD. Quantitation of extracellular chitinase activity in all the 
filtrates was assayed using purified chitin as substrate and incubation at 
37°C for 1 hour. The released N-acetylglucosamine was estimated by the method 
of Reissig et ai. (1955) and the chitinase activity calculated. The use of 
dinitrosalicylic acid, DNS, (as used by Sigma to determine the chitinase units 
of their purified chitinase) to estimate reducing sugar released in the assay 
mixture was not acceptable since DNS is affected significantly by the presence 
of other reducing sugars such as cellobiose, glucose and xylose in the sample. 
It might be appropriate when using purified enzymes, but in the crude 
filtrates, interference from residual sugars or hydrolysed sugar products in 
the filtrates necessitated the use of the more cumbersome method of Reissig et 
al. involving p-dimeththyl amino-benzaldehyde (DMAB). Data are given in Table 
31 and for comparison the observations obtained from chitin + agar plate 
screenings.

The protease activity was also quantitated using AZOCOLL as the assay 
substrate. AZOCOLL is an insoluble (azo) dye bound to collagen. It is used 
as substrate for a non-specific protease assay. When the collagen is degraded 
by extracellular protease in the culture filtrates, the red dye diffuses into 
the assay mixture. The absorbance is read at 520nm and the unit of activity 
expressed as amount of enzyme catalyzing the solubilisation of 1 mg azocoll 
per minute per mL filtrate. The activity assayed from all the 3rd week 
filtrates are given in Table 32 with comparison to observations from milk + 
agar plate screening. The protease assay using AZOCOLL confirmed the plate 
screening results from EL4, 6, 7, 8, 9, and 10 grown in ME + Glu and from EL4 
and 6 in SM + SD where definite clearing were observed. The only discrepancy 
observed was for the staining fungus A. alternats 2H. For the chitinase 
assay, there was good agreement with the activity observed on chitin + agar 
plate screening for ELI to ELIO and the staining fungi grown in ME + Glu, but 
poor agreement with all other filtrates in SM + SD and SM + CW. EL4 gave the 
only good agreement between activity from chitin assay and plate screening for 
the SM + SD medium. Overall, the activity was too low to quantitate in most 
instances. This could be remedied by optimising the assay conditions.
Positive results observed on the plate screening method are not always 
detectable by the quantitative assay because it is a much less sensitive 
method.
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T a b l e  31

Comparison of Activity on Chitin Assay and Chitin + Agar Plate

3rd
week
culture

CHITINASE ACTIVITY 
nmole NAG/min/mL filtrate

filtrate ME + Glu SM + SD SM + cw

ELI 1 ( + ) 0 ( ~ ) 0 ( - )
EL2 3 (2+ ) 0 ( - ) <1 ( - )EL3 1 ( + ) 0 ( ~ ) 0 ( - )EL4 26 (2+ ) 21 (3+ ) <1 ( - )
EL5 3 (3+ ) 0 ( - ) 0 ( - )EL6 3 ( + ) 7 (3+ ) 0 ( - )EL7 2 (+/-) 0 ( - ) 0 ( - )EL8 1 ( + ) 0 (3+ ) <1 (3 + )EL9 3 ( + ) 0 (2+ ) <1 (3 + )ELIO 11 (2+ ) 0 (3+ ) 0 ( - )
2H 2 (2+ ) 0 (3+ ) 0 ( + )
132Q — — 0 ( - ) 0 ( - )
3871 2 ( + ) 0 ( ~ ) 0 ( - )
160M 7 (3+ ) <1 (4+ ) <1 (3 + )
MEDIA BLK 1 (+/-) 0 ( - ) 0 ( - )

( ) scoring of ECE activ
no sample available

2H A. alternata
132Q A. pullulans
3871 O. piceae
160M T. harzianum
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T a b l e  32

C o m p a r i s o n  o f  E C  P r o t e a s e  A c t i v i t y  o n  AZO CO LL  a n d  t h e  M i l k  + A g a r  P l a t e s

Culture
filtrates

PROTEASE ACTIVITY (units/min/mL filtrates)

ME + Glu SM + SD SM + cw

2nd WK 3rd wk 2nd WK 3rd wk 3rd WK

ELI 0 0 (+/-) _ _ — 0 ( - ) 0 ( - )EL2 0 0 (+/-) — 0 ( - ) 0 ( - )EL3 0 0 (+/-) — 0 ( - ) 0 ( - )EL4 0.57 0.63 (3+ ) 0 0.12 ( + ) 0 ( - )EL5 0 0 ( “ ) — 0 ( - ) 0 ( - )EL6 0.47 0.67 (2+ ) 0 0.08 ( + ) 0 ( - )EL7 0.45 0.55 (2+ ) — 0 ( - ) 0 ( - )EL8 0 0.24 (2+ ) — 0 ( - ) 0 (+/-)
EL9 0.01 0.01 ( + ) — 0 ( - ) 0 (+/-)
ELIO 0.51 0.65 (2+ ) -— 0 ( - ) 0 ( - )

2H 0 0 (2+ ) -  — 0 ( - ) 0 ( - )132Q 0 --- — 0 ( - ) 0 ( - )3871 0 0 (+/-) — 0 ( - ) 0 (+/-)

160M 0 0.02 (2+ ) — 0 ( - ) 0 (+/-)

MEDIA BLK. — 0 ( - ) — 0 ( - ) 0 ( - )

( )
2H
132Q
3871
160M

scoring of ECE activity 
no sample available 
A. alternata 
A. pu ll u l a n s 
0. p i c e a e  
T. h a r z i a n u m

on milk + agar plates

78



7 . 0  CONCLUSIONS  AND RECOMMENDATIONS

To determine the different types of ECE produced by the biocontrol fungi, the 
organisms were grown on various soluble and insoluble substrates that could be 
expected to induce different profiles of enzymes, and assay methods were 
optimized for enzymes that could be involved in resource capture or parasitism 
mechanisms of biocontrol. Growth of the organisms in malt extract + glucose 
was much faster and more profuse than in the synthetic media with sawdust or 
cell wall as carbon sources. More ECE activity was observed in culture 
filtrates from the ME + Glu growth medium than in those with the synthetic 
medium amended with insoluble substrates.

Five biocontrol fungi demonstrated almost the full spectrum of ECE activity 
screened, irrespective of growth medium. In descending order of active ECE 
responsible for resource capture and cell wall lysis, these five fungi were 
EL8, EL4, EL9, EL6 and ELIO.

The synergistic action between the different cell wall lytic ECE may explain 
the absence of some ECE activity on SM + CW (eg. protease). The chemical 
composition of O. pl ce ae cell wall was not known, and the presence of cell 
wall protein may be questionable. The structure of the cell wall may require 
degradation of a portion by lytic enzymes such as chitinase and /3-glucanase 
(laminarinase) to expose cell wall protein, which leads subsequently to 
induction of protease. The production of protease by most fungi growing on ME 
+ Glu and EL4 and E6 on SM + SD is probably related to the retrieval of 
mycelial protein due to senescence of fungi and not induced by specific growth 
substrates. Monitoring ECE activity within a few days of growth instead of 
weekly may be more prudent for the purposes of determining the 
constitutiveness or induciveness of ECE.

Chitinase activity detected on the substrate + agar plate method was not 
detected by quantitative assay, especially in EL8, and also not detected on 
glycol chitin overlay by isoenzymes after IEF. The plate method is a much 
more sensitive assay of chitinase activity with detection limit well below 30 
mg/mL of pure chitinase (Sigma) or <0.35 units/mL (defined as 1 mg (~2pmole)
N-acetyl-glucosamine released from 1 unit in 48 hr at pH6 and 25°C by DNS 
quantitation). The scoring of chitin + agar plates was based on the extent of 
the discolored halo observed. No definite clearing of the substrate was ever 
observed. This could indicate insufficient concentration to observe 
diffusion, or the lack of diffusibility of this enzyme. This discrepancy 
between plates and enzyme quantitative assays suggests a comparatively low 
specific activity of this enzyme (ie. units per mg EC protein). In 
retrospect, the quantitative assays could have been improved if the assay was 
performed on the old 48 hour unit basis instead of the new 1 or 2 hour assay.

79



A zymogram overlay procedure was developed for detection of chitinase isozymes 
after IEF.

In the analysis of ECE protein via IEF and native-PAGE, the protein content in 
the filtrates of SM + SD and particularly SM + CW was too low. Consequently, 
insufficient protein was present in each isoenzyme band after separation for 
effective demonstration of activity on the overlay substrates. Concentration 
of the crude filtrates via centricon with 10000 MW cut off membrane 
concentrated the salt content in the samples resulting in distortion in 
protein separation via electrofocusing (wavy bands) and also electrophoresis 
via native-PAGE (distorted front and retarded elution). Future work in this 
area should involve large volume cultures to permit many fold sample 
concentration in cases of low extracellular protein production, and clean-up 
procedures such as dialysis or column chromatography for desalting. Equal 
amount of extracellular protein of an organism from growth with different 
substrates could then be loaded on the Phastgel for separation and improved 
comparison could be made of protein pattern and activity of bands.

For extracellular proteins separated via IEF, the protein patterns differed 
according to growth on different substrates for the fungi tested. The protein 
profiles of SDI induced extracellular protein from concentrated filtrates 
showed protein bands with acidic pi only, but the number and intensity of 
bands differed between the fungi tested. There were more major protein bands 
for EL4 and EL6 than EL8, EL9 and ELIO in either ME + Glu, SM + SD or SM + CW 
and they were evenly distributed between acidic and basic pis. EL8, EL9 and 
ELIO had major protein bands with acidic pis and only a couple of bands 
towards the basic side. When concentrated filtrates were compared, all five 
biocontrol fungi had more protein bands in sawdust induced ECE proteins, and 
the least in cell wall induced ECE proteins. Intensity of major protein bands 
of all five organisms differed between different inducing substrates.

Silver stain used to develop the separation Phastgels after electrophoresis or 
IEF was too sensitive in that it only requires presence of 5ng protein per 
band to be detected. In the separation of ECE protein in the crude filtrates 
of the various fungi, a lot of bands were visible which were not related to 
the protein bands of interest, or were simply remains of migrated proteins. 
Coomassie blue staining may be a more suitable technique for the development 
of separation gels from non purified protein samples.

The results for staining organisms indicate that there may be difficulties in 
relating the ECE profile observed for candidates to mechanisms of biocontrol. 
Further work is required to determine the effects of wood substrates on the 
ECE profiles of both staining and control organisms. The methods established 
in this project will be useful in that work and in the future in rapid 
screening of ECE production by other biocontrol candidates.

80



8.0 REFERENCES

Adams, P.B. 1990. The potential of mycoparasites for biological control of 
plant diseases. Ann. Rev. Phytopathol. 28:59-72.

Anon. 1990. Guidelines for registration of naturally occurring microbial 
pest control agents, R-90-03. Agriculture Canada, Ottawa, ON.

Aronson, J.M. 1955. The cell wall. In, The fungi. Volume I, The fungal
cell. Ainsworth G.C., and A.S. Sussman, Eds. Acad. Press, New York and 
London.

Aunstrup, K. 1980. Proteinases. In : Microbial enzymes and bioconversions. 
A.H.Rose, Ed. Acad. Press, London and New York.

Beilecki, S., and E. Galas. 1991. Microbial /3-glucanases different from 
Cellulases. Biotechnology 10:275-304.

Bradford, M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilising the principle of protein-dye 
binding. Anal. Biochem. 72:248-254.

Calbiochem. 1989. Biochemical Technical Information 1989 catalog pp. 227.
Chavira, R. Jr., T.J. Burnett, and J.H. Hageman. 1984. Assaying proteinases 

with Azocoll. Anal. Biochem. 36:446.
Cook, R.J., and K.F. Baker. 1983. The nature and practice of biological

control of plant pathogens. American Phytopathological Soc. St. Paul, 
Minnesota.

Deacon, J.W., and L.A. Berry. 1992. Modes of action of mycoparasites in 
relation to biocontrol of soilborne plant pathogens. In, Biological 
Control of Plant Diseases, Tjamos, E.S. et al., eds. Plenum Press, New 
York, N.Y. pp 157-167.

Del Ray, F., I. Garcia-Acha, and C. Nombela. 1979. The regulation of /3- 
glucanase synthesis in fungi and yeast. J. Gen. Microb. 110:83-89.

Donly, B.C., and A.W. Day. 1984. A survey of extracellular enzymes in the 
smut fungi. Bot. Gaz. 145:483-486.

Elad, Y., I. Chet, P. Boyle, and Y. Henis. 1983. Parasitism of Trichoderma 
spp. on Rhizoctonia solani and S c le ro ti um rolfsii - scanning electron 
microscopy and fluorescence microscopy. Phytopathology 73:85-88.

Enari, T.M., W.M. Forgarty, and C.T. Kelly. 1983. Chapters entitled
Microbial amylases, Pectic enzymes and Microbial cellulases. In : 
Microbial En zymes and B i o t e c h n o l o g y . Forgarty, W.M., Ed. Applied 
Science, London.

Fravel, D.R. 1988. Role of antibiosis in the biocontrol of plant diseases. 
Ann. Rev. Phytopathol. 26:75-91.

Hagerman, A.E., D.M. Blau, and A.L. McClure. 1985. Plate assay for 
determining the time of production of protease, cellulase, and 
pectinases by germinating fungal spores. Anal. Biochem. 151:334-342.

Hankin, L., and S.L .Anagnostakis. 1975. The use of solid media for the
detection of enzyme production by fungi. Mycologia 67:597-607.

81



Harney, S., and P. Widden. 1991. Physiological properties of the
entomopathogenic hyphomycete Pa ec il om yc es farinosus in relation to its 
role in the forest ecosystem. Can. J. Bot. 69:1-5.

Hearn, V.M., and D.W.R. Mackenzie. 1979. The preparation and chemical
composition of fractions from As pe rg il lu s fumigatus wall and protoplasts 
possessing antigenic activity. J. Gen. Microbiol. 112:35-44.

Hearn, V.M., and D.W.R. Mackenzie. 1980. The preparation and partial
purification of fractions from mycelial fungi with antigenic activity. 
Molecular Immunology 17:1097-1103.

Kjoller, A., and S. Struwe. 1980. Microfungi of decomposing red alder leaves 
and their substrate utilisation. Soil Biol. Biochem. 12:425-431.

Lewis, J.A., and G.C. Papavizas. 1991. Biocontrol of plant diseases: the 
approach for tomorrow. Crop Protection 10:95-105.

Lewis, K., J.M. Whipps, and R.C. Cooke. 1989. Mechanisms of biological
disease control with special reference to the case of P y t h i u m  ol igandrum 
as an antagonist. In, Biotechnology of Fungi for Improving Plant 
Growth. Whipps, J.M., and R.D. Lumsden, eds. Cambridge Univ. Press, 
Cambridge, pp. 191-217.

Lumsden, R.D., and J.A. Lewis. 1989. Selection, production, formulationa nd 
commercial use of plant disease biocontrol fungi: problems and
progress. In, Biotechnology of Fungi for Improving Plant Growth.
Whipps, J.M., and R.D. Lumsden, eds. Cambridge Univ. Press, Cambridge, 
pp. 170-190.

Lynch, J.M. 1990. Fungi as antagonists. In, New Directions in Biological
Control: Alternatives for Suppressing Agricultural Pests and Diseases.
Alan R. Liss, Inc. pp. 243-253.

Lynch, J.M. 1992. Environmental implications of the release of biocontrol
agents. In, Biological Control of Plant Diseases, Tjamos, E.S., et al., 
Eds. Plenum, New York, N.Y. pp. 389-397.

Pachenari, A., and N.J. Dix. 1980. Production of toxins and wall degrading 
enzymes by Gliocladium roseum. Trans. Br. Mycol. Soc. 74:561-566.

Pan, S.Q., X.S. Ye, and J. Kuc. 1991. A technique for detection of 
chitinase, /3-1,3-glucannases and protein pattern after a single 
separation using Polyacrylamide gel electrophoresis or IEF. 
Phytopathology 81:970-974.

Papavizas, G.C. 1985. Trichoderma and Gliocladium: biology, ecology and 
potential for biocontrol. Ann. Rev. Phytopathol. 23:23-54.

Pitson, S., R.J. Seviour, J. Bott, and S.J. Stansinopoulos. 1991. Production
of /3-glucanases in Ac remonium and Ce ph al os po ri um isolates. Mycol. Res. 
95:352-356.

Powell, K .A . 1992. Biocontrol product fermentation, formulation and
marketing. In, Biological Control of Plant Diseases, Tjamos, E.S., et 
al., Eds. Plenum, New York, N.Y. pp. 381-387.

82



Powell, K.A., and J.L. Faull. 1989. Commercial approaches to the use of 
biological control agents. In, Biotechnology of Fungi for Improving 
Plant Growth. Whipps, J.M., and R.D. Lumsden, eds.Cambridge Univ. Press 
Cambridge, pp. 259-275.

Reissig, J.L., J.L. Strominger, and L.F. Leloir. 1955. A modified
colorimetric method for the estimation of N-acetylamino sugars. J.
Biol. Chem. 217:959-956.

Ridout, C.J., J.R. Coley-Smith, and J.M. Lynch. 1988. Fractionation of 
extracellular enzymes from a mycoparasitic strain of Trichoderma 
harzianum. Enzyme Microb. Technol. 10:180-186.

Roberts, D.P., and R.D. Lumsden. 1990. Effect of extracellular metabolites 
from Gl io cl ad iu m virens on germination of sporangia and mycelial growth 
of P y th lu m ultimum. Phytopathology 80:461-465.

Saksirirat, W., and H.H. Hoppe. 1991. Secretion of extracellular enzymes by 
Vert ic il li um ps alliotae Treschow and Ve rt ic il li um lecanii (Zimm.) Viégas 
during growth on uredospores of soybean rust fungus (Phakopsora 
p a ch yr hi zi Syd.) in liquid cultures. J. Phytopathology 131:161-173.

Schep, G.P., M.G. Shepherd, and P.A. Sullivan. 1984. Purification and
properties of a /3—1,6-glucanase from Pé ni ci ll iu m brefeldianum. Biochem. 
J. 223:707-714.

Seifert, K.A. 1988. Biological Control and Wood Protection. Proceedings
from the 9th Annual meeting of the Canadian Wood Preservers Association, 
pp. 124-137.

Smith, V.L., W.F. Wilcox, and G.E. Harman. 1990. Potential for biological
control of Phytophthora root and crown rots of apple by Tr ic ho de rm a and 
G l i o c l a d i u m spp. Phytopathology 80:880-885.

Sreenivasaprasad, S., and K. Manibhushanrao. 1990. Biocontrol potential of
fungal antagonists Gliocladium virens and Trichoderma longibrachiatum.
J. Plant Diseases and Protection 97:570-579.

Timell, T.E. 1967. Recent progress in the chemistry of wood hemicellulose. 
Wood Sci. Technol. 1:45-70.

Trudel J., and A. Asselin. 1989. Detection of chitinase activity after 
polyacrylamide gel electrophoresis. Anal. Biochem. 178:362-366.

Villanueva, J.R. 1966. The protoplast. In, The fungi. Volume II, The fungal 
organism. Ainsworth, G.C., and A.S. Sussman, Eds. Acad. Press, New 
York and London.

Whipps, J.M. 1992. Status of biological disease control in horticulture. 
Biocontrol Sci. Technol. 2:3-24.

Wood, P.J., and J. Weisz. 1987. Detection and assay of (1-4)-/3-D-Glucanase,
( 1-3 ) ( 1-4 )-/3-D-Glucanase, and xylanase based on complex formation of 
substrate with Congo red. Cereal Chem. 64:8-15.

83





9.1 PROTOCOL FOR THE RAPID SCREENING OF EXTRACELLULAR ENZYME (ECE) 
ACTIVITIES USING SUBSTRATE + AGAR PLATES

All materials are prepared as w/v unless otherwise specified.

9.1.1 Amylase Activity

Bacto agar at 1.5% is mixed with 0.5% potato soluble starch (Sigma) and heated 
on stirrer heater until just dissolved in 50 mM acetate buffer pH5, then 15 mL 
is dispensed into each 100x100x15 mm square petri dishes to solidify (avoid 
bubbles). After incubation with the various culture filtrates, the clear 
degradation zones at the sites of amylase activity are visualised by flooding 
the plates with 2% iodine solution for 30 min at RT where undegraded starch is 
stained dark blue.

9.1.2 Avicelase Activity

Avicel PH101 (FMC Co.) at 0.5% is mixed with 1.5% agar and heated on stirrer 
heater until the agar just dissolved in 50 mM acetate buffer pH5. The avicel 
will remain as suspension in the solubilised agar solution. To maintain 
substrate homogeneity each 15 mL is dispensed per plate while the mixture is 
stirring. After incubation the clearing zone of degraded avicel is visualised 
by flooding the plate with 0.1% Congo red (Fisher) for 60 min at RT followed 
by 2x20 min wash in 1M NaCl and finally 5% (v/v) acetic acid added to enhance 
contrast between the stained undegraded avicel and the clear degraded zone.

9.1.3 C-Glucanases Activities

For /3-1,3-glucanase activity, laminarin (Sigma) and pachyman (Calbiochem) are 
the substrates tested. For (3-1, 6-glucanase activity, pustulan (Calbiochem) is 
the test substrate. As in 1), 1.5% bacto agar is mixed with 0.5% of pustulan 
or pachyman and heated on stirrer heater until just dissolved in 50 mM acetate 
buffer pH5, then plated into square petri dishes. As for laminarin, agar is 
boiled to dissolve completely prior to the addition of the substrate and avoid 
prolong heating.

After incubation the reducing sugar released from degradation of laminarin by 
6-1,3-glucanase activity is stained red by flooding the plate with 1.5% 2,3,5- 
triphenyltetrazolium chloride in 1M NaOH for 30 min at 50°C. For culture 
filtrates containing residual sugar from the growth media, visualisation of 
the laminarinase activity will be performed with Congo red staining as 
described earlier for avicelase activity with the following modifications.

85



The Congo red staining is at 50°C instead of RT followed by only one NaCl wash 
then finally 5% acetic acid added which turns the red undegraded substrate 
blue.

The visualisation of the degradation zone on pachyman by 6-1,3-glucannase 
activity is achieved by flooding the plate with 0.1% Congo red for 60 min at 
RT and procedure followed as described in 2).

For /3-1,6-glucanase activity, pustulan (Calbiochem) is the test substrate.
The visualisation of the degradation zone is by flooding the plate with 95% 
ethanol for 60 min at RT to precipitate the undegraded pustulan which becomes 
opaque surrounding the clear degradation zone at the site of 6-1,6-glucanase 
activity.

9.1.4 g-Mannanase Activity

Yeast cell wall a-mannan from Saccharomyces cerevisae (Sigma) at 1.0% is added 
to a cooled 1.5% agar solution in 50 mM acetate buffer pH5. This substrate 
dissolves readily in the agar solution. Further heating is avoided since the 
efficiency of Congo red staining of this substrate is considerably affected. 
After incubation, the visualisation of the degraded zone at the site of a- 
mannanase activity is by Congo red staining of the undegraded mannan. The 
procedure is followed as described in 3) for laminarinase activity using Congo
red staining for 60 min at 50°C and only one wash of NaCl prior to addition of
5% (v/v) acetic acid.

9.1.5 Cellobiase Activity

Cellobiose (Sigma) is the substrate used to test for this activity. The
reagents in the Sigma Glucose Diagnostic Kit are used for visualisation of
cellobiase activity and are incorporated into the cellobiose + agar plate.
The principle for this assay is based on the following reactions :

glucose + 2H;0 + 02 oxiJa*-> gluconic acid + 2H202

H202 + o-dianisidine(colourless) pjrl,xldase , oxidized o-dianisidine(brown)

One capsule of the PGO (glucose oxidase and peroxidase) from Sigma kit is made 
up in 47 mL 50 mM acetate buffer pH5. To this solution 3.2 mL of o- 
dianisidine (0.25% in acetate) is added and protected from light (A). Agar at 
1.5% is solubilised in acetate, cool to <45°C and add in 40 mM cellobiose (B). 
If this solution is too hot the PGO enzyme added later will be inactivated. 
Equal volume of (A) and (B) is mixed and dispensed to square petri dishes.
The mixture is stirred very slowly while dispensing to avoid incorporation of
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air bubbles. Control plates with no added cellobiose are also prepared. The 
plates are protected from light and kept at 4°C until use. Hence the final 
concentration in the plate is 0.75% agar and 20 mM cellobiose. After 
incubation at RT overnight, the culture filtrates possessing cellobiase 
activity will hydrolyse cellobiose to glucose turning the colourless o- 
dianisidine to brown. A control plate with no added cellobiose is run in 
parallel to determine background glucose present in the filtrate.

9.1.6 Cellulase Activity

Cellulose azure (Sigma) at 0.5% is mixed with 1.5% agar and solubilised in 50 
mM acetate pH5 as described earlier. Prior to dispensing to square petri 
plates the solution is filtered through cheese cloth to remove large 
particulates of cellulose azure which will obstruct the visualisation of 
clearing zone after enzymatic hydrolysis. At the site of cellulase activity, 
pale blue halo against a dark blue background of undegraded substrate will be 
observed after incubation with the culture filtrates.

Carboxymethyl cellulose CMC (Sigma), medium viscosity, is used to detect 6- 
1,4-endoglucanase. Bacto agar at 1.5% is mixed with 0.25% CMC in 50 mM 
acetate pH5 and solubilised at low heat for about 60 min while stirring slowly 
to avoid bubbles. Visualisation of the degradation zone is by Congo red 
staining as described in 2).

9.1.7 Chitinase Activity

Purified chitin from crab shells (Sigma) at 0.5% is mixed with 1.5% agar in 50 
mM acetate buffer pH5 and heated until agar solubilised forming a colloidal 
suspension of chitin. Aliquots of 15 mL are dispensed per plate while the 
suspension is stirring. After incubation, chitinase activity is visualised as 
clearing zone which is more distinguishable upon staining of the undegraded 
chitin by Congo red as described in 2).

9.1.8 Hemicellulase Activity

Oats spelts xylan (Sigma) at 0.5% is mixed with 1.5% agar in 50 mM acetate 
buffer pH5 and heated until agar solubilised giving a colloidal suspension of 
xylan which is dispensed into petri plates while stirring. To visualise 
clearing zone of xylanase activity, congo red staining technique as mentioned 
as in 2) is followed.

For )3-D-Mannanase activities, konjac root powder (local Japanese grocery 
store) and locust bean gum (Sigma) are used as the test substrates,
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specifically for /3-glucomannanase and /3-galactomannanase respectively. The 
mannan powders at 1% are washed twice in 50% ethanol, resuspended in 50mM 
acetate buffer pH5 and solubilised by prolong heating at low heat. Equal 
volumes of the mannan solution and a 2% agar solution in acetate is mixed and 
then dispensed into square petri plates while stirring very slowly to avoid 
incorporation of bubbles (this solution is very viscous). Hence the final 
agar concentration is at 1% and the substrates at 0.5%. The clear degradation 
zone at the site of mannanase activity is visualised by Congo red staining of 
the undegraded substrate. The procedure is followed as in 2) except that the 
staining is performed for only 30 min instead of 50 min at RT and the NaCl 
wash increased to 3x20 min.

9.1.9 Lipase Activity

Sorbitan monolaurate (Tween 20, Fisher) at 1% (v/v) and 0.5% NaCl and 0.02% 
CaCl2 is added to a 1.5% agar solution in 50 mM acetate buffer pH5. The 
formation of insoluble calcium salts (crystals) at the site of lipase 
degradation of Tween 20 can be visualised as opaque halos against a clear 
background. The crystals can be clearly visible under low magnification (x50) 
microscopically.

9.1.10 Pectinase Activity

Pectin from apple (Sigma) at 0.5% is added to a 1.5% agar solution in 50 mM 
acetate buffer pH5 and solubilised on heater stirrer using low heat. The 
solution is plated immediately without prolong heating at 15 mL/plate. The 
visualisation of pectinase activity is by flooding the plate with a 1% 
cetyltrimethylammonium bromide (BDH) solution for 2 hour at RT. This reagent 
precipitates undegraded pectin giving an opaque background around the clear 
degraded zone at site of pectinase activity.

9.1.11 Protease Activity

Skim milk powder (Difco) at 1% is mixed with 1.5% agar in 50 mM acetate pH5 
and solubilised on heater stirrer at low heat stirring very slowly. Boiling 
must be avoided because the skim milk protein will be denatured and staining 
of the undegraded substrate is less efficient. After incubation with the 
culture filtrate, visualisation of the clearing zone of protease activity can 
be enhanced by Congo red staining as described in 2).
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9.2 PREPARATION OF CRUDE CELL WALL FROM OPHIOSTOMA PICEAE 3871 
(Method modified from Hearn and Mckenzie 1979, 1980)

9.2.1. Growth and Harvesting of O. piceae Fungal Cell Mass 
(All procedures to be performed aseptically)

1) Two OA oatmeal agar plates (60x15mm) are inoculated with O. pi ce ae 
3871 and grown for 2 weeks at 27°C (presence of synnemata).

2) Cultures on both plates are macerated in 70-100 mL sterile dH20 in 
a blender at high speed for 2X30 sec.

3) Prepare MYG media which contains malt extract 10 g, yeast extract 
4 g and glucose 4 g, per litre.

4) Use 50 mL macerated O. pi ce ae to inoculate 1 litre of MYG and 
incubate at 27°C for 1 week at 100 rpm.

5) Cultures are checked for bacterial contamination microscopically 
and by inoculation into liquid culture tube of
peptone/glucose/yeast extract (l%/2%/0.4% at pH7) and incubate at 
37°C for 24 hr. Sign of cloudiness indicates bacterial 
contamination. The checked cultures are then centrifuged at 
10,000 rpm for 10 min at 4°C. Discard the supernatant.

6) The packed pellet is loosened by vortexing in appropriate amount 
of 10 mM PBS (phosphate buffered saline) pH7.5 containing 0.002% 
merthiolate and washed into a blender and macerated for 3x30 sec. 
(10 mM PBS is prepared by dissolving 8 g NaCl, 0.2 g KC1, 1.44 g 
Na2HP04.2H20 and 0.2 g KH:P04 in 1 L of H;0) .

7) The macerated fungal cell mass is then centrifuged at 10,000 rpm 
for 10 min at 4°C and rinsed with PBS/merthiolate with vortexing 
to loosen the pellet. The centrifuging and washing step is 
repeated twice and the washed pellet is reconstituted with 250 mL 
PBS/merthiolate and the dry weight determined.

9.2.2 Breakage of the O. piceae Cell Mass to Release Cell Wall

Reagents :
1) Calcium/acetic acid buffer concentrate, in 100 mL dH20 dissolve 1 

g CaCl;, 2.05 g CH3COONa and 1.41 mL glacial CH3COOH.
2) Sucrose stock 50% in dH;0.
3) Merthiolate 0.008% in dH.O.
4) Calcium buffer : 30 mL calcium/acetic acid buffer concentrate

60 mL sucrose stock
75 mL merthiolate
Make up to 300 mL with dH,0 and adjust pH to 6.5.

Procedure :
1) Appropriate volume of reconstituted cell mass giving 4 mg mycelia
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(calculated by the dry wt. determined earlier) is vacuum filtered 
through glass fibre filter paper 934-AH (Whatman) to remove excess 
liquid.

2) The 4 g mycelia is peeled off the filter paper and transferred 
into a chilled Duran bottle (70 mL vol.) containing 35 mL chilled 
glass beads of 425-600 microns, and resuspended in 15 mL calcium 
buffer with no protease inhibitor (phenylmethyl sulfonyl fluoride) 
added since this preparation will be used subsequently as growth 
substrate for ELI to ELIO.

3) The mycelia is then homogenised using the Braun cell Homogeniser 
at a speed of 4000 rpm for 30 sec 12 times (a total of 6 min), 
checking periodically for warming up of the homogenate. The 
homogenate is kept cool with a stream of liquid C02.

4) After the 6 min homogenisation, the homogenate is separated from 
the glass beads by filtration through double-layered nylon 
stocking, mounted between the Buchner funnel cup, and rinsed 
sparingly with calcium buffer. The combined rinse and homogenate 
is checked under the microscope for intact pieces of mycelia, 
absence of which indicates an efficient homogenisation.

5) The rinses and homogenates from all the resuspended mycelia is 
combined and centrifuged at 2000 rpm for 15 min at 4°C. The 
supernatant is discarded.

9.2.3 Isolation and Purification of O. piceae Cell Wall

The following scheme of extensive washing steps is performed on the combined
homogenates to isolate and partially purify the fungal cell wall of O. piceae.

The traditionally used PBS/merthiolate is not employed in this procedure since
the crude cell wall prepared will be used as growth substrate subsequently.

1) The homogenates are resuspended in dH,0 , mix thoroughly by 
vortexing, followed by centrifugation at 1800 rpm for 12 min at 
4°C to discard the supernatant. This centrifugation washing step 
is repeated 5 times.

2) After the 6th wash, the pellet is resuspended in water and 
sonicated 5x1 sec followed by centrifugation as in 1). The 
centrifugation washing step in 1) is repeated until the 12th wash 
and the resuspended pellet is sonicated 5x1 sec again.

3) The sonicate is then centrifuged as in 1) and the washing 
continued to the 16th wash and the pellet resuspended in water in 
a round bottom flask ready for lyophilization.

4) The lyophilized crude cell wall of O. piceae is kept desiccated in 
the freezer until use.
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9.3 PROTEASE ASSAY BY THE AZOCOLL METHOD
(from Biochemical Technical information of the 1989 CalBiochem catalog)

Reagents:

1) Azocoll, substrate for non-specific protease assay (azo-dye-bound 
collagen) of <50 mesh (Calbiochem #19493)

2) 100 mM phosphate buffer at pH7
3) Protease (Sigma P-4032) from Aspergillus oryzae, 2 mg/mL in buffer

Procedure:

1) To tubes containing 5 mg pre-weighed azocoll add 0.5 mL each of 
buffer and sample. Blank tube has 1 mL of buffer and no enzyme. 
Standard curve is constructed with tubes containing 0, 0.5, 1.5,
2, 3, 4, 5 mg azocoll plus 1 mL of protease (Sigma) made in 
buffer.

2) Incubate tubes in a water bath at 37°C for 5 min followed by 
gentle vortexing and avoid azocoll getting along sides of tubes, 
repeat twice to a total of 15 min incubation at 37°C. Place 
immediately in an ice bath.

3) Filter the red coloured reaction mixture, containing the released 
red dye from solubilized azocoll, through Pasteur pipette plugged 
with glass wool or brief centrifuging the mixture in 
microcentrifuge to remove residual unsolubilized azocoll.

4) Read the absorbance of filtered reaction mixture at 520 nm with 
the spectrophotometer zeroed with the blank containing azocoll and 
buffer only. One unit of protease = amount of enzyme catalyzing 
the solubilization of 1 mg azocoll per min per mL culture filtrate 
during the 15 min assay at 37°C by one mL of filtrate.
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9 . 4  G LY C O L  C H I T I N  S Y N T H E S IS

(Trudel and Asselin, 1989)

Regents :

1) Glycol chitosan (Sigma G-7753).
2) Glacial acetic acid (BDH) made into 10% v/v.
3) Acetic anhydride (Sigma A-6404).
4) Methanol (BDH).
5) Sodium azide (Sigma S-2002).

Procedure:

1) Dissolve 5 g glycol chitosan in 100 mL 10% acetic acid by grinding 
in a mortar.

2) Cover the viscous solution and leave at room temperature 
overnight.

3) Slowly add 450 mL methanol to the viscous solution and mix gently.
4) Vacuum filter the solution through Whatman #4 filter paper.
5) Transfer the filtrate into a beaker and add in 7.5 mL acetic 

anhydride while stirring (on magnetic stirrer), upon which geling 
of the filtrate occur.

6) Allow the gel to stand at room temperature for 30 minutes.
7) Cut the gel into pieces with a spatula.
8) Discard the water extruding out of the gel.
9) Transfer the gel pieces to a Waring blender, cover with methnol, 

and blend to homogenise for 4 minutes at high speed.
10) Centrifuge the homogenised suspension at 27,000g for 15 minutes at 

4°C.
11) Resuspend the gelatinous pellet in 1 volume of methanol (450 mL) 

and homogenise and centrifuge as in step #10.
12) Resuspend the pellet in 500 mL distilled water containing 0.02% 

sodium azide as preservative.
13) Homogenise the suspension in blender for 4 minutes and keep at 4°C 

until use. This is the final 1% (w/v) stock solution of glycol 
chitin.
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9.5 N-ACETYLGLUCOSAMINE ASSAY (REISSIG ET AL., 1955Ï FOR THE ESTIMATION OF 
CHITINASE ACTIVITY

Reagents:

1) Purified chitin from crabshell (Sigma C-3641) : stock solution at
0.5% w/v in acetate buffer.

2) 50 mM acetate buffer pH5 (2.87 mL/L glacial acetic acid + NaOH 
pellets to pH5)

3) 10 mM borate buffer pH9.1 (0.62 g/L boric acid + KOH pellets to 
pH9.1) .

4) 800 mM potassium tetraborate (Sigma P-5754) : 244.4 g/L in borate 
buffer pH9.1.

5) p-dimethylaminobenzaldehyde, DMAB (Sigma D-8904) : make up stock
solution at 10 g/100 mL glacial acetic acid containing 12.5 mL 10N 
HC1, which will be diluted 9X with glacial acetic acid just prior 
to use.

6) N-acetylglucosamine, NAG (Sigma A-8625) : stock solution made up 
at 2 /umole/mL (or 0.442 mg/mL) in acetate buffer. NAG standard 
curve is constructed with 0.2, 0.4, 0.6, 0.8 and 1 ^mole/0.5 mL in 
the assay.

Procedure :

1) Prewarm 0.25 mL culture filtrate in a 13x100 mm test-tube at 37°C 
for 5 min, then add in 0.25 mL prewarmed chitin substrate and 
incubate further for 60 min in 37°C water bath without shaking. 
Enzyme (or filtrate) blank has no added chitin substrate while 
substrate blank has no filtrate, and the volume made up to 0.5 mL 
with acetate buffer.

2) To determine the released NAG from chitin after the 60 min 
incubation, 0.1 mL of potassium tetraborate is added to each tube 
and the tubes are boiled for 3 min and then cooled in running tap 
water.

3) To each tube add 3 mL of diluted DMAB reagent while mixing and the 
tubes are immediately incubated in 37°C bath and after exactly 20 
min the tubes are cooled in tap water.

4) The content of each tube is centrifuged briefly (at 4°C) to remove 
undegraded chitin and the absorbance of the reaction mixture read 
at 544 nm immediately. The spectrophotometer is zeroed with the 
buffer blank containing 0.5 mL acetate + 0.1 mL borate + 3 mL 
DMAB.

5) The standard curve is constructed using 0.5 mL each of 0, 0.2,
0.4, 0.6, 0.8, and 1 pmole NAG in acetate. One unit of chitinase 
activity = one pmole NAG released per min per mL enzyme during the 
60 min assay at 37°C by 0.25 mL filtrate and 0.25 mL chitin.
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9 . 6  T O T A L  P R O T E IN  A S S A Y  BY  B IO RAD  M ICRO ASSAY  METHOD

Reagents :

1) BioRad protein assay dye reagent concentrate (no dilution to five 
fold with water for the microassay procedure)

2) Bovine serum albumin, BSA, lyophilised (Sigma) - stock solution at 
1 mg/mL in dH:0 and make up to 5, 10, 20, 40 ,60 ,80 pg/mL as the 
standard curve.

Procedure :

1) Pipet 160 pL of dH;0 in blank well (well A1 in 96 wells 
microplate).

2) Pipet 160 pL of each BSA standards to triplicate wells and 160 pL 
of appropriately diluted samples in duplicate wells to the rest of 
the plate.

3) Pipet 40 pL of the concentrated dye reagent to each of the filled 
wells using the 8-channel multi-pipet.

4) Thorough mixing of the sample-dye solution is achieved by 
pipetting the solution up and down the pipet tips several times, 
avoiding build up of bubbles which will give inaccurate absorbance 
readings. Pipet tips are changed between samples.

5) The absorbance is measured at 630 nm using a microplate reader 
within 5 to 60 minutes after mixing and using the blank well A1 
for zeroing. Standard curve is prepared for each plate used.
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9.7 GLUCOSE DETERMINATION BY SIGMA DIAGNOSTIC KIT (VIA GLUCOSE OXIDASE 
PEROXIDASE REACTIONS

Reagents :

1) PGO enzymes (Sigma): capsules of glucose oxidase peroxidase 
mixture to be made up in 100 mL dH.O per capsule.

2) o-dianisidine dihyrochloride (Sigma): add 4 mg of this color 
reagent to 100 mL of PGO solution and protect from light.

3) Glucose, anhydrous (Fisher): stock solution at 1 mg/mL dH20 and 
make up to 25, 50 and 100 pg/mL standard solutions.

Procedure:

1) Pipet 20 pL dH.O in blank well (Al) of 96 wells microplate.
2) Pipet 20 pL of each standard solutions to triplicate wells.
3) Pipet 20 pL appropriately diluted samples to duplicate wells at

the rest of the plate.
4) Pipet 200 pL PGO-color reagent to all wells and incubate at 37°C 

for 30 minutes or at room temperature for 45 minutes in the dark.
5) Read absorbance with microplate reader at 490 nm using the blank 

well Al for zeroing.
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1.0 INTRODUCTION

This work is being performed under the FC Project, Forintek Canada Corp. Project No. 
3212K205. The general objective of this continuing project is:

"To isolate and characterize metabolites involved in the mechanism of biocontrol. To 
determine whether extracellular enzymes are involved in the mechanism of biocontrol. 
To determine whether any identified metabolites are known mycotoxins."

This report summarizes progress under one of the work tasks, namely:

"Assays for the production of siderophores will be developed. Isolation procedures 
for the recovery of siderophores from media and wood will be reviewed. Selected 
leads will be grown in media and on wood to allow the isolation and characterization 
of activity of siderophores produced."

Siderophores, metal chelating compounds, have been implicated in resource capture and 
competition mechanisms of biocontrol. Knowledge of their production by a lead organism 
could be of value with respect to understanding the operative mechanism of biocontrol. 
Additionally, establishing that candidates are producing this type of compound is beneficial in 
the fractionation, or isolation of produced metabolites. At the start of this work, only an 
isolate of the species to which EL9 and 10 belong had been reported to produce siderophores 
(Jalal e t a l ,  1986, 1987).

The approach planned for this study was as follows:

1. Develop assays for the detection of siderophore production, (i) universal 
assays, (ii) specific assays.

2. Isolate and screen the siderophores produced.

3. Characterize the produced siderophores.

4. Determine whether they play a role in the mechanism of biocontrol.
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With respect to the biocontrol initiative the question is whether the siderophores would be 
produced in production media or on wood. If they are produced, knowledge of methods to 
isolate and characterize them from liquid media is required to subsequently enable their 
detection on wood.

2.0 PROGRESS TO DATE

2.1 ASSAYS FOR THE DETECTION OF SIDEROPHORES

Initially, an agar plate assay using Chrome azurol S (CAS) was established (Schwyn and 
Neilands, 1987). The results of this assay were difficult to interpret and extremely difficult 
to quantify for the lead fungi. For our use in isolating metabolites liquid assays are 
preferable, therefore, using model compounds a universal liquid CAS assay (Schwyn and 
Neilands, 1987) was established and for comparison a non-specific ferric chloride assay 
(Holzberg and Artis, 1983). Subsequently, specific assays were established for detection of 
phenolate-type siderophores (catechol and 2,3-dihydroxybenzoate assays) and hydroxamate 
derivatives (hydroxamic acid assay) (Holzberg and Artis, 1983).

Culture filtrates produced under other work tasks of this project for the detection of 
extracellular enzymes and production of metabolites in other defined media were screened 
using these assays. All the leads, EL 1 to 10, appeared to produce siderophores of the 
hydroxamate-type. Of the staining fungi assayed for comparison Ophiostoma piceae 387i, 
Alternaria alternata 2h, and Hormonema dematioides 742b also produced siderophores.

To confirm these results, possible interferences (media pH, carbohydrate and protein 
contents) were examined. These were not interfering with the assays. To confirm that 
siderophores were being produced, iron concentration dependency studies of production were 
made for selected fungi using the approach of Fekete et al. (1989). Selected organisms were 
grown in a defined medium omitting the recommended iron salt (Highley, 1973) but 
supplementing with the various concentrations of iron salts (0, 30, 50, 100 pM) used by 
Fekete et al. (1989). For those leads examined, (ELI, EL4, EL6, EL7, EL8, EL9, and 
ELIO) the correct iron dependency behaviour for siderophore production was observed. Lead 
EL5 failed to grow in these media. By specific assays, the candidates all produced 
hydroxamate-type siderophores. Because the fungi appeared to be most sensitive to iron in 
the concentration range 0 to 30 pM, ELI, EL2, EL4, and EL8 were grown in media 
supplemented with 0, 10, 20, and 30juM iron and at 15 and 28°C. In all cases, siderophore 
production was detected, and together with the correct iron dependency of production.
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2.2 ISOLATION AND SCREENING OF SIDEROPHORES PRODUCED BY 
SELECTED LEAD FUNGI

Isolation procedures for siderophores were reviewed. At this time to reflect the concerns of 
the Forintek biocontrol initiative, effort was concentrated on leads ELI, 4, and 8, and for 
comparison EL2. For these leads, a method was applied to isolate the produced siderophores 
as the ferric complexes by ion exchange using XAD-2 resin (Konetschny-Rapp et a l ,  1988). 
TLC of the extracts indicated some similarity in the extracts of EL2, 4, and 8.

To get improved profiles of the chemicals present in the extracts, the ferric complexes 
obtained of siderophores of ELI, 2, 4 and 8 were profiled using a published HPLC method 
(Konetschny-Rapp et al., 1988). This method uses a phosphate buffer:acetonitrile gradient 
which was modified for our system and columns. Unfortunately, the method did not use any 
referencing system (e.g. alkylphenones) except for commercially unavailable siderophore 
standards. Therefore it was not possible to identify the components present.

2.3 CHARACTERIZATION OF THE SIDEROPHORES PRODUCED

In an attempt to identify the complexes produced by our leads two approaches were taken. 
Firstly, samples of authentic complexes were requested from several laboratories; to date, two 
samples have been received. Secondly, arrangements were made to run LC-MS of samples at 
NRC (Ottawa).

Prior to running samples at NRC: a) alternative solvent systems and gradients were developed 
using ammonium acetate:acetonitrile that were compatible with the thermospray interface and 
provided a comparable separation of our mixtures; b) iron-free siderophores were isolated for 
EL8 using an alternative isolation procedure (Konetschny-Rapp et a l ,  1992).

The use of LC-MS, using a thermospray interface, to identify our materials was not 
successful. Attempts to analyze the two authentic standards and the iron-free and iron- 
complexed siderophores from EL8 demonstrated that these materials are too labile to tolerate 
the thermospray interface.

The inability to identify the siderophores by this technique leaves a laborious alternative, 
(unless further standards are received). The siderophores of the leads will have to be 
obtained on a sufficient scale to allow isolation of individual components (by preparative LC 
with alternative non-acidic solvents) that can then be subjected to either LC-MS using an 
electrospray interface or FAB-MS.
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The feasibility of preparative LC was demonstrated. A suitable separation was obtained for 
samples from EL8 using an adaption of a reversed phase gradient method using 
methanol:water (Jalal et a l ,  1984, Jalal and van der Helm, 1991).

2.4 WORK IN PROGRESS

While this work was in progress isolation of siderophores from several Trichoderma species 
was reported (Anke et al., 1991). Specific siderophores were reported for isolates that were 
from the same species as two of the biocontrol leads. These compounds could therefore be 
the same or similar to some of those produced by some of the biocontrol leads. Therefore, 
isolates of these fungi from the Forintek culture collection were grown in iron deficient media 
to provide extracts for profiling by HPLC as standards.

The selected lead fungi have been regrown under iron-limited conditions to provide material 
for isolation of siderophores in iron-free form. Comparison of the results from this with the 
iron-complexed material and profiling of each will allow comparison with the Trichoderma 
strains. These extracts will also allow development of methods to be used for detection of 
siderophores if they are produced when the leads are grown on wood. If these siderophores 
can be isolated in the iron-free form, potentially bioassays to investigate their involvement in 
mechanisms of biocontrol can be designed.

Iron-deficient cultures have been grown for three representative staining organisms. These 
will be harvested and extracted. These will be analyzed by HPLC and compared with the 
results for the Trichoderma and lead species. If the Trichoderma species and/or stainers and 
leads have the same iron chelating compounds, the results will have implications with respect 
to the importance of siderophores in the mechanisms of biocontrol of sapstainers by the lead 
organisms of the Forintek biocontrol initiative.

4.0 CONCLUSIONS

Hydroxamate-type siderophores have been detected from all the biocontrol leads ELI to ELIO. 
This is the first time siderophores have been detected from isolates belonging to the species 
represented by isolates of ELI, EL4, EL5, EL6, EL7, and EL8.

Crude siderophores have been isolated in Fe-free and Fe-complexed forms for selected leads. 
HPLC methods have been developed for profiling (and purification) of siderophores.
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Siderophores have been detected for the first time from three of the staining organisms used in 
this study.
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EXECUTIVE SUMMARY

Knowledge of the metabolites of biocontrol leads ELI, 4 and 8 are summarized to 
support the selection process of the lead for further development in the Forintek 
Biocontrol Initiative.

Information given covers: a rationale for selection between leads; a summary of
regulatory requirements for product registration; a summary of information 
presently known on the metabolites of the leads; a critique of present 
shortcomings and limits in our knowledge; conclusions and recommendations of work 
to substantiate the choice of lead organism.

There is extremely limited information on the metabolites of these lead 
organisms. Its relevance to the requirements for registration is limited.
At present, it is not possible to differentiate between the lead organisms on the 
basis of the knowledge of the metabolites.

Efficacy of the leads in antisapstain tests should be the leading selection 
criteria, for the present.
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1.0 INTRODUCTION

Since 1986, Forintek has screened and studied fungi for biocontrol agents as 
alternatives to chemical treatments for protection of freshly sawn lumber against 
sapstaining organisms. Selection and concentration of resources on the organism 
from the present leads with the perceived "best potential" for successful 
application is essential to enhance development of a biocontrol agent. To 
support this development, the metabolites produced by the three currently most 
favoured lead organisms, ELI, EL4, and EL8, are being studied.

The objective of this paper is to summarize present knowledge of the metabolites 
of the three lead organisms as background information for the selection process. 
The information presented covers: a rationale for selection between leads; a 
summary of regulatory requirements for product registration; a summary of 
information presently known on the metabolites of the leads; a critique of 
present shortcomings and limits in our knowledge; conclusions and recommendations 
of work to substantiate the choice of lead organism.

2.0 SELECTION RATIONALE

For the purposes of this paper the selection rationale has only two basic 
considerations, namely, EFFICACY and "EASE" OF REGISTRATION.

2.1 EFFICACY

The efficacy of a lead is probably the most important factor in whether a lead 
merits further consideration and will be determined by investigations under the 
"Forintek Biocontrol Initiative". Efficacy will not be determined by the study 
of metabolites. Their study is required for registration, and to aid in product 
development, or improvement.

If efficacy is limited for all leads, then the ease of enhancement to an 
acceptable performance level will dictate choice. If means of performance 
enhancement are necessary (for example: strain improvement; integration with 
another agent, chemical or biological), consideration will be required of their 
impact on the second criteria.

2.2 "EASE" OF REGISTRATION

Naturally occurring microbial pest agents are regulated under the purview of the 
"Pest Control Products Act and Regulations". The objective of registration is 
to address health and safety considerations relating to human and environment 
issues.

Microbial pesticides are generally considered to be environmentally safer and 
more benign than chemicals, and therefore require less scrutiny and testing than 
chemical agents. The widely held belief of the ease and lower cost of 
registration as indicated in some literature based on the original rationales in 
favour of biocontrol agents may in some cases be transitory or illusionary at 
best (Cunningham, 1989; Miller, 1990; Lewis and Papavizas, 1991; Lynch 1992; 
Papavizas 1992). Essentially, the biocontrol agent should not produce or act by
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means of a toxic metabolite. Simplistically, from our screening the lead 
organism which does not produce known toxins, or produces the least toxic 
material should be favoured. In the latter case the material's role or relation 
to mechanism needs to be established.

3.0 REGULATORY REQUIREMENTS

In August 1990, Agriculture Canada issued "Guidelines for Registration of 
Naturally Occurring Microbial Pest Control Agents", R-90-03. This document 
describes the requirements for registration of products regulated under the Pest 
Control Products Act and Regulations.

The basic provisions for regulation are a case-by-case evaluation with tiering 
of test requirements for health and safety testing relating human and 
environmental issues. The regulations require for registration of all products 
an understanding of the general mechanism and the product must pass the Tier I 
toxicology package. Initial submissions will, in general, include results for 
all Tier I tests (Tables 1 and 2). If positive results are found in Tier I then 
follow-up tests from Tier II may be necessary with progression to higher tiers 
as necessary. Waivers may be granted for certain data provided these are 
supported and accompanied by a sound scientific rationale.

For environmental toxicology it is recognized that the effects of a microbial 
pest control agent on a nontarget organism can be expressed in terms of 
infectivity, pathogenicity /1oxici t y , and hypersensitivity. 
Pathogenicity/toxicity is expressed as direct injury to the nontarget organism 
of an acute, subacute, or chronic nature, as a result of the actions of the 
microbial agent or the toxins produced by the microbial agent. For a microbial 
pest control agent infectivity and pathogenicity are the prime concerns.

All testing requires the use of individual active ingredients (AI) and/or the 
formulated product (FP). In some cases the testing and/or identification of 
residues is required.

The regulatory approval process is at present a dynamic ongoing process. 
Considerable interaction between the applicant and the regulators is required. 
Guidelines are not fully developed for some tests and study protocols are still 
under consideration for inclusion.

For consideration of the favoured leads within the regulatory framework, three 
definitions are important:

"Active ingredient: Microbial entity (organism and any associated 
metabolites) to which the effects of pest control are attributed inclusive 
of any growth media required to maintain viability or activity of the 
microorganism."

"Formulations : Mixture of active ingredients and other ingredients in the 
formulation of the control product."

"Residues: Relates to the number of microbial organisms or identifiable 
parts thereof, alternatively, where appropriate, may relate to measurable 
quantity of a representative chemical component or metabolic byproduct of 
the microbial pest control agent."

2
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Tier I Requirements for Registration of Microbial Pest Control Agent 
Related to Human Health Safety Testing

T a b le  1

Code Test Product Type

3.7.2 Infectivity/Toxicity

Acute Oral AI, FP
Acute Dermal AI, FP
Acute Inhalation
30 Day Multiple Dose Level Oral

AI, FP

Infectivity and Toxicity AI

3.7.3 Intraperitoneal Infectivity AI
Intracerebral Infectivity AI

3.7.4 Irritation
Ocular FP
Dermal FP

3.7.5 Hypersensitivity and Immunological
Effects
Delayed FP

3.7.7 Genotoxic Potential

3.7.8 Exposure Assessment
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Tier I Requirements for Registration of Microbial Pest Control Agent 
Related to Environmental Toxicology

T a b le  2

Code Test

7.1 Avian

Oral pathogenicity/toxicity 
Intraperitoneal

7.2 Fish

7.2.5 Infectivity/toxicity

7.3 Invertebrates

7.3.6 Microorganisms

7.3.7,8 Aquatic Invertebrates

7.3.9 Terrestrial Invertebrates

7.4 Algae

7.5 Nontarget Plants
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Under the guidelines specific areas where knowledge is required that can be 
related to metabolites are summarized in Table 3:

Regulators are concerned with human, animal, and plant exposure, in production 
of the formulated product, the production wastes, and in use. Unfortunately, the 
real problem lies in deciding the degree of risk these agents may pose in the 
face of a very limited amount of factual information on the effect of these fungi 
on vertebrates including man (see Section 5.6). With respect to metabolites, the 
areas of concern would include the process for the production of the fungi where 
the highest concentrations are likely to be present, the transportation of the 
product where they may be regarded as noxious substances, and operations where 
hazards might arise through direct respiratory toxicity to workers by inhalation 
of droplets or through dermal or ocular toxicity (see for example: Austwick, 
1980; Ciegler et al., 1983; Solomon, 1990; Sorenson, 1990; Lacey, 1991).

Without specific knowledge of the formulated product, the areas of most concern 
with fungal agents are the inhalation of fungal spores, and perhaps metabolites. 
These can cause a range of respiratory symptoms depending on the species, the 
circumstances of exposure, and the immunological reactivity of the subject. 
Symptoms may also develop insidiously to give chronic allergic alveolitis, 
without previous acute symptoms, perhaps as a consequence to prolonged exposure 
to relatively low spore concentrations. Stored products can form vast numbers 
of spores but their numbers and types can change with storage conditions, degree 
of disturbance, and ventilation. Allergic alveolitis may be caused by 
basidiospores of mushrooms which spore abundantly, or by slimy fungi in aerosols 
formed by showers or humidifiers or by sawmills. Some of the earliest forms of 
allergic alveolitis described involving fungal exposure were in sawmills. 
However, the role of fungi in the allergic alveolitis of woodworkers is 
controversial. Some fungi may carry mycotoxins in their spores and consequently 
possible hazards to health on inhalation.

A difficulty that needs to be addressed for registration is the perception of 
some experts that fungi from the families of leads EL4 and 8 are aggressive toxin 
producers and therefore should not merit attention unless it can be proven the 
isolate used does not produce toxic metabolites (Miller, 1990; Lynch, 1992). 
Others have argued against this position and the concern with mechanism. For 
example, Schroth (1992) states:

"..it is not likely that a thorough understanding of how one organism is 
antagonistic to another would be obtained without years of study and even 
then a conclusion would be doubtful"

"If regulatory agencies were to become concerned with toxins, antibiotics, 
etc. that are produced by BCAs in laboratory studies, then virtually no 
organism would be tested in the environment because almost all produce 
metabolites that can be shown in vitro to affect other organisms, 
depending in part on the experimental procedures and selection of media."

Some members of the Trichoderma and Cl io cl ad iu m genera have been extensively 
studied. Some strains do produce potentially toxic metabolites (Turner, 1971; 
Turner and Aldridge, 1983; Taylor, 1986), and the genera do include strains which 
are potential allergens (Hyde, 1972; Hellenbrand and Reade, 1992), but strains 
being exploited have gained regulatory clearance in some countries (Lynch, 1992. 
N.B. The uses and regulatory requirements were not stated).

5
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Specific Areas of Registration in Which Knowledge of the Metabolites is
Required

T a b le  3

Section Rationale

Part 2 AGENT SPECIFICATIONS, MANUFACTURING METHODS AND QUALITY CONTROL

2.12 Manufacturing Methods

2.13 Specifications on Active Ingredient of Microbial Control Agent

d) includes mode of action
e) potential production of toxins or metabolic products or 
toxins which may be hazardous to humans, the environment or 
nontarget species

2.14 Quality Control

"Data from analyses of typical production batches to
demonstrate integrity of active ingredient and freedom from 
harmful contaminants or extraneous materials"

Part 3 HUMAN HEALTH SAFETY TESTING

3.7.2 Infectivity/Toxicity
"assess capability to produce toxins that effect humans"

3.7.4 Irritation
"metabolites and or by-products could act as irritants"

3.7.5 Hypersensitivity and Immunological Effects
"metabolites and or by-products, residues and contaminants
could all act as allergens"

3.7.7 Genotoxicity
"Microbial organisms are known to produce toxins and /or 
metabolic (by)product(s) some of which have genoxtocity"

3.7.8 Exposure Assessment

Part 7 ENVIRONMENTAL TOXICOLOGY

Pathogenicity/toxicity
"as a result of the actions of the microbial agent or the 
toxins produced by the microbial agent"
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A positive move against this view is the recent registration of Gliocladium 
virens in the U.S. for use against damping-off of plants caused by Pythium 
ultimum and Rhizoctania solani. The isolate used is known to act by antibiotic 
production (Whipps, 1992).

4.0 PRODUCT DEVELOPMENT

Critical to product development is the selection of the most efficacious lead. 
The level of performance required for selection must be defined. The process of 
development or formulation cannot improve an ineffective strain (Powell, 1992).

Study of metabolites can aid in selection, by providing knowledge of the 
mechanism involved in biocontrol, and essential components that must be produced 
by the fungus, or nutrients required to achieve successful application. Study 
of the role of metabolites in mechanism is extremely difficult. Definition of 
the mechanism of action itself for biocontrol agents against sapstainers is 
problematic, see Section 5.1.

Study of metabolites is required for registration and is hampered because of the 
lack of a defined product concept. Testing for metabolites is needed with 
respect to the manufacture, storage, delivery, wastes, and handling and exposure 
in use of the formulated product.

Consideration is required of the form in which the organism is going to be 
manufactured and the effects of any agents added to ensure the efficacy of the 
product and their effects on the metabolites produced, e.g. nutrients, niche 
clearing agents, desiccants or hydration agents, etc.

Obviously, this is a "Catch-22" situation. Without knowledge of the end-product 
study of the metabolites is a hit-and-miss affair. But, any knowledge generated 
can be relevant. The underlying need apparent from the voluminous literature on 
biocontrol strains and the recent successful registration of Gliocladium virens 
is "know your fungus".

5.0 KNOWLEDGE OF METABOLITES

To discuss our present knowledge of the metabolites against the regulatory 
framework is extremely difficult. The regulations require the testing to take 
place on the formulated product or active ingredients. Because the fungus in use 
will grow, knowledge of metabolites produced on prolonged use and on 
proliferation of the fungus in the environment is also required. Presently, the 
concept of the formulated product is, at best, vague. Complexing the issue is 
the fact that the spectrum of metabolites and quantities produced both in 
production and use will be dependent on growth conditions. Initially, a brief 
discussion of mechanism is required to understand the other aspects of why study 
of metabolites is important.

7
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5.1 MECHANISM

As discussed earlier, the need for understanding of mechanism is required for 
registration and lack of knowledge can be an impediment to product development. 
Modes of action of biocontrol fungi have been thoroughly investigated and 
reviewed (Papavizas, 1985; Fravel, 1988; Whipps, 1992). The three main direct 
mechanism are:

parasitism or predation of one organism by another;

antibiosis, where antagonists secrete metabolites harmful to pathogens; 

competition, where demand exceeds immediate supply of nutrients or space.

Unfortunately, the significance of any mechanism demonstrated in vitro must be 
viewed with reservation, unless it can be demonstrated in the natural 
environment. Modes of action are not necessarily mutually exclusive. 
Mycoparasitism and the role of enzymes in it have been questioned (Deacon and 
Berry, 1992 ) .

The mechanism of biological control of Gliocladium spp. is believed to involve 
parasitism or predation and antibiosis. The mechanism of action of Mariannaea 
elegans has not been investigated.
Study of mechanism is extremely difficult. Definition of operative mechanisms 
in classical biocontrol situations can be problematic. Yet, these are systems 
in which essentially the interaction of one anatagonist with one pathogen at a 
particular stage of lifecycle for a short duration are studied, usually under 
closely defined environmental conditions. The biocontrol of sapstain requires 
a knowledge of the interaction of the agent against many successional populations 
of various staining organisms, over a prolonged period under differing 
environmental conditions. Screening of the leads with respect to the types of 
metabolites that they produce in media that may be of concern in regulation or 
involved in mechanism is being undertaken. The results to date are summarized 
in the following sections.

5.2 LITERATURE SEARCH OF METABOLITES PRODUCED BY LEADS

From a literature search metabolites produced by the species EL4 and EL8 are 
compiled in Tables 4 and 5 based on their biosynthetic derivation. The review 
indicates that there is only limited information. Important classes of 
metabolites that might be expected can be identified. These included gliotoxin 
and its associated metabolites, T-2 toxin, and peptaibol mycotoxins.

An isolate of ELI is reported to produce the antiviral steroidal antibiotic 
paecilomycerol (Domsch et al., 1980), but the original citation (Kato et al., 
1969) of the isolation of this compound describes the producing organism as 
Paecilomyces elegans. No other reports could be found for secondary metabolites 
produced by the species ELI, Paecilomyces elegans, or Pénicillium elegans.

From the limited knowledge of those metabolites reported to be produced by the 
major staining fungus, Ophiostoma piceae (see Appendix I), there exists some 
similarity between the compounds produced by the candidate organisms and the 
stainers. Of the common staining organisms, represented by those used in the 
antisapstain test mixture, Table 6, isolates of several are known to be

8
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T a b le  4

M e t a b o l i t e s  P r o d u c e d  b y  O t h e r  S t r a i n s  o f  E L 4

Compound Reference

Polvketides

4,6-dihydroxy-2,3-dimethylbenzoic acid
3,5-dihydroxy-l,2-dimethylbenzene
Aurantiogliocladin
Gliorosein
Orcinol
2,3-dihydroxy-5,6-dimethylbenzoquinone 
2-hydroxy-3-methoxy-5,6-dimethylbenzoquinone

Turner, 1971
Turner, 1971
Turner, 1971
Turner, 1971
Taylor, 1986
Turner, 1971
Turner, 1971

Steroidal

Ergosterol, ergosta-5,7,22-trien-3P~ol Turner, 1971

Derived from amino acids

Peptaibols, unspecified structure from Brückner et al., 1989
CBS 188.33
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T a b le  5

M e t a b o l i t e s  P r o d u c e d  b y  O t h e r  S t r a i n s  o f  E L 8

Compound Reference

Polvketides

Quinone Turner & Aldridge, 1983

Terpenoid

3-hydroxy-3,4-dimethylpentanoic acid Turner & Aldridge, 1983

Derived from amino acids 

Gliotoxin
Bisdethiobis(methylthio)gliotoxin 
3[(4'-hydroxyphenyl)methyl]-1,4-dimethy1- 
3,6-bis(methylthio)piperazine-2,5-dione

Taylor, 1986
Turner & Aldridge, 1983

Turner & Aldridge, 1983
1,4-dimethyl-3[(4'-y,Y-dimethylallyloxyphenyl)- 
methyl]-3,6-bis(methylthio)piperazine-2,5-dione

5a,6-dehydrobisdethio-3,10a-bis(methylthio)-
Turner & Aldridge, 1983

gliotoxin Turner & Aldridge, 1983

Gliodeliquescin A
(from G. deliquescens NRRL 3091)

Brückner & Przybylski, 1984

Peptaibols, unspecified structure from 
G. deliquescens IMI 166375 
G. deliquescens IMI 67988 
G. deliquescens NRRL 1086 
G. viride CBS 191.38 
G. viride CBS 658.70 
G. viride CBS 250.59

Brückner et al., 1989

G. viride CBS 191.32 Brückner & Reinecke, 1989

10



C O N F ID E N T IA L

Fungi Used in Antisapstain Test and Allergenicity of Family or Mycotoxins of
Species Indicated in Literature

T a b le  6

Fungus Reported mycotoxin 
from species

Reported allergenicity 
in family

Alternaria alternata Tentoxin 
Tenuazonic acid

Yes

Aureobasidium pullulans 
Black yeast 
Cephaloasus fragrans 
Ceratocystis popullna

Yes

Cladosporium cladosporioides 
Leptodontium elatius 
Leptographlum sp.
Ophlostoma plceae 
Ophiostoma pllifera 
Phialophora botulispora

Cladosporin Yes

Phoma s p .

Rhinocladiella atrovirens

Cytochalasins
Phomin
dehydrophomin

Yes

11
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allergenic, or produce known mycotoxins in media (Hellenbrand and Reade, 1992; 
Cole and Cox, 1981; Betina, 1989). This raises the question of whether 
metabolite production on wood from a control agent will be a risk. The effects 
of interaction between the leads and stainers on the metabolites produced and the 
level of toxins naturally present versus potentially present through the 
application of a control agent cannot presently be answered.

5.3 EXPERIMENTAL EXAMINATION OF SECONDARY METABOLITES

All three candidates produce many secondary metabolites, the production of which 
depend on the culture conditions. Production of solvent extracts in sufficient 
quantity to isolate individual components has not been done. By LC and GC-MS 
most components are not identifiable. The components which have been identified 
are listed in Table 7.

ELI consistently produces a red pigment both on agar and in liquid culture. This 
may have implications in wood colour if the pigment is produced on wood. 
Identification of it is also necessary for regulation. To date, attempts to 
isolate this pigment have failed.

The leads were screened for production of T-2 toxin, gliotoxin, and peptaibol 
mycotoxins. By ELISA none of the leads produced T-2 toxin. By HPLC analysis the 
presence of gliotoxin could not be confirmed in extracts from media of EL8, but 
bisdethiobis(thiomethyl)gliotoxin was detected. EL4 and 8 produced peptaibols. 
The peptaibol from EL8 was also detected when grown on wood substrates. Under 
iron limited conditions all leads produce hydroxamate-type siderophores.

Experiments showed that it is possible to detect known metabolites produced by 
a control organism grown on wood substrates, but it is extremely difficult to 
detect whether there are unknowns or changes in profiles of metabolites resulting 
from interactions between control and staining organisms.

Presently, the lack of complete identification of the metabolites produced and 
the absence of identification of any with specific toxicity problems, make it 
impossible to discriminate between the leads on the basis of knowledge of 
secondary metabolites.

5.4 EXTRACELLULAR ENZYMES PRODUCED BY LEAD ORGANISMS

Agar plate screening assays of the extracellular enzymes of the leads were made 
for their growth in several media. The organisms demonstrated the capability to 
produce the enzymes listed in Table 8. For comparison the results of screenings 
of staining organisms are given. Details of the results of production in 
individual media and substrates are given in Appendix II.

Considerable enzyme production can be induced in all the leads. The same is also 
true for the stainers examined. Enzyme production by the biocontrol agent, on 
wood or in interaction with staining fungi, raises the question as to whether in 
use this will cause any detrimental health effects. It is not possible to answer 
this at present. (N.B., cellulases from Trlchoderma vlride have been shown to 
cause asthma in occupationally exposed workers).

12
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Table 7
M e t a b o l i t e s  D e t e c t e d  i n  L i q u i d  C u l t u r e s  of ELI, EL4 a n d  EL8

Lead Metabolite

ELI Methylphenylindole derivative? 
Siderophores (hydroxamic acid derivative)

EL4 Phenethylalcohol
Peptaibols, unspecified structure 
Siderophores (hydroxamic acid derivative)

EL8 Phenethylalcohol 
Fulvic acid (tentative)
Gliotoxin (unconfirmed)
Bisdethiobis(thiomethyl)gliotoxin 
3,6-dibenzylpiperazine-2,5-dione 
Peptaibols, unspecified structure 
Siderophores (hydroxamic acid derivative)

13
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Results of Screening for Extracellular Enzymes
T a b le  8

Leads Stainers

Enzyme ELI EL4 EL8 2H 132Q 3871

p-l,4-glucanases + /- + + - + /- +
P~1,4-endoglucanases + ++++ +++ +++ ++ +
cellulases ~ + /" + + + /" —

p-glucosidase - + + + - -

p-l,6-glucanase + + + + + +++ - - ++
P~1,3-glueanase + +++ ++++ + + ++
P~1,3-glucanase ++ + /- + + + + + + /- + /"

xylanases ++ ++++ + + + + + + + + + +
a-1,3-mannanase + + + + + + + + + + + - + + +
p-D-galactomannanase - ++ + + + + + + +
P-D-glucomannanase ++ +++ + + + +

pectinases + /- + + + + /- + + + + /"
amylases + /- + + + + + /- +
lipases + + - + -
proteases +/- + + + + + ++ + /- + /-
chitinases + +++ ++++ + + + + + ++

14
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The lack of definitive evidence connecting between the requirement for enzyme 
production and mechanism makes it impossible to select one lead as having a more 
beneficial or favourable profile.

5.5 BIOACTIVITY

Organic extracts of all the leads have been demonstrated by challenge with 
Cladosporium cucumerinum to contain antifungal components. This indicates that 
all the organisms produce materials that have biological activity. No testing 
has been made that would indicate whether or not they have deleterious results 
in toxicity tests.

Experiments were made to determine if the lead organisms produced diffusible 
metabolites that were involved in biocontrol. Under the conditions, used all 
three leads produced diffusible metabolites that halted or impeded growth of the 
sapstain organism strains Aureobasidium pullans 132Q and Ophiostoma plceae 3871, 
but failed to affect the growth of Alternarla alternata 2H. This highlights the 
problem of determining mechanistics in biocontrol, and distinguishing between 
operative mechanisms.

5.5 GLOBAL-TOX INTERNATIONAL STUDY

With respect to regulatory requirements it is worth examining the present status 
of the leads and their metabolites. A health risk assessment of anti-sapstain 
fungi, mycotoxins and other volatile fungal components was made by Global-Tox 
International for all the leads under consideration at the time of their study 
(Zhou and Rousseaux). The qualitative risk assessment concluded:

"The risk of allergy to the fungus, antibiotics and other protein products 
will depend on the individual sensitivity and the exposure."

"Mill workers do run a risk of exposure to large quantities of the antigen 
assuming (assuming proliferation following parasitism occurs)."

"The additional risk to the population from exposure to the antisapstain 
agent is small, but will depend on the biology of the fungi to be used, 
i.e. do the fungi just parasitize the target antisapstain fungi, or do 
they proliferate rapidly using wood for their growth needs?"

Report summarized:

leads "...under study would produce little risk to population, and little 
to moderate risk to health of mill workers. Health at risk will most 
likely be in the form of allergic dermatitis and allergic alveolitis, both 
of which are not life threatening."

The waiver statement under these points is of interest:

"The material presented is qualitative assessment of risk and as such does 
not provide hard data upon which to characterize risk".

15
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Given the statements by regulators of their philosophy (Lerer, 1989):

"Lack of reports does not equate to lack of occurrence"

"It is the proponents responsibility to provide the required 
information..."

"The burden of proof is on the proponent to demonstrate safety..."

"The absence of information is not in any way, shape, or form an 
indication of safety...."

The data on which the statements were made for ELI, 4 and 8 merits further 
attention, Table 9 and 10, and the risk characterization merit examination.

Risk Characterization for EL4 and 8:

"Because of a lack of toxicity and exposure data, it is impossible for 
quantitative risk assessment. However, from past medical literature, it 
seems that this family has low infectivity, low allergenicity. The 
mycotoxins are less toxic than some other antisapstain fungi 
(Trichoderma). Gliotoxin is a significant health risk. The family has a 
low health risk provided that gliotoxin and allergenic antibiotics and 
enzymes are not present"

Risk Characterization for ELI:

"Qualitative risk assessment is impossible because of a lack of data; 
however, it seems that health risk may be low because no human infection 
and allergy has been reported nor have mycotoxins been isolated from its 
culture medium"

The footnote to this assessment reads:

There really are not enough data available to give good qualitative risk 
characterization, let alone quantitative risk characterization."

Futhermore, the statement for ELI "no mycotoxins have been isolated" was a 
misrepresentation of the "personnel communication". As noted above many 
metabolites have been observed from ELI, but it has not been possible as yet to 
identify any of them.

The issue that arises is that although from past medical data the risk is low, 
previously companies have not considered applying these fungi to wood surfaces 
in the quantities envisaged for sapstain control.

From the present risk assessment data it is not possible to favour one particular 
lead.

16
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Global-Tox Literature Review and Hazard Identification for Fungi 
Belonging to the Same Family as EL 4 and 8

Table 9

Hazard Data/Statement

Funaal Infection and Allerav 

Fungal Infection: Not reported to cause animal or human infection 
No data experimental animal infection

Asthma/Hypersensitivity/ 
Allergic Rhinitis Not identified as allergenic fungi 

No animal experimental data

Allergic Dermatitis No reports of allergic dermatitides 
No animal or human experimental data

Toxicitv of Mvcotoxins Produces mycotoxins and antibiotics, most 
significant gliotoxin. No toxicity data for 
others. Biological effect less significant than 
mycotoxins; may however produce allergic response

Acute Toxicity No data available

Short Term Toxicity No data available

Long Term Toxicity 
and Carcinogenicity No data available

Mutagenicity/Reproductive 
Toxicity/Tetragenonicity No data available

Metabolism No data available

Completeness of 
Toxicological Data Incomplete

Exposure

Occupational Not known

General Population Dependent on how fungus grows on wood and how 
fast metabolites degrade in wood, how fungi- 
treated wood will be used

Completeness of Exposure Data Incomplete

RISK CHARACTERIZATION See text
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Global-Tox Literature Review and Hazard Identification for Fungi 
Belonging to the Same Family as EL 1

T a b le  10

Hazard Data/Statement

Funaal Infection and Allerav 

Fungal Infection: Not reported in medical literature 
No data experimental animal infection

Asthma/Hypersensitivity/ 
Allergic Rhinitis Not associated with allergic respiratory disease 

No animal experimental data

Allergic Dermatitis No reports of allergic dermatitides 
No animal or human experimental data

Toxicitv of Mvcotoxins Produces several enzymes and antibiotics. No 
toxic metabolites in media (see text).

Acute Toxicity No data

Short Term Toxicity No data

Long Term Toxicity 
and Carcinogenicity No data

Mutagenicity/Reproductive 
Toxicity/Tetragenonicity No data

Metabolism No data

Completeness of 
Toxicological Data Incomplete

Exposure

Occupational No data

General Population No data

Completeness of Exposure Data Incomplete

RISK CHARACTERIZATION See text
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6.0 LIMITS OF KNOWLEDGE

The foregoing sections indicate that only limited knowledge is available on the 
metabolites of the lead organisms. The information that is available is 
difficult to relate both to mechanism of biocontrol, required for development, 
and regulatory requirements. In favour of the lead organisms, which are 
indigenous, regulation states:

"Indigenous microbial agents should not require as stringent testing as 
nonindigenous microbial agents, especially in cases where the biology and 
ecology of the microbial agent is well documented. Not withstanding, 
scientific documentation must be provided on the biology and ecology of 
all microbial agents."

The latter half of this statement raises a question with respect to the knowledge 
of any biocontrol agent. The lack of in depth studies of the control agents and 
in our case the staining organism in the environment of their use, leads to poor 
understanding of the nature of the control mechanism and inhibits the ability to 
screen for or develop improved agents. This may also lead, as indicated in 
literature, to difficulties in registration.

The number of metabolites produced is high and condition dependent, and the 
number identified is very limited. For the metabolites identified there is 
limited knowledge of their toxicity. Limited knowledge of the production and 
formulation requirements of the product limit the amount of directly useful 
metabolite data produced to date.

The work on the metabolites has provided methods to screen for specific 
metabolites and enzymes which may be beneficial in further screening. Further 
development will be needed to study interactions on wood.

Many metabolites are produced as a result of a stressed organism and most 
metabolite studies are undertaken in rich media. The spectrum of metabolites 
produced in use or in competition with other organisms present in the wood may 
therefore be somewhat different. This has not been studied.

The use of large scale inoculations of biocontrol agent onto a wood substrate has 
not been studied with respect to whether it will cause environmental upset of the 
balance of organisms and lead to problems. The longer term effect on the 
succession of organisms on wood products has not been examined with these leads. 
For example, limited studies of a biocontrol lead of Tr ic ho de rm a ha rz ia nu m 
enhanced the wood decay capabilities of the white rot fungus Trametes ve rsicolor 
(Freitag et al., 1991).
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7.0 CONCLUSION AND RECOMMENDATIONS

There is extremely limited information on the metabolites of these lead 
organisms. Its relevance to the requirements for registration is limited.

If the role of metabolites in mechanism can be studied and understood this will 
provide information required for registration and product development.

At present, it is not possible to differentiate between the lead organisms on the 
basis of the knowledge of the metabolites.

Efficacy of the leads in antisapstain tests should be the leading selection 
criteria, for the present.

Given the difficulty of study the mechanisms and metabolites of the lead 
organisms, the selection criteria must be examined and level of efficacy required 
must be firmly established, so that further research effort with respect to 
metabolites is not expended in leads unrelated to the strain chosen for 
development.

Study of the prevalent Stainers on wood may assist in determining the important 
characteristics required of the lead biocontrol organisms.

If the nature of the lead organism can be determined, then consideration of the 
types of production media and methods that are to be used should be considered. 
Study of the metabolites can then be focused on registration requirements.
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APPENDIX I

SECONDARY METABOLITES PRODUCED BY STAINING FUNGI
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Searches were made on Ophlostoma pl ce ae to determine the types of metabolites 
known to be produced by staining fungi.

The influence of different nitrogen sources on the production of the volatile 
metabolite 6-protoilludene by Op hl os to ma plceae (Munch) Bakshi grown in liquid 
media was studied by Hanssen et al., 1986.

Ayer et al. (1986,1987) have isolated metabolites formed in still culture by 
Ceratocystls clavigera, C. Ips, C. huntli, and C. minor. In addition to the 
ubiquitous fungal metabolites ergosterol, ergosterol peroxide, and fatty acids, 
the following metabolites were isolated:

succinic acid 
p-phenethyl alcohol 
tryptophol
prolylleucyl anhydride
tyrosol
ceratenolone
3-phenylpropane-l,2-diol
6.8- dihydroxy-3-methylisocoumarin
6.8- dihydroxy-3-hydroxymethylisocoumarin 
8-hydroxy-6-methoxy-3-methylisocoumarin
3.4- dihydro-6,8-dihydroxy-3-methylisocoumarin
3.4- dihydro-3-methyl-3,6,8-trihydroxy-3-methylisocoumarin
3.4- dihydro-3-methyl-3,4,6,8-tetrahydroxyisocoumarin 
p-hydroxybenzaldehyde
phenylacetic acid 
p-hydroxyphenylacetic acid 
phenyllactic acid 
p-hydroxyphenyllactic acid 
2,3-dihydroxybenzoic acid
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APPENDIX II

RESULTS OF SCREENING FOR EXTRACELLULAR ENZYMES ON DIFFERENT SUBSTRATES
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T a b le  A . l

S c r e e n in g  f o r  E x t r a c e l l u l a r  E n z y m e s :  E L I

Enzyme Malt Sawdust Cell
(Substrate) Extract Wall

P~1,4-glucanases (Avicel)
P~1,4-endoglucanases (CMC) 
cellulases (Cellulose azure)

P-glucosidase (Cellobiose)

P~1,6-glucanase (Pustulan)
P~1,3-glucanase (Pachyman)
P~1,3-glucanase (Laminarin)

xylanases (Xylan) 
a-1,3-mannanase (a-mannan) 
P-D-galactomannanase (Locust bean) 
P-D-glucomannanase (Konjac root)

pectinases (Pectin) 
amylases (Starch) 
lipases (Tween 20) 
proteases (Milk) 
chitinases (Chitin)

+/- - -

+
- -

+++ +/-
+ - -

++ — —

++ + +/
+

- -

+/-
+/- +/- —

+/- — -

+ + +/
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T a b le  A . 2

S c r e e n in g  f o r  E x t r a c e l l u l a r  E n z y m e s :  E L 4

Enzyme
(Substrate)

Malt
Extract

Sawdust Cell
Wall

P~1,4-glucanases (Avicel) + +
P~1,4-endoglucanases (CMC) +++ ++++ + /"
cellulases (Cellulose azure) + /- +

P-glucosidase (Cellobiose) - + -

P-1,6-glucanase (Pustulan) ++ ++ -
P-1,3-glucanase (Pachyman) + +++ —
P~1,3-glucanase (Laminarin) + /" + /-

Xylanases (Xylan) ++++ +++ + +
a-1,3-mannanase (a-mannan) + + + + + —
p-D-galactomannanase (Locust bean) + + -
P-D-glucomannanase (Konjac root) “ + +

pectinases (Pectin) + + + + -
amylases (Starch) + /- + + /-
lipases (Tween 20) - — —
proteases (Milk) +++ + —
chitinases (Chitin) +++ +++ + /-
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T a b le  A . 3

S c r e e n in g  f o r  E x t r a c e l l u l a r  E n z y m e s :  E L 8

Enzyme Malt Sawdust Cell
(Substrate) Extract Wall

P-1,4-glucanases (Avicel)
(5-1,4-endoglucanases (CMC) 
cellulases (Cellulose azure)

P-glucosidase (Cellobiose)

P~1,6-glucanase (Pustulan)
P~l,3-glucanase (Pachyman)
P~1,3-glucanase (Laminarin)

xylanases (Xylan) 
a-1,3-mannanase (a-mannan) 
p-D-galactomannanase (Locust bean) 
P-D-glucomannanase (Konjac root)

pectinases (Pectin) 
amylases (Starch) 
lipases (Tween 20) 
proteases (Milk) 
chitinases (Chitin)

+ + +
++ +++ +++
+/- + +

- + +/-

++ ++ +++
+ +++ +++
+ +++ ++++

++ +++ +++
+ +++ +++
- ++ ++
- ++ +++

_ +/- -
++ + ++
++ - +
++ - +/-
++ +++ ++++
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T a b le  A . 4

S c r e e n in g  f o r  E x t r a c e l l u l a r  E n z y m e s :  Alternaria alternata 2H

Enzyme Malt Sawdust Cell
(Substrate) Extract Wall

P-1,4-glucanases (Avicel)
P~1,4-endoglucanases (CMC) 
cellulases (Cellulose azure)

p-glucosidase (Cellobiose)

P~1,6-glucanase (Pustulan)
P~1,3-glucanase (Pachyman)
P~1,3-glucanase (Laminarin)

xylanases (Xylan) 
ar-1,3-mannanase (a-mannan) 
p-D-galactomannanase (Locust bean) 
P-D-glucomannanase (Konjac root)

pectinases (Pectin) 
amylases (Starch) 
lipases (Tween 20) 
proteases (Milk) 
chitinases (Chitin)

— — —
+++ +++
+/- + -

- + -

+ +
+/- + -

+++
++ ++++ -
- +++ -
+ -f+ -

+ +/- -

+/- + +/-

++ - -

+++ ++++ ++
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T a b le  A . 5

S c r e e n in g  f o r  E x t r a c e l l u l a r  E n z y m e s :  Aureobasidium pullans 132Q

Enzyme 
(Substrate)

Malt
Extract

Sawdust Cell
Wall

p-1,4-glucanases (Avicel) + /-
P~1,4-endoglucanases (CMC) ++ + /- +
cellulases (Cellulose azure) + /- — —

P-glucosidase (Cellobiose) - - -

P~1,6-glucanase (Pustulan) - - -

P~1,3-glucanase (Pachyman) + - -
P~1,3-glucanase (Laminarin) ns + /" —

xylanases (Xylan) + + +
a-1,3-mannanase (a-mannan) -
P-D-galactomannanase (Locust bean) + + /- -
P-D-glucomannanase (Konjac root) + — —

pectinases (Pectin) ++ + /" -

amylases (Starch) +/- + /- + /-
lipases (Tween 20) + -
proteases (Milk) +/- -
chitinases (Chitin) + + /-
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Table A.6
S c r e e n in g  f o r  E x t r a c e l l u l a r  E n z y m e s :  Ophiostoma piceae 3 8 7 1

Enzyme
(Substrate)

p-1,4-glucanases (Avicel)
P~l,4-endoglucanases (CMC) 
cellulases (Cellulose azure)

p-glucosidase (Cellobiose)

P-1,6-glucanase (Pustulan)
P-1,3-glucanase (Pachyman)
P-1,3-glucanase (Laminarin)

xylanases (Xylan) 
a-1,3-mannanase (a-mannan) 
P-D-galactomannanase (Locust bean) 
P-D-glucomannanase (Konjac root)

pectinases (Pectin) 
amylases (Starch) 
lipases (Tween 20) 
proteases (Milk) 
chitinases (Chitin)

Malt
Extract

Sawdust Cell
Wall

+
+ + /-

-

++
++ -
+ /- — —

++ + +
+++ + /-
+ + -
+ + —

_ + /- -

+ + /" + /-

+ /- - + /-
+ + + /" -
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