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NOTICE

This report is an internal Forintek Canada Corp. ("Forintek") document, for release only to Forintek 
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express or implied, or assume any legal responsibility or liability for the completeness of any information, 
apparatus, product or process disclosed, or represent that the use of the disclosed information would not 
infringe upon privately owned rights. Any reference in this report to any specific commercial product, 
process or service by tradename, trademark, manufacturer or otherwise does not necessarily constitute or 
imply its endorsement by Forintek or any of its members.



SUMMARY

Two potential biocontrol fungi, Gliocladium viride 623E (EL8) and Gliocladium roseum 684A (EL4) and 
two major sapstain fungi, Ophiostoma piceae 3871 (Op) and Aureobasidium pullulons 132Q (AP) were 
evaluated for their ability to produce extracellular enzymes (ECE) when grown on sterile western hemlock 
wood (Tsuga heterophylla). Both groups of wood inhabiting fungi produced hemicellulases, /S-glucanases, 
cellulases, proteases, phosphatases, lipases and esterases. The carbon sources utilised primarily by Op 
were the mannans, notably glucomannan. Starch appeared to be the preferred carbon source of EL8. Like 
Op, Ap also exhibited greater preferential utilisation of the mannans as carbon source. Unlike EL8, EL4 
utilised a variety of wood components, hemicellulose, starch, pectin and cellulose as carbon source. 
Proteases produced by all the fungi might be involved in the mobilisation of nitrogen from wood. Fungal 
cell walls contain chitin, glucan, and lipoproteins and the activities of chitinases, lipases, phosphatases, 
esterases might be implicated in the recycling of senescent hyphae. Lipases are required for the 
degradation of resin acids in softwoods. By and large, the sapstain fungi O. piceae and A. pullulons, 
through a higher specific ECE activity, exhibited greater primary resource capture capability and 
theoretically better wood colonisation ability than the potential biocontrol fungi G. viride and G. roseum 
respectively.

Protocols evaluated for detection of extracellular enzyme production during spore germination comparing 
enzyme extract preparations, nutrient concentrations, enzyme substrates and delivery systems did not 
detect ECE from germinating spores.

An extended literature search on secondary metabolites produced by fungi associated with sapstain was 
conducted. References to 257 metabolites produced by 20 genera comprising 34 species of sapstain fungi 
were compiled in a functional database which is annexed to the report.

Production of known mycotoxins was documented from several species of sapstain fungi but no reference 
was made to production on a wood substrate.
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1.0 OBJECTIVE

To isolate extracellular enzymes from candidate fungi screened for biological protection of unseasoned 
lumber and from fungi associated with sapstain. To determine the role of extracellular enzymes in 
bioprotection. To identify secondary metabolites produced by fungi associated with sapstain of lumber 
from literature references.

2.0 INTRODUCTION

Much of the lumber shipped to export markets is unseasoned and requires treatment with anti-sapstain 
chemicals to prevent the growth of fungi which discolour the wood, resulting in a reduction in the value 
of the lumber and a financial loss for exporters. With increased public attention to environmental 
concerns and the ensuing increase in regulation and control of chemical practices it is important to study 
and develop alternate methods for the protection of lumber. To maintain international competition, 
environmentally benign options for the protection of green lumber are being studied. One of these choices 
is the application of a biological technology using wood-inhabiting fungi. Since 1986, Forintek has 
screened and studied fungi for the ability to protect freshly sawn lumber against sapstain organisms.

Studies were undertaken to isolate and characterize secondary metabolites produced by potential 
bioprotectant candidates (Sutcliffe and Miller 1991). Literature searches with respect to metabolites 
produced by the genera of interest were undertaken. Analytical methods were developed to profile 
metabolites produced in solvent extracts of the fungi grown in standard media using thin layer 
chromatography, high performance liquid chromatography and gas chromatography-mass spectrometry 
and used to assay the 10 most promising fungal isolates (Sutcliffe 1993). One of the lead organisms 
produced toxic metabolites. Several tests used for the detection of T-2 toxin, one of the most toxic of the 
thrichothecene-type mycotoxins gave negative results with all of the isolates tested. Production of 
gliotoxin-type trichothecenes was demonstrated by 3 of the potential candidates. Methods were developed 
for the detection of extracellular enzymes produced by the candidate biological control and sapstain fungi.

This study continues the work on extracellular enzyme production, examining profiles of 2 potential 
biocontrol fungi, Gliocladium viride 623E and Gliocladium roseum 784A and of the sapstain fungi 
Ophiostomapiceae 3871 and Aureobasidium pullulons 132Q. Enzyme profiles are compared from growth 
in liquid culture and with growth on western hemlock wood blocks. Comparison is made between the 
extracellular enzyme profiles of the staining and bioprotectant fungi. The implications of these profiles on 
the ability of the fungi for resource capture and competition is discussed. Methods were evaluated for the 
qualitative determination of extracellular enzyme production during in vitro spore germination.

A literature review of secondary metabolite production by sapstain fungi was initiated to provide an 
understanding of the chemical interactions of these target organisms with the potential control fungi and to 
provide information necessary for regulatory purposes.

3.0 CONCLUSIONS

When grown on sterile hemlock blocks, both the sapstain and bioprotectant isolates tested produced 
hemicellulases, 15-glucanases, cellulases, proteases, phosphatases, lipases, and esterases.The mannans
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were the preferred carbon sources utilised by the staining organisms O. piceae and A. pullulans. While 
G. viride showed preferential utilisation of starch, G. roseum utilized hemicellulose, starch, pectin, and 
cellulose. Proteases were produced by all of the fungi examined and may be involved in nitrogen 
mobilisation from wood. The staining fungi showed higher specific extracellular enzyme activities than 
the bioprotectant fungi indicating a greater potential for primary resource capture and colonisation of 
wood.

Protocols evaluated for detection of extracellular enzyme production during spore germination comparing 
enzyme extract preparations, nutrient concentrations, enzyme substrates and delivery systems did not 
detect extracellular enzymes from the germinating spores.

An extended literature survey on secondary metabolites produced by fungi associated with sapstain in 
lumber identified 257 metabolites produced by 20 genera comprising 34 species. Information was 
compiled in a functional database which is annexed to the report and can be used for queries. 
Mycotoxin production from several species of sapstain fungi is known. No references were found to 
production on a wood substrate.
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APPENDIX I

Metabolites from Biocontrol and Sapstain Fungi: 
Extracellular Enzymes Produced by Biocontrol 
and Sapstain Fungi on Western Hemlock Wood 

(Tsuga heterophylla)



1.0 OBJECTIVE

Production of extracellular enzymes (ECE) by the selected biocontrol (BC) and sapstain (ST) fungi 
during colonisation on hemlock wood.

2.0 INTRODUCTION

Losses, through discoloration of wood caused by sapstaining (ST) fungi, are of economic importance to 
the wood products industry. The use of biocontrol (BC) organisms is being examined as an alternative to 
chemicals for controlling sapstain of lumber. An ideal BC agent must be an efficient primary and 
secondary resource captor. Rapid growth and production of extracellular enzymes (ECE) for degrading 
non-structural polymeric material in wood to easily assimilated nutrients are important for resource 
capture. The ECE of interest in this respect involve cellulases, pectinases, hemicellulases, and starch 
hydrolases. In antagonistic interactions, lytic enzymes dissolve the cell walls of target fungi. Those 
systems active against fungal cell walls include /3-glucanases, lipases, proteases, mannanases, and 
chitinases. When fungi are grown on solid medium, ECE diffuse into the agar around the colony. If 
appropriate substrate is incorporated in the medium, presence of the enzyme activity can be seen as a 
zone of degraded substrate. This forms the basis of several rapid screening procedures for ECE (Donly 
and Day, 1984; Hagerman et al. 1985; Hankin and Anagnostakis, 1975). However dense hyphal growth 
often masks observation of enzyme production. As well hyphal growth and enzyme synthesis and activity 
are pH dependent. So a relatively easy and rapid assay for detecting the ECE produced by potential BC 
fungi was developed in the earlier part of this project.

Extracellular enzymes (ECE) produced by ten fungal candidates for biocontrol of sapstain were 
investigated using this rapid agar plate screening method. Fourteen representative enzyme substrates were 
used in this substrate in an agar plate (SAP) screening method. Different types of ECE profiles were 
produced when the candidates were grown in liquid cultures with glucose, hemlock sawdust or cell wall 
of a staining fungus. Five candidates (EL8,4,9,6,10 in descending order of active ECE) demonstrated the 
full spectrum of ECE activity screened, irrespective of the growth medium. Only candidates EL4 and EL8 
showed pronounced chitinase and proteinase activity when grown in glucose and sawdust. The SAP 
screening method for chitinase and proteinase was found to be more sensitive than the quantitative assays 
which used purified chitin and azocoll respectively.

Two BC candidates Gliocladium rosewn 784A (EL4) and G. viride 623E (EL8) were selected for culture 
on western hemlock wood blocks for a comparison of ECE profiles to elucidate the mechanism of 
colonisation of wood by BC and ST fungi through their primary resource capture capabilities.

3.0 BACKGROUND

Structure o f  Wood. Wood is a bulky, spatially determinate lignocellulose resource. The major 
macromolecule cell wall components are lignin, cellulose and hemicellulose. The relative proportions of 
these vary between softwoods and hardwoods, interspecifically, intraspecifically and between individual 
trees. The dry weight composition of undecayed wood ranges from 40-50% cellulose, 25-40% 
hemicellulose, and 18-35% lignin. Lignin is a heterogenous complex macromolecule of phenyl propanoid 
units. It is one of the most refractory components of wood and only some microorganisms like



basidiomycetous decay fungi with secondary resource capture capabilities are able to utilise the carbon 
source in wood. Cellulose is a linear polymer of /S-1,4- linked glucopyranose units with a molecular 
weight of 50,000 - 2.5 million dalton (Fengel and Wegner, 1984). In the wood cell wall, the cellulose 
molecules are organized by hydrogen bonds into fibrils. These cellulose fibrils are further associated to 
form ordered (crystalline) and less ordered (amorphous) regions.

Like cellulose, hemicelluloses are also polysaccharides. However, they differ from cellulose by a 
composition of various sugar units, by much shorter molecular chains, and by a branching of the chain 
molecules. The main hemicellulose unit may consist of a homopolymer e.g. xylans, or of two or more 
units (heteropolymer), e.g. glucomannans. The major hemicellulose units in softwoods like western 
hemlock are mannans which consist of a glucomannan backbone to which acetyl groups and galactose 
residues are attached. These hemicelluloses are therefore O-acetyl-galactoglucomannans. The mannose and 
glucose units are linked by /5-1,4-glycosidic bonds. Portions of the galactose units might be joined by a- 
1,6-linkages (Fengel and Wegner, 1984). Softwoods also contain some xylans, arabino-4-O- 
methylglucuronoxylans. The chains are slightly branched. Different models have been proposed for the 
distribution of the macromolecules, lignin, cellulose and hemicellulose, within the cell wall of wood 
(Preston, 1974; Fengel and Wegner, 1984). Kerr and Goring’s model (Fengel and Wegner, 1984) 
consisted of layers of cellulose-hemicellulose blocks interrupted in the radial and tangential direction by 
lignin-hemicellulose blocks. In wood cellulose blocks are therefore sheathed in lignin making them less 
accessible to the action of cellulolytic enzymes.

In addition, wood contains low-molecular weight components, extractives and mineral substances, which 
are generally more related to wood species. Minor polymeric substances like starch and pectic substances 
are also found. Starch is present primarily in the parenchyma cells (Fengel and Wegner, 1984). It consists 
of linear amyloses A, B, V, and the branched amylopectin. The glucose units of amyloses are linked by 
a-l,4-glycosidic bonds, in amylopectin by a-1,6 linkages. The a-glycosidic linkages can be easily split, a 
fact which is important for mobilization during metabolic process. Callose is another minor polymeric 
material which might be present in sieve cells of phloem. It is also a component of parenchyma cells in 
xylem (Fengel and Wegner, 1984). Callose forms protecting layers on the membranes of half-bordered 
pits. Callose consists of /S-1,3 linked glucose units. Pectins comprised of galacturonans and arabinans. 
They are predominantly deposited around the tori of bordered pit-membranes (Fengel and Wegner, 1984).

Nitrogenous compounds are usually present in cell walls in traces about 0.04 - 0.17% of elemental 
composition (Greaves and Shwartz, 1952; Scurfield and Nicholls, 1970). Ray parenchyma cells contain 
starch and proteins. The protein bodies found in the parenchyma cells are considered to be analogous to 
the protein bodies of seeds, and are reported to play a role in nitrogen storage (Wetzel et al. 1989). Free 
amino acids have been detected in alcohol extracts of various wood species (Fukuda, 1963; Merrill and 
Cowling, 1966). Extracellular free amino acids are usually those commonly found in protein. Some non
protein amino acids, such as -y-aminobutyric acid and /3-amino acids also occur. Bound amino acids in 
sapwood, heartwood, and reaction wood have been reported by Scurfield and Nicholls (1970). The 
carbon-nitrogen ratio is commonly 500:1 but may range as high as 1250:1; in some species the carbon- 
phosphorous ratio is greater than 3500:1 (Cowling, 1970; Swift et al. 1979). Phosphorus occurs in both 
organic and inorganic forms. Inorganic forms are compounds of calcium, iron and aluminum (Rokade and 
Patel, 1992). Inorganic phosphates are solubilised primarily through the action of organic acids. 
Phosphorus is taken up by fungal cells as the ortho-phosphate ion (HP042'). To liberate organic 
phosphates, fungi secrete extracellular phosphatases (phosphomonoesterases) which cleave the phosphate 
group from phosphorylated compounds (Hankin and Anagnostakis, 1975). Intracellular phosphorus occurs 
as phosphate (P043') and also as an integral part of important molecules such as DNA, RNA and 
phospholipids.

1 -2



Wood containing extractives like waxes, fats, organic acids, oils, rosins, alkaloids, resins and phenolics 
exert a profound effect on fungal communities and may sometimes be the cause of selectivity of certain 
fungi for certain wood species. Extracellular microbial enzymes which might be involved in the utilisation 
of some of the components of wood have been discussed in detail previously (Sutcliffe, 1993).

Wood colonisation and Primary resource capture. Bioprotectants unlike biocides are living organisms 
that must grow and colonise the wood substrate if they are able to be effective when applied. From the 
fungal point of view, three distinct phases in the colonization of wood can be recognized: arrival 
(immigration); establishment, exploitation and consolidation and exit (emmigration). Fungi may arrive at 
a wood substrate prior to colonization as a propagule or as migratory mycelium. Colonization by 
propagules is usually effected from localized foci where germination has occured, since spores generally 
contain limited supplies of endogenous nutrients. After arrival, there must be a phase of resource capture 
during which a fungus gains access to and command over available resources. This is followed by a phase 
of exploitation where resources are utilized and converted into energy for growth, etc. Subsequently, 
territorial gains must be consolidated or rapid means of exit is effected. Different fungi cope with 
different situations during wood colonization in different ways. In other words, fungi adopt different 
ecological strategies to fill different types of niches. (Pugh, 1980; Andrews, 1984a, 1984b; Cook and 
Rayner, 1984).

Interactions between fungi have been studied by several authors (Burkholder, 1952; Clark, 1954; and 
Odum, 1954). One such approach (Park, I960) described fungal interactions as harmless or beneficial 
(symbiosis) or detrimental to at least one of the interacting fungal partners (antagonistic). Since then, it 
has become widely accepted that the mechanisms of antagonistic action are antibiosis, parasitism and 
competiton. The latter usually involves rivalry for nutrient and growth factors rarely for space and oxygen 
(Park, 1960, 1968; Clark, 1965; Barker and Cook, 1974). The subdivision of antagonism into three 
mechanisms is rather confusing for competition is unfortunately defined rather narrowly. This paradox is 
apparent in the exclusion from the scheme of Garrett’s important concept of competitive saprophytic 
ability, because it encompasses both competition for nutrients and antibiosis (Garrett, 1956, 1970).
Finally this classification of fungal interaction is based soley on the consideration of mechanics rather than 
the outcome of interactions. Hence before classsification can be made, mechanism has to be decided 
upon, often without appropriate data. However, directly observable outcomes of interactions provide a 
much more flexible basis for classification since an outcome may result from a combination of 
mechanisms. Similarly in the concept of saprophytic ability, emphasis is placed on outcome before 
mechanisms.

Fungal mycelium in its natural habitat is a heterogenous dynamic complex in which phases of 
establishment, exploration and exploitation of resources and reproduction occur in overlapping sequence. 
The timing and duration of these phases affects the interactive properties of a mycelium and hence its role 
in community development. A more appropriate classification of mycelial interactions is the scheme 
proposed by Cook and Rayner (1984). In this scheme, fungal interactions are primarily divided into 
competitive, neutralistic and mutualistic depending respectively upon whether the outcome is detrimental 
to either or both or detrimental to neither but not beneficial to both. Competition here is defined as an 
active demand by two or more individuals of the same or different species for the same resource. Under 
this scheme, two different aspects of competition, primary resoucre capture and combat, can be discerned 
during colonisation of an initially vacant resource (e.g. sterilised wood).

Primary resource capture is described as a process of gaining initial access to, and influence over, an 
available resource. This process depends primarily on priority of arrival and sequestration of resources 
before the occupied domains become contiguous. It does not involve direct challenge between individuals 
in close proximity except perharps during initial establishment at the surface of the resource. Successful



primary resource capture is thus contingent upon factors like spore germination, high mycelia growth 
rates, possession of suitable enzymes to utilise available resources and tolerance to adverse conditions 
(e.g. presence of extractives) associated with the resource. With time, the domains of the different fungi 
increasingly come into contact leading to neutralists or mutualistic interactions, mutual exclusion, or 
replacement of one individual by another. In wood easily assimilable resources would exclude refractory 
components like lignin but include substrates like starch, pectin, lipids, free and bound peptides, 
phosphates and to some extent hemicelluloses. Cell wall of non-living fungi and insects in the wood might 
also be utilised and this would require enzymes involved in cell wall lysis such as chitinases, a- and 0- 
glucanases.

4.0  MATERIALS AND METHODS

Growth o f  EL8 and Op on y irradiated western hemlock wood blocks. Incubation of 
inoculated/uninoculated wood blocks was performed inside glass petri plates (100 x 15 mm) which were 
prepared as follows. Each plate was lined with two pieces of Reeve Angel filter paper (grade 202, 15/xm 
retention, 9 cm diameter) and placed with a "M" shaped glass rod. Five plates were put inside each 
Nalgene jar (lOOOmL, wide mouth with screw closures, straight side) which was lightly covered but not 
screwed on. The jars were autoclaved for 60 minutes at 121 °C and were allowed to cool in the autoclave 
to ambient temperature. Upon removal from the autoclave, each jar cap was screwed on tightly and 
transported to the clean hood. Then to each plate was added 5 mL of sterile deionised distilled water 
(ddH20) aseptically via a sterile disposable syringe.

Spores of Ophiostoma piceae 3871 (Op) and Gliocladium viride 623E (EL8) were obtained from the 
Forintek Culture Collection Liquid Nitrogen Storage (spores were harvested from growth in 1.5% malt 
extract broth, washed and kept in 10% glycerol under liquid nitrogen, NJ. The vials of spores were 
thawed in a 37°C water bath for a few seconds. The surfaces of the vials were sterilised by submerging 
in 90% ethanol. The spores were transferred aseptically via sterile disposable syringe to autoclaved 
microcentrifuge vials. After brief centrifugation ( — 30 sec), the glycerol rich supernatant was discarded 
and the spores resuspended in sterile ddH20 . The water was sterilised by passing through 0.22 /im 
membrane filters of a Nalgene sterilisation unit. After brief centrifugation, the supernatant was discarded 
and the washing was repeated a second time. The pellets thus obtained were resuspended in 1 mL sterile 
ddH20 . Aliquots were added to sterile ddH20  until a spore count of -  107 was achieved. The counts were 
performed on a Neubauer Improved Hemacytometer (La fontaine) with 0.1 mm depth and 0.0025 mm2 
dimensions. The spore counts averaged from five squares (each containing 4x4 smaller squares) were 
used to estimate spores per mL using the equation:

# of spores in 5 squares -4- 0.1mm x 0,0025mm2 
5 x (4x4 small squares) 1000mm3/mL

The western hemlock sap wood blocks (3 x 1 x 0.5 cm), which were y-irradiated at the Canadian 
Radiation Centre in Montreal and kept frozen in double bags (Ziplock freezer bags), were thawed and 
aseptically transferred to the spore suspension at 300 blocks per 250mL. The blocks were swirled around 
in the suspension for 1-2 minutes to wet all surfaces. The blocks were then filtered through double 
layered sterile cheese cloth and distributed at 10 blocks/plate using sterile forceps. The control set 
contained uninoculated blocks. Jars containing plates of inoculated or uninoculated blocks were incubated 
at 27°C for 6 and 12 weeks. Periodic microscopic examination for growth on the blocks was performed 
with a dissecting microscope.
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Extraction of ECE produced after 6 and 12 weeks incubation at 27°C was performed with 0.05M actate 
buffer (pH5) without addition of detergent, and physical disruption of wood such as blending was not 
involved. Infected or uninfected wood blocks were agitated in acetate buffer (ratio of wood:buffer at 
~  1:8) overnight at room temperature on a New Brunswick Scientific G10 gyrotory shaker (Fig 1). The 
blocks were removed by filtration through glass fibre filter paper and the filtrate sterilised by passage 
through sterile membranes (Durapore) 0.45/rm and 0.22/rm (Millipore). Concentration of the filter 
sterilised ECE extract was performed in an Amicon stir cell fitted with an Amicon YM10 (molecular 
weight cut off at 10KD) membrane (Millipore) under nitrogen at 4°C. The concentrate was precipitated 
with equal 6mL of cold acetone (cooled in -40°C ethanol bath). No cloudiness was observed when the 
acetone was added, so the precipitation was prolonged to 5 hours at 4°C prior to centrifugation. The 
reconstitute was made up in 5 ml acetate buffer and analysed for total protein via the BioRad 
micromethod and ECE profiles via SAP screening. Results on SAP were scored: + /- for no definite 
clearing at substrate degradation zone but just a faint discoloration of the stained substrate; + for definite 
clearing and the diameter of the degradation zone ;£ 1 cm; + + for definite clearing with diameter of the 
degradation zone from 1 to 1.4 cm; and + + + for diameter of clearing zone from 1.4 to 1.8 cm.

Growth o fEL8 and Op on steam sterilised western hemlock wood blocks. Frozen western hemlock 
sapwood blocks (3 x 1 x 0.5 cm dimensions) were thawed and placed flat on top of a metal rack 
(31x31x8 cm) sitting on water inside an enclosed chamber (37.5x45x12.5 cm). The blocks were 
conditioned over water for three days or until a constant moisture content was attained. The moisture 
content of the blocks determined before and after conditioning was performed at 95°C for 24 hours. The 
conditioned blocks were placed in single layers inside 3 foil covered metal trays, each containing 600 
blocks. Separately they were steam sterilised at 100°C for 20 minutes with the autoclave vent open to 
adjust temperature. The trays of blocks were removed from the autoclave immediately and cooled inside 
the laminar flow hood. One liter of EL8 or Op spore suspension was used to inoculate 600 blocks for 30 
minutes. The control set contained uninoculated blocks which remained 30 minutes in sterile dH20. The 
inoculum/dH20  wetted blocks were flicked dry of excess liquid prior to distribution to sterile plates at 10 
blocks/plate. Incubation was at 27°C for 6 and 12 weeks with periodic examination for growth.

Extraction and analysis o f  ECE activity from Op and EL8. The procedure for extraction of ECE was as 
presented in Figure 1. The Amicon concentration step was carried out at 4°C in an Amicon stir cell with 
an Amicon YM5 membrane (molecular weight cut off at 5KD). The 2500 mL buffer extract was 
concentrated 125 fold to 20 mL. Acetone precipitation of protein in the Amicon concentrate was omitted 
due to the failure of an earlier attempt. The protein content and the ECE profiles of the concentrates were 
determined by BioRad microassay method and the SAP screening method respectively (Sutcliffe, 1993).

The concentrates obtained from Amicon concentration of the buffer extract on wood cultures of EL8, Op 
and the control were subjected to quantitative assays for various enzyme activities. The method of 
measuring and calculating enzyme activity was based on initial rates of the assay reaction. The substrates 
used for the individual enzyme activities are listed in Table 1. Substrate blank and enzyme blank controls 
were included in all assays to account for any non-enzymatic breakdown of the substrates.

The non-specific protease activities were determined with Azocoll (Calbiochem) according to the 
manufacturer’s directions. The assay procedure was detailed in Sutcliffe (1993). For /S-l,4-glucosidase 
activity, 0.5 mL of cellobiose (0.5%, w/v, final concentration) was incubated with equal volume of 
enzyme concentrate at 50°C for 30 minutes and the glucose released measured by glucose oxidase 
peroxidase with o-dianisidine as the chromogen (Sigma diagnostic kit for glucose). The unit of activity is 
defined as the amount of enzyme required to release 2 /zmole of glucose per minute under the conditions 
of the assay. For acid phosphatase activity, the Sigma diagnostic kit for quantitative colorimetric 
determination of phosphatases was used. The activity was estimated from the released pNP product after
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300 infected/uninfected blocks in 2500 mL buffer (wood:buffer ~  1:8) 
(0.05M HAc-NaOH pH5)

125 rpm overnight (~20h) 
at room temperature (RT)

Filter through glass fibre filter paper (Whatman 934-AH, 1.5^m)

Blocks Filtrate
I

Sterilise filtrate via Durapore membrane filters:
Step 1 thru 0.45 pan membrane 
Step 2 thru 0.22 ^m membrane

I
Concentrate filtrate via Amicon Stir Cell using
YM10 membrane (Millipore) at 10000 dalton MW cut off
(125 fold concentration from 2.5L to 20mL)

Filtrate Concentrate

ECE Protein Qualitative apiZYM™ Quantitative PAGE
Determination ECE detection: screening enzyme assays: &
(via BioRad on for ECE on IEF
microassay) 1-avicel activity 1-CMC 1

2-cellulose 2-xylan Zymogram
azure 3-locust gum (on milk

3-CMC 4-konjac root & chitin
4-cellobiose 5-laminarin overlay)
5-locust gum 6-pustulan
6-konjac root 7-chitin
7-xylan 8-pNp-glucosaminide
8-laminarin 9-Azocoll
9-pustulan 10-pNP-laurate
10-chitin 11-potato starch
11- skim milk
12- Tween 20
13- apple pectin
14- potato starch

12-pNP-phosphate

Figure 1 Schematic Presentation of the Protocol for ECE Extraction and Detection
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Table 1

Substrates used in assaying Extracellular Enzyme activities in Amicon concentrated buffer extracts 
from selected Biocontrol and Stain fungal cultures on hemlock wood.

ENZYME ACTIVITY 
ASSAYED

SUBSTRATES REAGENTS FOR 
DETECTING PRODUCTS

CELLULASE

/S-l ,4-endoglucanase Carboxymethyl 
cellulose (CMC)

Dinitrosalicylic acid

/3-1,4-glucosidase Cellobiose Glucose oxidase peroxidase & o- 
dianisidine (Sigma Kit)

HEMICELLULASE

£-1,4-gal actomannanase Locust bean gum Dinitrosalicylic acid

/S-l ,4-glucomannanase Konjac root Dinitrosalicylic acid

/3-1,4-xylanase Oats spelts xylan Dinitrosalicylic acid

/S-GLUCANASES

/S-l,3-glucanase Laminarin Dinitrosalicylic acid

/3-1,6-glucanase Pustulan Dinitrosalicylic acid

CHITINASE Chitin p-dimethylamino-benz aldehyde

pNP-glucosaminide Sodium carbonate

PROTEASES Azocoll Red dye released

LIPASE pNP-laurate Sodium carbonate

PECTINASE Apple pectin Dinitrosalicylic acid

STARCH HYDROLASE Potato soluble starch Dinitrosalicylic acid

ACID PHOSPHATASE pNP-phosphate Sodium hydroxide (Sigma Kit)



incubating 0.2 mL Amicon concentrate with 0.5 mL pNP-phosphate in the presence of 0.5 mL citrate 
buffer at 37°C for 30 minutes. The unit of activity is reported in /imoles of pNP released under the assay 
conditions per minute per mL concentrate or per mg of protein in the concentrate.

Activities for /5-1,4-endoglucanase, /3-1,4-galactomannanase, /5-1,4-glucomannanase, /3-1,4-xylanase,
/S-l,3-glucanase, £-l,6-glucanase, pectinase, and starch hydrolase were assayed by measuring the 
reducing sugar released from 0.5% (w/v) final concentration of: carboxymethyl cellulose, medium 
viscosity (Sigma); locust bean gum (Sigma); konjac root powder (local Japanese grocery store); oat spelts 
xylan (Sigma); laminarin (Sigma); pustulan (Calbiochem); apple pectin (Sigma); and 1% of potato soluble 
starch (Sigma), respectively. All substrates were made up in 0.05M acetate buffer (pH5). Konjac root 
powder and locust bean gum were washed in 50% ethanol prior to solubilisation in acetate buffer. The 
reaction mixture containing 0.5 mL substrate and 0.5 mL of appropriately diluted enzyme concentrate was 
incubated at 50°C for 30 minutes. The amount of reducing sugar released was measured by the 
dinitrosalicylic acid (DNS) method (Miller, 1959) where 3 mL of DNS was added to the reaction mixture 
and boiled for 15 minutes. Enzyme activities (Units) were defined as the /unoles of reducing sugar 
formed (as equivalents of glucose, xylose, mannose, or maltose according to the substrates used) in one 
minute by one mL of concentrate or by one mg of the protein in the concentrate (as measured by BioRad 
microassay method) under the conditions of the assays.

Lipase activity was measured by a chromogenic assay, using p-nitrophenol (pNP) laurate (Sigma) as 
substrate (Daya-Mishne and Shabtai, 1992). The above assay was modified to contain in the reaction 
mixture equal volumes of concentrate and pNP-laurate (0.5% in acetate). The incubation was performed 
at 37 °C for 1 hour. After the addition of an equal volume of 1M sodium carbonate, the reaction mixture 
was centrifuged and the released pNP product in the clear solution was read at 405 nm. A unit of activity 
corresponds to the /xmole of pNP formed per minute per mL concentrate or per mg protein in the 
concentrate under the conditions of the assay.

The two generally recognised chitinolytic enzymes are chitinase (randomly cleaving endochitinases) and 
N-acetyl-/?-glucosaminidase (exochitinases). The chitinase activity was estimated by the hydrolysis of 
purified crabshell chitin releasing N-acetyl glucosamine as measured by the method of Ressig et al. (1955) 
(Sutcliffe, 1993). To quantity N-acetyL/S-glucosaminidase, a microplate method from Tronsmo and 
Harman (1993) was adapted to use 100 p\ of concentrate and 100 /d of pNP-A-acetyl-/3-glucosaminide 
(0.5%) in a microplate well with incubation at 50°C for 30 to 60 minutes. Reactions were terminated by 
addition of 50 /d 1M sodium carbonate and the absorbance read at 405 nm to estimate the amount of pNP 
released. The unit of activity was defined as the /unole of pNP released per mL concentrate or per mg 
protein in the concentrate in one minute under assay conditions.

The ECE protein in the Amicon concentrates of the buffer extracts from cultures on wood were separated 
via isoelectro focusing, IEF, and gradient native-PAGE (polyacrylamide gel electrophoresis), using the 
automated PHASTSYSTEM (Pharmacia, Uppsala, Sweden). As the quantity of Amicon concentrates was 
limited, no further concentration step via Centricon microconcentrators (Amicon) was performed even 
though the protein concentration as detected by BioRad microassay was very low in the Amicon 
concentrates. The concentrates were loaded at 4 /d/well onto IEF Phastgel of pi 3-9 or native Phastgel of 
acrylamide gradient 8-25%. The gels were developed by silver staining using the Phastgel Silver Kit 
according to the manufacturer’s manual (Pharmacia). For detecting protease and chitinase isozymes on the 
Phastgels after electrophoresis, differential zymograms were prepared by incubating the Phastgels onto 
milk or glycol chitin overlay gels casted on Gelbond (Pharmacia).

Growth o f  EL4 and Ap on steam sterilised western hemlock wood blocks. As the spore count in the 
batch of spores used in this part of the project was very low, several vials of EL4 or Ap spores (Forintek



Culture Collection Liquid Nitrogen Storage) were used to make up one litre of spore suspension for EL4 
or Ap. No washing steps were performed in order to minimise the loss. The spore counts of the spore 
suspensions were 8.7 x 104 for Ap, and 5.7 x 104 for EL4. The counts were performed on a FUCHS 
ROSENTHAL hemacytometer (Hausser Scientific) with 2/10 mm depth and 1/16 mm2 dimensions. The 
spore counts were obtained from the whole grid of 16 triple lined squares. The spores per mL was 
estimated by the equation : (# of spores in 16 squares x 103)/3.2

As the experiment did not show significant improvment of growth, no conditioning was performed here. 
Frozen western hemlock sapwood blocks (3 x 1 x 0.5 cm dimensions) were thawed to room temperature, 
distributed into 3 metal trays at 600 blocks/tray and steam sterilised. Upon inoculation, 1 litre of EL4 or 
Ap spore suspension was used to inoculate 600 blocks for 30 minutes while stirring with a magnetic stir 
bar to evenly wet the blocks. The inoculated blocks (with EL4, Ap or sterile dH^O) were transferred to 
the plates at 10 blocks/plate using sterile forceps without flicking off excess inoculum. The jars containing 
plates of inoculated/uninoculated blocks were incubated at 27°C for 6 and 12 weeks.

Extraction and analysis o f ECE activity from Ap and EL4. The procedure for extraction of ECE was as 
presented in Figure 1. As growth of Ap was very obvious (even without microscopic examination) just 
after 3-4 weeks incubation, the sampling time was changed to 4, 6 and 12 week incubation. Since the 
experiment was set up for two sampling time, the extra sampling set led to a reduction in the number of 
blocks being sampled at each sampling time. However the ratio of blocks to buffer used in the extraction 
step was adjusted accordingly to 200 blocks in 1600 mL buffer (1:8). Since the YM5 membrane was not 
commercially available, concentration was performed with an Amicon YM3 membrane (molecular weight 
cut off at 3KD). The buffer extract was concentrated 100 fold from 1600 mL to 16 mL. Acetone 
precipitation of protein in the Amicon concentrate was omitted. The protein content and the ECE profiles 
of the concentrates were determined by BioRad microassay method and the SAP screening method 
respectively (Sutcliffe, 1993).

As the volume of Amicon concentrates obtained for each set of sample was limited (~  16 mL), the 
quantitative assays were performed for enzymes that were positive on the SAP screening.

The limited volumes of concentrates left after the quantitative assays and electrophoresis studies were 
subjected to apiZYM system with slight modifications. The apiZYM™ system (Bio Merieux, France), a 
semi-quantitative micromethod designed for detecting enzymatic activities, consists of microcupules 
containing dehydrated chromogenic enzyme substrates and buffer. These substrates were capable of 
detecting the following 19 enzymes : alkaline and acid phosphatase; butyrate esterase (C4); caprylate 
esterase lipase (C8); myristate lipase (C14); leucine, valine and cystine aminopeptidase; trypsin; 
chymotrypsin; phosphoamidase; a-galactosidase; /5-galactosidase; /5-glucuronidase; a-glucosidase; /5- 
glucosidase; N-acetyL/S-glucosaminidase; a-mannosidase; and a-fucosidase. The enzyme activities were 
detected by applying 60 p\ of the ECE concentrate to each cupule on the apiZYM™ strip. The strip was 
incubated in the dark at 37°C for 4 hours in an incubation tray with a lid and containing 5 mL dH:0  to 
provide a humid atmosphere during the incubation. To each cupule 30 /d each of ZYM A and ZYM B 
reagents were added and incubated for 5 minutes in the dark before exposure to bright day light for a 
minute to ensure that negative results become colorless. Color reactions in each cupule were compared to 
the apiZYM color-reaction chart which rated the eznyme activity ranging from 0 (no color) to 5 (darkest 
color).



5.0 RESULTS and DISCUSSIONS

Growth o f EL8 and Op on hemlock wood blocks. After 6 weeks incubation, microscopic examination of 
EL8 or Op inoculated wood blocks showed very poor colonisation. Therefore sampling of blocks for ECE 
extraction was delayed to 8 weeks at which time 5 blocks were randomly picked from each set and 
incubated on MA plates for 5-7 days at 27°C. The EL8 and Op infected wood blocks exhibited 60% and 
40% growth respectively. No growth was observed for all uninoculated control blocks. The wood blocks 
sampled at 8 weeks were extracted with acetate buffer. Although the filtrate was concentrated, the protein 
content was too low to allow successful acetone precipitation of the EC protein in the concentrated 
filtrate. The protein content in the reconstituted acetone precipitates was 2 pg/mL for Op and 3.8 pg/ml 
for EL8 (BioRad protein micromethod).

There were trace amounts of acid phosphatase detected in the Op reconstitute versus the SIGMA 
diagnostic kit for phosphatases, but the value was too low to be quantified. The poor growth of the 
organisms on the wood blocks contributed to the poor elicitation of ECE on the SAP screening (Table 2). 
No activity was observed for protease (skim milk) and pectinase. The major difference in the ECE 
activities elicited by biocontrol candidate EL8 and the staining fungus Op was that the former exhibited 
starch hydrolases and the latter cellulases. Except for j3-l,4-gIucomannanase, ECE activity for the 
hemicellulase was higher for Op. No ECE activity was determined for original buffer extracts and the 
filtrates after concentration in an Amicon stir cell.

Due to the poor growth of both EL8 and Op on wood, the experiment was repeated with the wood blocks 
conditioned in an enclosed humid chamber for 48-72 hours. The blocks were steam sterilised for 20 min 
at 100°C instead of 7-irradiated. The buffer extract of the infected/uninfected wood blocks was 
concentrated to 125 fold using a lower molecular weight (MW) cut off membrane to minimise loss of low 
MW enzyme components in the extract.

Extraction and analysis o f ECE activity from Op and EL8. Although EL8 and Op were separately 
cultured on hemlock wood blocks again, growth as observed under stereomicroscope did not improve 
significantly. After 6 and 12 week incubations, the ECE produced were extracted with acetate buffer and 
concentrated 125 fold using an AMICON stir cell with a YM5 (MW cut off at 5000 dalton) membrane. 
The concentrated extracts were subjected to qualitative SAP screening for ECE activities (Figure 2). The 
scoring of results obtained from SAP screening is presented in Table 3. With respect to cellulases, only 
/3-1,4-endoglucanases were detected for EL8 whereas Op showed the full spectrum of cellulases with the 
potential to hydrolyse crystalline cellulose (avicel). Although hemicellulase activities were detected for 
both organisms, mannanase activity was more prominent for Op than EL8 and vice versa in the case of 
xylanase activity. A full complement of /3-1,3-glucanase activities was noted for EL8, whereas Op showed 
enhanced activities for proteases on milk. Although Op elicited starch hydrolase activity for both the 6 
and 12 week periods, EL8 exhibited a higher activity for this enzyme.

The SAP method can detect very low concentrations of enzyme, but it is insensitive to small differences 
in enzyme activity (Wood and Weisz, 1987). The results from SAP screening were thus confirmed with 
quantitative enzyme assays for cellulases, hemicellulases, starch hydrolase, lipase, protease, chitinases, 
and laminarinase. In addition, acid phosphatase was also assayed quantitatively though not qualitatively. 
The quantitative assays were performed on the week 12 Amicon concentrates of EL8 and Op and the 
results presented in Tables 4 and 5. Quantitatively, ECE extract from the staining fungus Op showed 
more acid phosphatase, hemicellulase, cellulase, chitinase and protease activities than EL8 which was 
more active towards /3-glucans and starch. The results from quantitative assays were expressed as specific
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Table 2

The SAP screening of various fractions of G.viride 623E (EL8) and O.piceae 3871 (Op) extracts from 
cultures on hemlock wood blocks after 8 weeks incubation (1-original buffer extract, 2-filtrate after 

Amicon concentration, 3-concentrate after concentration, 4-Reconstitute after acetone precipitation).

Substrates Fraction Control EL8 O.piceae

Cellulose 1 - _ _

azure 2 - - -

3 - - -

4 - + /- -

CMC 1 _ _ _
2 - - + /-
3 - + /- +
4 - + /- +

Xylan 1 - - -

2 - - -

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

Locust gum 1 - - _

2 - - -

3 - + +
4 - + 2 +

Konjac root 1 - - -

2 - - -

3 - - + /-
4 - + +

Chitin 1 _ _ _
2 - - -

3 - + +
4 + /- + +

Starch 1 _ _ _
2 - - -

3 - + /- -

4 - + -

Pectin 1 _ _ _
2 - - -

3 - - -

4 - - -

Skim milk 1 _ _ _
2 - - -

3 - - -

4 - - -
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Figure 2 Screening for Extracellular Enzyme (ECE) Activity from G.viride 623E (EL8) and
O.piceae 3871 (Op) cultures on hemlock wood blocks using the substrate agar plate (SAP) 
method with the following enzyme detection substrates: A - avicel, B - CMC, C - konjac 
root, D - locust bean, E -oat spelts xylan, F - potato soluble starch, G - apple pectin, H - 
pustulan, I -skim milk, J - chitin. The positions of samples on the SAP correspond to: 
Amicon filtrates from 6th week Control, Op, EL8 (1,2,3); Amicon concentrates from 6th 
week Control, Op, EL8 (3,4,5); Amicon filtrates from 12th week Control, Op, EL8 
(7,8,9) and Amicon concentrates from 12th week Control, Op, EL8 (10,11,12).
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Figure 2 (con’t)
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Table 3

SAP screening for ECE profiles in Amicon concentrates from buffer extracts of G.viride 623E (EL8) 
and O.piceae 3871 (Op) cultures on hemlock wood blocks

ENZYME SUBSTRATE EL8 Op

Wk 6 Wk 12 Wk 6 Wk 12

CELLULASES

cellulases Avicel - - 4 - 4 -

Cellulose azure - - - -

/5-1,4-endoglucanase CMC + /- 4 - 4 - 4 -

/?-l,4-glucosidase Cellobiose - - + /- 4 -

HEMICELLULASE

|S-1,4-gaIactomannanase Locust bean gum + 4 -  4 - 4 - 4 - 4 - 4 - 4 - 4 -

/S-l ,4-gIucomannanase Konjac root - + /- 4 -  4 - 4 -  4 -

/5-1,4-xylanase Oats spelts xylan 4 -  4 - 4 - 4 - 4 - 4 - 4 -

/3-GLUCANASES

(S-l,3-glucanase Laminarin 4 - 4 - + /- + /-

/S-l,6-glucanase Pustulan 4 - 4 - - -

CHITINASE Chitin 4 - 4 - 4 - 4 -

PROTEASES Skim milk - +  1- 4 - 4 - 4 -

LIPASE Tween 20 - + /- - -

PECTINASE Apple pectin - - - -

STARCH HYDROLASE Potato soluble 
starch

4 - +  4 - 4 - 4 -
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Table 4

Comparison of qualitative (SAP) and quantitative assay for ECE activities in Amicon concentrate of 
buffer extract from G.viride 623E (EL8) culture on hemlock wood blocks

ENZYME SUBSTRATE SAP Quantitative
assay

units/mg enz/min

CELLULASES

cellulases Avicel - Not tested

Cellulose azure - Not tested

/3-1,4-endoglucanase CMC + trace /xmole glucose

jS-l,4-glucosidase Cellobiose - 0.000 /xmole glucose

HEMICELLULASE

/S-l,4-gal actomannanase Locust bean gum + 0.94 /xmole mannose

/3-1,4-glucomannanase Konjac root + /- 1.25 /xmole mannose

/3-1,4-xylanase Oats spelts xylan + + 0.94 /xmole xylose

jS-GLUCANASES

/3-1,3-glucanase Laminarin + + 5.31 /xmole glucose

/3-1,6-glucanase Pustulan + Not tested

CHITINASE Chitin + 0.05 /xmole 
glucosamine

pNP-
glucosaminide

NT 0.000 /xmole pNP

PROTEASES Skim milk(SAP) 
or Azocoll

+ /-
2.81 mg Azocoll

LIPASE Tween 20(SAP) 
or pNP-laurate

+ /-
0.05 /xmole pNP

PECTINASE Apple pectin - Not tested

STARCH HYDROLASE Potato soluble 
starch

+ + 3.43 /xmole maltose

ACID PHOSPHATASE pNP-phosphate NT 2.50 /xmole pNP

NT = not tested; Protein content of Amicon concentrate from extract of EL8 12 weeks culture on 
hemlock wood blocks = 3.2 /xg/mL
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Table 5

Comparison of qualitative (SAP) and quantitative assay for ECE activities in Amicon concentrate of 
buffer extract from O.piceae 3871 (Op) culture on hemlock wood blocks

ENZYME SUBSTRATE SAP Quantitative
assay

units/mg enz/min

CELLULASES

cellulases Avicel + Not tested

Cellulose azure - Not tested

/3-1,4-endoglucanase CMC + trace jimole glucose

/J-l,4-glucosidase Cellobiose + trace ^mole glucose

HEMICELLULASE

/S-l ,4-galactomannanase Locust bean gum + + 
+

4.77 /xmole mannose

/S-l ,4-glucomannanase Konjac root 4- + 5.68 ^mole mannose
/3-1,4-xylanase Oats spelts xylan + 0.91 /rmole xylose

/3-GLUCANASES

/5-1,3-gIucanase Laminarin + /- 4.77 /zmole glucose

/3-1,6-gIucanase Pustulan - Not tested

CHITINASE Chitin + 0.08 ^mole 
glucosamine

pNP-
glucosaminide

NT 0.91 ^mole pNP

PROTEASES Skim milk(SAP) 
or Azocoll

+ +
2.95 mg Azocoll

LIPASE Tween 20(SAP) 
or pNP-laurate

-
0.09 /xmole pNP

PECTINASE Apple pectin - Not tested

STARCH HYDROLASE Potato soluble 
starch

+ 2.27 /xmole maltose

ACID PHOSPHATASE pNP-phosphate NT 3.41 /xmole pNP

NT = not tested; Protein content in Amicon concentrate of ECE extract from Op 12 weeks culture on 
hemlock wood blocks = 4.4 /ig/mL
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activity, ie. units per mg of protein in the Amicon concentrate of ECE extracts from cultures on wood. 
This allowed fair comparison of activities from ECE produced on wood by EL8 and Op. The specific 
activities for Op were higher than EL8, thus in view of rapid colonisation on wood, EL8 may not be as 
promising.

As EL8 and Op were grown as monocultures on wood, the presence of significant amounts of protease 
and chitinase activities may be attributed to the retrieval of protein in senescent hyphae. The literature has 
shown that filamentous fungi with chitin as a major component of the cell walls produce chitinase at all 
stages of active growth, i.e. during spore germination, exponential growth and mycelial development 
(Gooday et al. 1992). Growing fungal hyphae require nitrogen for protein synthesis. Proteases might also 
be involved in the sequestration of nitrogen from wood proteins as well as protein in old fungal hyphae.

At times, the ECE activities were below the detection limit of the quantitative assays (Tables 4 and 5), 
and this could be attributed to the low EC protein concentration detected in the concentrates of buffer 
extracts. The low protein concentration was not indicative of low secretion of ECE by the organisms, but 
could also be due to the binding of enzyme to the wood substrate or to the fungal cell wall or its 
extracellular sheath (Kalisz et al. 1987). The use of mild detergents (eg. Tween 80) has been reported 
(Dawson-Andoh and Morrell, 1992) to enhance protein recovery from wood colonised by decay fungi.

Although cellulose is a major component in wood, because of its crystalline structure and the matrix of 
the wood components (Timell, 1967), it is less assessible to enzymatic attack by cultures on wood. The 
SAP screening results of EL8 and Op cultured in liquid synthetic medium supplemented with hemlock 
sawdust (SM + SD) and on hemlock wood blocks were compared (Table 6). The more prominent cellulase 
activities detected in culture filtrates from EL8 grown in SM + SD (Sutcliffe, 1993) were due to increased 
surface area of the wood substrate in the form of saw dust. This rendered the cellulose component 
physically more assessible thus inducing the fungi to produce more EC cellulases. With the exception of 
lipase and proteases, EL8 elicited the full ECE complement and higher activity with the enzymes tested. 
The staining fungus Op, on the other hand, showed a greater number and a relatively enhanced activity of 
the ECE extracted from wood culture. However, the general ECE profile from ECE extracts from wood 
cultures was similar to that of culture filtrates on SM + SD. Activity towards hemicellulose and starch was 
more prominent in the ECE from wood cultures. Compared to cellulose, starch and hemicellulose are 
more easily hydrolysable components in wood. In general, both biocontrol and sapstain fungi do not 
degrade wood. This is a reflection of their inability to degrade lignin and cellulose in wood.

Attempts were made to characterize the protein in the ECE extracts via native-PAGE and IEF (Figure 3). 
As protein content of the extracts was too low, so only very faint bands were revealed by the sensitive 
silver stain after protein separation by IEF. There were no distinct bands on the separation gel after 
native-PAGE. As such, the differential zymograms prepared by overlaying separated IEF or Native 
Phastgels onto milk and glycol chitin gels casted on Gelbond showed no clearing bands (negative results 
are not shown).

Extraction and analysis o f ECE activity from EL4 and Ap grown on steam sterilised hemlock wood 
blocks. After three weeks of incubation, inoculated wood blocks were examined under stereo 
microscope. White to clear mycelia were seen on edges of blocks inoculated with EL4. Growth of 
transparent hyphae on the surface of blocks was difficult to distinguish on the wood colored background. 
However, the growth of AP was profuse and obvious with a lot of black mycelial clusters on the wood 
blocks and on the moist filter paper lining the plate. In general, the growth of EL4 and Ap on wood was 
much faster than that of EL8 and Op. As such, a week 4 sampling was performed. The Amicon 
concentrates of the buffer extracts from EL4 and Ap on wood were subjected to SAP screening for ECE
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Table 6

Qualitative SAP Screening of ECE Activity of G.viride 623E (EL8) and O.piceae 3871 (Op) from 
Culture Filtrates (3 weeks) in synthetic medium supplemented with hemlock sawdust (SM + SD) and 

from ECE extracts from cultures on hemlock wood blocks (12 weeks)

ENZYME SUBSTRATE EL8 Op

SM + SD Wood SM + SD Wood

CELLULASES

cellulases Avicel + - - +

Cellulose azure + - - -

/3-1,4-endoglucanase CMC + + + + + /- +

0-1,4-glucosidase Cellobiose + - - +

HEMICELLULASE

/S-l ,4-galactomannanase Locust bean 
gum

+ + + + + + +

/5-1,4-glucomannanase Konjac root + + + /- + + +

/?-l,4-xylanase Oats spelts 
xylan

+ + + + + + +

0-GLUCANASES

|S-l,3-glucanase Laminarin + + + + + + /- + /-

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

CHITINASE Chitin + + + + - +

PROTEASES Skim milk 
powder

- + /- - + +

LIPASE Tween 20 - + /- - -

PECT1NASE Apple pectin + /- - + /- -

STARCH HYDROLASE Potato soluble 
starch

+ + + + /- +
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Figure 3 Analysis of ECE proteins in Amicon concentrates of buffer extracts from G.viride 623E 
(EL8) and O.piceae 3871 (Op) cultures on hemlock wood blocks using isoelectrophoresis 
IEF (3-9) with Op in lanes 2 and 3, IEF broad pI(3-9) standards in lanes 1 and 4, EL8 in 
lanes 5 and 6, and using 4/xL concentrate per lane. The protein gel was developed by 
silver stain.
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profiles (Figure 4). The scoring of results obtained from SAP screening is presented in Table 7. Except 
for /3-1,4-glucomannanase, both organisms elicited similar enzyme profiles. The staining fungus Ap 
seemed to elicit complete hemicellulolytic activities while EL4 showed more prominent cellulolytic 
activities. This may be advantageous to Ap in fast colonisation on wood as mentioned in the Background 
section that hemi-cellulose is more readily accessible than cellulose.

The SAP screening results of EL4 and Ap cultured in liquid synthetic medium supplemented with 
hemlock sawdust (SM + SD) (Sutcliffe, 1993) and on hemlock wood blocks were compared (Table 8). 
Similar to the observation in the case of EL8 and Op there was greater EL4 ECE activity elicited in 
culture filtrates of SM + SD than in concentrates from buffer extracts of cultures on wood. The more 
prominent activity detected in culture filtrates was probably due to the increased surface area of the wood 
substrate in the form of saw dust rendering the cellulose and other components of the wood physically 
more assessible and thus inducing the fungi to produce more ECE. The ST fungus Ap on the other hand 
showed more activity from wood culture.

The SAP screening of EL4 and Ap Amicon concentrates showed ECE profiles that were more complete 
than that of EL8 and Op. The qualitative results were then confirmed via quantitative enzyme assays 
using the individual enzyme substrates as presented in Table 1. Similar to earlier findings, the quantitative 
results agreed well with the SAP results. The ECE activities were expressd in volumetric enzyme units 
and with the extracellular protein values, the specific activities were calculated and presented in Table 9. 
Since the protein content in EL4 differs from Ap, this transposed to considerable differences in the units 
of activity estimated in terms of per mL concentrate or per mg of the protein in the concentrate. As such, 
comparison of ECE activities was compared by specific activities as presented in Figure 5. In general Ap 
showed higher specific activities for all enzymes tested and with the exception of mannanase and 
chitinase, activities peaked at week 4 and decreased to week 12. As for EL4 the ECE specific activities 
generally peaked at week 6 except for chitinase activities which being very low could be detected at 
nanomole (nmole) levels even for Ap (Table 9).

The Amicon concentrates of EL4 and AP buffer extracts from cultures on wood were then subjected to 
isoelectrofocusing (IEF) and native-polyacrylamide gel electrophoresis (PAGE) for partial protein 
characterisation. As Sutcliffe (1993) reported, protein separation Phastgels after IEF or PAGE were used 
to prepare differential zymograms with milk or glycochitin as substrates to identify the separated protein 
bands responsible for protease or chitinase activities. There were no clearing bands observed on either 
overlay gels. As shown by the gels (Figure 6), there were very few protein bands and if present, they 
were very faint, except for EL4 which indicated a single heavy band after IEF. Also there was a single 
band on the PAGE gel for Ap though not as heavy as the EL4 band on IEF gel. The pi and the MW of 
the unknown bands were calculated using the standard curves extrapolated from the broad pi STD and 
HMW STD from the same gel as the samples were electrophoresed (Figure 7). The band on IEF gel for 
EL4 has a pi of 5.3 whereas the band on the PAGE gel for Ap has an estimated MW of 78 KD.
However, these two prominent bands on the gels after IEF or PAGE were not responsible for protease 
and chitinase activities.

The apiZYM™ system (Bio Merieux, France), a semi-quantitative micromethod designed for detecting 
enzymatic activities, complemented the SAP qualitative assay system (Table 10). The limited volume of 
concentrates left after the quantitative assays and electrophoresis studies was subjected to this system with 
slight modifications. The ECE activity detected for the stain fungus Ap was higher than that of EL4 
except in the cases of acid phosphatase and phosphohydrolase (Figure 8). Low activity of alkaline 
phosphatase was observed only for Ap at week 12. The high ECE activity of acid phosphatase elicited by 
both EL4 and Ap perhaps is an indication of the acidic nature of wood.
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Figure 4 Screening method for extracellular enzyme (ECE) activity from G.roseum 784A (EL4) 
and A.pullulons 132Q (Ap) cultures on hemlock wood blocks using the substrate agar 
plate (SAP) method with the following enzyme detection substrates: A - avicel, B - 
cellulose azure, C - CMC, D - konjac root, E - locust bean, F - oat spelts xylan, G - 
potato soluble starch, H - skim milk, I - laminarin, J - pachyman, K - pustulan, L - 
pectin, M - chitin. The positions of samples on the SAP correspond to: 1, 2, 3 for 
Amicon filtrates from 4th week uninoculated Control (Ctl), EL4, Ap and 4, 5, 6 similarly 
for the concentrates; 7, 8, 9 for Amicon filtrates from 6th week Ctl, EL4, Ap and 10, 11, 
12 similarly for the concentrates; 13, 14, 15 for Amicon filtrates from 12th week Ctl, 
EL4, Ap and 16, 17, 18 similarly for the concentrates. The pictures for the 12th week 
samples on substrates I to M are not available.
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Table 7

SAP assay for ECE activity in AMICON concentrate from buffer extract of G.roseum 784A (EL4) 
and A.pullulans 132Q (Ap) cultures on hemlock wood blocks

ENZYME SUBSTRATE EL4 Ap

Wk4 Wk6 Wkl2 Wk4 Wk6 Wkl2

CELLULASES

cellulases Avicel + 4- - 4-/- 4-/- -

Cellulose
azure

4- 4- + + /- 4-/- 4-

/3-1,4-endogiucanase CMC + + + 4- 4- 4- 4- 4-4- 4- 4-

HEMICELLULASE

/5-1,4-galactomannanase Locust bean 
gum

+ /- 4-/- 4- 4-4- 4- 4- 4- 4-

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

/3-1,4-xylanase Oats spelts 
xylan

+ + 4- 4- 4-4- 4- 4- 4- 4-

/3-GLUCANASES

/3-1,3-glucanase Laminarin + 4- + /- 4- 4- 4-4- 4-

/?-l,6-glucanase Pustulan 4- 4- + 4-/- + /- + /-

CHITINASE Chitin + 4- - + /- + /- -

PROTEASES Skim milk + 4- + 4- 4-4- 4-4- + +

LIPASE Tween 20 - - - - + /- -

PECTINASE Apple pectin + 4- + /- 4- + + /-

STARCH HYDROLASE Potato soluble 
starch

4- 4- + 4-
pink

+
pink

4-
pink

1 - 2 6



Table 8

Qualitative SAP Screening of ECE Activity of G.roseum 784A (EL4) and A.pullulans 132Q (Ap) 
from Culture Filtrates (3 weeks) in synthetic medium supplemented with hemlock sawdust (SM + SD) 

and from ECE extracts from cultures on hemlock wood blocks (12 weeks)

ENZYME SUBSTRATE EL4 Ap

SM + SD Wood SM + SD Wood

CELLULASES

cellulases Avicel + - - -

Cellulose azure + /- + - +

/3-1,4-endoglucanase CMC + + + + + + /- + +

/3-1,4-glucosidase Cellobiose + NT - NT

HEMICELLULASE

jS-1,4-galactomannanase Locust bean 
gum

+ + + + /- + +

/3-1,4-glucomannanase Konjac root + + - - + +

/3-1,4-xylanase Oats spelts 
xylan

+ + + + + + +

j3-GLUCANASES

/S-l,3-g'ucanase Laminarin + /- + /- + /- +

/5-1,6-glucanase Pustulan + + + - + /-

CHITINASE Chitin + + + - - -

PROTEASES Skim milk 
powder

+ + + - + +

LIPASE Tween 20 - - - -

PECTINASE Apple pectin + + + + /- + /- + /-

STARCH HYDROLASE Potato soluble 
starch

+ + + /- +
pink

NT = not tested
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Figure 5 Specific activity of ECE - (5a) xylanases; (b) /3-1,4-glucomannanases; (c) /3-l,4-
galactomannases; (d) /3-1,4-endoglucanases; (e) |S-l,3-glucanases; (f) /5-1,6-glucanases; (g) 
chitinases; (h) acid phosphatase; (i) pectinases; (j) starch hydrolases; (k) proteases from 
Amicon concentrates of buffer extracts from G.roseum 784A (EL4) and A.pullulons 132Q 
(Ap) cultures on hemlock wood blocks after 4, 6, and 12 weeks of growth.
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Table 9

Quantitative enzyme assays of Amicon concentrates of buffer extracts from G.roseum 784A (EL4)
and A.pullulans 132Q (Ap) cultures on wood

Substrate Units Wk4 Wk6 Wkl2

EL4 Ap EL4 Ap EL4 Ap

Protein mg/m! 0.121 0.007 0.089 0.009 0.154 0.033

CMC /xmoIe/mL 0.023 0.039 0.029 0.034 0.027 0.043

/xmole/mg 0.190 5.571 0.326 3.778 0.175 1.303

Laminarin /xmoIe/mL 0.039 0.252 0.036 0.257 0.039 0.165

/xmole/mg 0.322 36.000 0.404 28.556 0.253 5.000

Pustulan /xmole/mL 0.018 0.017 0.027 0.018 0.025 0.022

/xmole/mg 0.149 2.429 0.303 2.000 0.162 0.667

Pectin /xmole/mL 0.032 0.049 0.030 0.046 0.035 0.034

/xmole/mg 0.264 7.000 0.337 5.111 0.227 1.030

Xylan /xmole/mL 0.023 0.027 0.031 0.020 0.036 0.030

/xmole/mg 0.190 3.857 0.348 2.222 0.234 0.909

Locust 
bean gum

/xmole/mL 0.021 0.145 0.030 0.192 0.024 0.192

/xmole/mg 0.174 20.714 0.337 21.333 0.156 5.818

Konjac
root

/xmole/mL 0.036 0.338 0.042 0.429 0.038 0.483

/xmole/mg 0.298 48.286 0.472 47.667 0.247 14.636

Starch /xmole/mL 0.014 0.015 0.019 0.013 0.017 0.019

/xmole/mg 0.116 2.143 0.213 1.444 0.110 0.576

Chitin nmole/mL 0.360 0.079 0.053 0.000 0.310 0.041

nmole/mg 2.975 11.286 0.596 0.000 2.013 1.242

pNP-
phosphate

nmole/mL 0.550 9.207 0.594 10.109 0.718 14.130

/xmole/mg 0.005 1.315 0.007 1.123 0.005 0.428

Azocoll mg Azo/mL 0.042 0.014 0.038 0.012 0.012 0.012

mg Azo/mg 0.347 2.000 0.427 1.333 0.078 0.364
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Figure 6

1 2 3 4 5
MW Of

6 standards

B

Analysis of ECE proteins in Amicon concentrates of buffer extracts from G.roseum 784A (EL4) 
and A.pullulons 132Q (Ap) cultures on hemlock wood blocks using (A) isoelectrophoresis IEF 
(3-9), and (B) native-PAGE (8-25%), using 4pL concentrate per lane. The samples on the gels 
are EL4 (week 6,12) in lanes 1 and 2, IEF broad pi standards or high molecular weight (HMW) 
standards in lanes 3 and 6, Ap (week 6,12) in lanes 4 and 5. The protein gel was developed by 
silver stain.
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(a)

DISTANCE FROM STACKING GEL (cm)
G517-1

Figure 7 The pH gradient profile (7a) and the high molecular weight (HMW) gradient profile (7b) 
as indicated by the broad pi calibration standards (STD) and the high molecular weight 
(HMW) calibration STD respectively on the IEF and native-PAGE gels in Figure 6, were 
used to calculate the protein band on the IEF gel for G. roseum (EL4) and on the native- 
PAGE gel for A. pullulons (Ap).
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Table 10

Semi-quantitative colorimetric determination of ECE activities with Amicon concentrates of buffer 
extracts from G.roseum 784A (EL4) and A.pullulons 132Q (Ap) cultures on hemlock wood blocks

using the apiZYM™ system

No. Enzyme assayed for Results

EL4 Ap

Wk4 Wk6 Wkl2 Wk4 Wk6 Wkl2

1 Control 0 0 0 0 0 0

2 Phosphatase alkaline 0 0 0 0 0 1

3 Esterase (C4) 1 1 0 3 4 4

4 Esterase Lipase (C8) 0 0 0 1 2 2

5 Lipase (C l4) 0 0 0 0 0 0

6 Leucine arylamidase 0 0 0 0 0 0

7 Valine arylamidase 0 0 0 0 0 0

8 Cystine arylamidase 0 0 0 0 0 0

9 Trypsin 0 0 0 0 0 0

10 Chymotrypsin 0 0 0 0 0 0

11 Phosphatase acid 5 5 5 5 5 5

12 Naphthol-AS-BI-phosphohydrolase 5 5 5 1 2 3

13 a-galactosidase 0 0 1 2 2 3

14 jS-galactosidase 0 0 0 4 4 5

15 /5-glucuronidase 0 0 0 0 0 0

16 a-glucosidase 0 0 1 3 3 4

17 /S-glucosidase 0 1 3 4 4 5

18 N-acetyl-/5-glucosaminidase 4 4 5 5 5 5

19 a-mannosidase 0 0 0 0 0 0

20 a-fucosidase 0 0 0 0 0 0

The ranking of results from 0, 1,2,  3, 4, 5, corresponded respectively to the quantity of 
hydrolysed substrate in 0, 5, 10, 20, 30, and >40 nanomoles.

The Amicon concentrate from buffer extract of uninoculated wood (Control) was also subjected to 
the apiZYM™ screening but all negative results were not presented in the table.
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Figure 8
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Detection of ECE activity in Amicon concentrates of buffer extracts from G.roseum 784A 
(EL4) and A.pullulans 132Q (Ap) week 12 cultures on hemlock wood blocks using the 
apiZYM™ semi-quantitative colorimetric system. Concentrate of buffer extract from 
uninoculated wood blocks was included as a control. The 19 enzymes correspond to (2) 
alkaline and (3) acid phosphatase; (4) butyrate esterase (C4); (5) caprylate esterase lipase 
(C8); (6) myristate lipase (C14); (7) leucine, (8) valine and (9) cystine aminopeptidase; (10) 
trypsin; (11) chymotrypsin; (12) phosphoamidase; (13) a-galactosidase; (14) /3- 
galactosidase; (15) /3-glucuronidase; (16) a-glucosidase; (17) /3-glucosidase; (18) A-acetyl- 
/3-glucosaminidase; (19) a-mannosidase; and (20) a-fucosidase.
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Butyrate esterase (C4) and caprylate esterase lipase (C8) were produced by Ap for all incubation periods. 
Some filamentous fungi, notably Pénicillium candidum, P. camembertii and Mucor miebei, have been 
reported (Rivera-Munoz et al. 1991) to produce lipases including C4 esterases in solid state fermentation. 
Lipases might be involved in the degradation of resin acids in soft woods and are currently being 
evaluated for use in the depitching of pulp (Blanchette et al. 1992). Esterases, lipases, phosphatase, 
phosphamidase, a- and /S-galactosidases and proteolytic enzymes, in addition to chitinases, contribute to 
the ability to penentrate cell walls and membranes of fungal cells (Aziz et al. 1993) and might play a role 
in combative interactions. These enzymes might also be involved in the recycling of fungal hyphae. The 
high glucosidase and galactosidase activities exhibited by Ap might be reflecting its greater primary 
resource capture ability through utilisation of non-structural carbon compounds. The high levels of 
glucosidases and galactosidases in Nomuraea anemonoides are attributed to their role in the degradation of 
plant debris (El-Sayed et al. 1992).

6.0 CONCLUSIONS AND RECOMMENDATIONS

One of the primary requirements for the success of an applied biocontrol agent is the ability to colonise 
the wood substrate. Initial colonisation of the wood depends on germination and growth of the applied 
propagules and their ability to utilise carbon, nitrogen, phosphorus and other easily assimilable wood 
components. To effect this, growing fungal hyphae excrete extracellular enzymes (ECE) into the wood 
substrate to break down and solubilise these components to enable them to be taken up by the biocontrol 
agent. Consequently, ECE profiles are good indicators of the primary resource capture capability of the 
organisms. The results of this study have shown that both biocontrol and sapstain fungi produce ECE 
during colonisation of sterile Western hemlock wood blocks. The ECE detected initially were also present 
at the end of the test incubation period albeit at different concentrations.

Quantitative ECE profiles of both G. viride 623E (EL8) and O. piceae 3871 (Op) did exhibit some 
similarities. EL8 and Op produce cellulases only at trace level. Chitinase activity for both fungi was also 
low and might be associated with autolysis of senescent fungal hyphae. The carbon sources utilised 
primarily by Op were the mannans notably glucomannans. Starch was the preferred carbon source of 
EL8. Pectin was utilised by neither fungus.

For G. roseum 784A (EL4) and A. pullulans 132Q (Ap), similar ECE profiles were observed except there 
was trace /5-1,4-glucomannanase activity for EL4 and a full complement of cellulase enzymes for EL4.
Ap lacked the ability to degrade crystalline cellulose (avicel). Like Op, Ap exhibited greater preferential 
utilisation of mannan, notably glucomannan as the primary source of carbon. EL4 however utilised a 
variety of components such as hemicellulose, starch and pectin as source of carbon although these were 
metabolised to a greater extent by Ap. Unlike EL8 and Op, EL4 and Ap also utilised pectin.

All biocontrol and sapstain fungi used in this study produced appreciable levels of proteases which might 
be playing a major role in the immobilisation of nitrogen from wood although this possibility was not 
explored. There was appreciable activity of /3-glucanases, notably /3-1,3-glucanases and low activity of 
phosphatases, lipases, esterases. Proteases, /3-glucans,lipases, chitinases have been considered to be 
involved primarily in antagonistic interactions involving lysis of fungal cell walls (Roberts and Lumsden, 
1990). This study has demonstrated that this group of enzymes are also produced during primary resource 
capture and might be involved in the autolysis of and recycling of senescent hyphae components.
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In conclusion, the two sapstaining fungi studied exhibited greater primary resource capture capability and 
consequently better wood colonisation ability than the two potential biocontrol agents, EL8 and EL4. It is 
recommended that future studies examine :
1 Methods of enhancing wood colonisation capabilities of potential biocontrol fungi by 

altering the environment thus stimulating their growth and limiting initial wood colonisation 
capabilities of sapstaining fungi;

2 Interaction of potential biocontrol and sapstaining fungi on wood through their ECE 
profiles.
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APPENDIX II

Evaluation of Qualitative Methods for the Determination of Extracellular 
Enzymes Produced by Germinating Spores of the Potential Bioprotectant, 

Gliocladium roseum 784A and Sapstain Fungus,
Ophiostoma piceae 3871



1.0 OBJECTIVE

To develop a rapid qualitative screening method for the detection of extracellular enzymes produced by 
germinating spores of the bioprotection agent, G. roseum 784A and the sapstain fungus, Ophiostoma 
piceae 3871.

1.0. INTRODUCTION

Losses due to cosmetic damage caused by sapstain fungi are of significant economic concern to the forest 
products industry. Heightened interest in biological protection (bioprotection) is a result of mounting 
difficulties and expenses in toxic chemical registration coupled with an increase in public demand for the 
reduction of these chemicals (Jackson et al. 1991) . Although there have been some products registered 
(Lewis et al. 1991), most endeavours have shown that biological protection is less efficacious than control 
achieved by biocides (Harman and Lumsden, 1990). Poor germination and growth of bioprotection 
agents are the primary reasons for these inadequate results. An approach to achieving a high level of 
reliability and efficacy is the inclusion of appropriate nutrients that selectively enhance germination and 
growth of bioprotection agents at the expense of competing microflora (Dawson-Andoh & Morrell, 1992).

Through preliminary screening of wood blocks, several potential candidates for bioprotection of sapstain 
have been identified (Seifert, 1988). The bioprotection agent used in this study was Gliocladium roseum 
784A. An ideal bioprotection fungus must be able to utilize primary resources in wood rapidly and 
efficiently to be a viable competitor against sapstain fungi. A desirable bioprotection agent should not 
use structural carbohydrates or other wood components which result in degraded wood strength. 
Resource capture is attributed to extracellular enzymes (ECE) secreted by microorganisms that degrade 
non-structural polymeric material in the wood environment (Sutcfliffe, 1993). Therefore, ECE should be 
a good indicator of some of the processes occurring during fungal colonisation of wood.

Germination is characterised by a period of increasing spore size or swelling, followed by the protrusion 
of the germ tube (Garraway and Evans, 1984). The importance of understanding germination of 
bioprotection agents is crucial. It is at this time when the fungus must be able to establish itself quickly 
and thoroughly in order to protect the wood from sapstain fungi. Previous studies (Sutcliffe, 1993, 
Hagerman et al. 1985) have established useful protocols in the determination of ECE in liquid cultures 
using qualitative, rapid screening plate assays.

To ensure that bioprotectants are quickly established, factors which affect the successful establishment of 
the fungus must be examined. One alternative might be to manipulate the resident microflora to 
selectively enhance the bioprotectant. This could be achieved by application of selective nutrients, 
especially during the early stages of germination (Jansiewicz et al. 1992). On-going studies in this 
laboratory have indicated that the amino acid, L-lysine, has a strong positive influence on the germination 
of G. roseum.
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2.0 MATERIALS AND METHODS

Two test fungi, Gliocladium roseum 784A and Ophiostomapicea 3871 were used in this study. They were 
obtained from Forintek Culture collection.

The leachate solution was prepared by adding 15%(w/v) western hemlock wood blocks (3x1x0.5 cm) to 
deionized distilled water (ddH20). The mixture was stirred for 4 days to ensure that most of the nutrients 
had been leached out of the blocks. The leachate was then filter-sterilized using 0.22 /xm membrane filter 
and stored at 4°C.

Two standard protocols were employed in the preparation of enzyme extracts. The first method consisted 
of concentrating the enzyme extracts and applying the concentrates directly to the substrate. In this 
method, the desired amount of L-lysine hydrochloride was added to 15% hemlock leachate and sonicated 
to ensure homogeneity. The solution was sterilized using 0.22 jxm membrane filter. Spores of O. piceae 
3871 (O.P.) and bioprotectant, G. roseum 784A (G.R.) were acquired from liquid nitrogen storage, 
thawed at 37 °C and added to the L-lysine/hemlock solution (1.0 % lysine) to make up a final 
concentration of 106 spores/mL. The spores were incubated at 15°C for a period of 48 hours. At the end 
of the incubation, 1 mL aliquots were removed and percentage germination and percentage swelling for 
two hundred spores were determined using a hemacytometer (Table 2). The solutions were then filter- 
sterilised to remove spores. The filtrate was concentrated about hundred fold using an Amicon stirred
cell concentrator system fitted with a YM3 membrane (molecular weight cut off at 3KD). A control of 
hemlock leachate with the desired amount of L-lysine and no spores was also concentrated to the same 
level. Again, the extracts were filter-sterilized to prevent contamination after concentration. The extracts 
from different experiments were then tested on the enzyme substrates using the following procedures 
respectively:
Protocol liEight sterile 7 mm glass fibre filter paper discs were placed on each of the seven enzyme 
substrate plates. 20 /xL of concentrated extracts from each treatment were applied to the discs. The 
plates were sealed with parafilm and incubated overnight in a humidity chamber at temperatures 
appropriate for each assay. At the end of the incubation period, the discs were washed off the plates using 
ddH20. Appropriate reagents were added to the plates for better visualization of the clearing zones. The 
protein content of the G.R. extract was determined according to Sutcliffe (1993).
Protocol 2: This was a modification of protocol 1 where the volume of concentrated extracts was 
increased to 50 jxL
Protocol 3: This was also a further modification of protocol 1. 50 /xL of concentrated extracts were 
applied to diffusion wells ( 10 mm diameter, 7mm high) bored into the enzyme substrate plates.
The second method employed was a modification of Sutcliffe’s method (1993). One sterilized U-shaped 
glass rod was placed in a mini petri plate for each trial done. Sterile saturated potassium nitrate solution 
was added to the plates up to the top of the glass rods to maintain relative humdity at 95.5%. Autoclaved 
plastic meshes encompassing the circumference of the plate were placed on top of the glass rod. This 
apparatus acted as a sterile humidity chamber for spore incubation.
The desired amount of L-lysine hydrochloride was added to 15% hemlock leachate and sonicated to 
ensure homogeneity. The solution was filter-sterilized. Spores of O.P. and G.R. were prepared as 
described above and added to the nutrient solutions to make a final concentration of 1(T spores/mL. 
Sterile polysulfone discs were soaked in the inoculated L-lysine/hemlock nutrient solutions for a period of 
1 hour; inoculated with spores of test fungus. The latter were placed in the humidity chambers, sealed 
with parafilm and incubated at 15°C for a period of 48 hours. At the end of incubation, percentage 
germination and swelling were determined microscopically for two hundred spores (Table 2). The 
polysulfone discs were then placed directly onto the enzyme substrate plates to observe the activity of the
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Spore germination results of bioprotectant, G. roseum 784A and 
O. piceae 3871 after 48 hour incubation period.

Table 2

E x p e r im e n t  # G . R .  g e r m in a t io n G . R .  s w e l l in g O P  g e r m in a t io n | O P  s w e l l in g

1 (0.1 %L- lysine) 8 9 % 11% 6 % 42%
2 (1.0%L- lysine) 100% 0% 42% 7 %

3 (1.0%- lysine) 100% 0% 54% 6 %

4 + ve not observed + ve not observed
5 + ve not observed + ve not observed

-  7 + ve not observed + ve not observed
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extracellular enzymes. In this study; nine treatments were evaluated. Six of these treatments consisted of 
0.1, 0.5 and 1% L-lysine/hemlock leachate inoculated with spore of G.R. and O.P. at the above 
concentrations respectively. In two treatments, sterile ddH20  was inoculated with spores of G.R. and O.P 
respectively. The controls employed were sterile distilled deionized water and hemlock leachate 
respectively.

Amalyase Activity. 1.5% bacto agar was mixed with 0.5%(w/v) potato soluble starch. The substrates 
were heated on a stirrer hot plate and dissolved in a 50mM acetate buffer. Then 15 mL portions were 
dispensed onto sterile 100x100x15 mm square petri dishes and allowed to solidify. After incubation at 
room temperature for 24 hours and at 50°C for 1 hour with enzyme extract solutions, the plates were 
flooded with 2% iodine solution for 30 min at room temperature (RT) where undegraded starch was 
stained deep blue leaving clear degradation zones.

Cellulose Activity. Three substrates were used to test cellulase activity:

Avicel Substrate. 1.5% bacto agar was mixed with 0.5%(w/v) avicel PH101. The substrates were heated 
and dissolved in 50mM acetate buffer (pH5). The avicel remained as a suspension in the solution . To 
maintain homogeneity, 15 mL aliquots were dispensed after vortexing and allowed to solidify. After 
incubation with enzyme extracts at 37°C for 24 hours and at 50°C for 1 hour, the plates were flooded 
with 0.1% Congo red stain for 60 min at RT followed by 2x20 min washes in 1M NaCl and finally in a 
5%(v/v) acetic acid wash to enhance contrast between the stained undegraded avicel and the clear 
degraded zones indicate cellulase activity.

Cellulose Azure. 1.5% bacto agar was mixed with 0.5%(w/v) cellulose azure. The substrates were 
heated and dissolved in 50mM acetate buffer (pH5). 15 mL portions were dispensed onto plates and 
incubated at 37°C for 24 hours and at 50°C for 1 hour with enzyme extracts, a pale blue halo against a 
dark blue background marked the zones of cellulose degradation.

Carboxymethyl Cellulose. 1.5% bacto agar was mixed with 0.25%(w/v) carboxymethyl cellulose (CMC) 
and used to detect /S -1,4-endogluconase. The substrate was solubilized at low heat for 60 min while 
stirring slowly to avoid bubbles. Aliquots of 15 mL were dispensed into the plates and incubated at RT 
for 24 hours and at 50°C for 1 hour with the enzyme extracts. The plates were flooded with 0.1% Congo 
red for 60 min at RT followed by 2x20 min washes in 1M NaCl and finally in 5%(v/v) acetic acid which 
enhanced the contrast between the stained undegraded CMC and the clear degraded zones.

Chitinase Activity. 1.5% bacto agar was mixed with 0.5%(w/v) purified crab shell chitin. The substrates 
were heated and dissolved in 50mM acetate buffer (pH5) where the chitin forms a colloidal suspension. 
Aliquots of 15 mL were dispensed onto plates while the solution was being stirred. After incubation at 
37°C for 24 hours and at 50°C for 1 hour with enzyme extracts, the staining process using Congo red was 
employed to distinguish the undegraded chitin from the clearing zones.

Pectinase Activity. 1.5% bacto agar was mixed with 0.5%(w/v) apple pectin and solubilized at low heat 
in a 50mM acetate buffer (pH5). Portions of 15 mL were dispensed onto plates and incubated at RT for 
24 hours and at 50°C for 1 hour with the enzyme extracts. The plates were flooded with 1% 
cetyltrimethylammonium bromide (BDH) for 2 hours at RT. This reagent precipitates undegraded pectin 
giving an opaque background around the clear degradation zones.

Protease Activity. 1.5% bacto agar was mixed with 1% skim milk powder in 50mM acetate buffer 
(pH5). The solution was solubilized at low heat to avoid boiling which will denature the skim milk 
protein and make staining less efficient. Aliquots of 15 mL were dispensed into plates and incubated at
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RT for 24 hours and at 50°C for 1 hour with enzyme extracts. The clearing zones were enhanced using 
the Congo red staining process.

A summary of conditions used for the various qualitative enzyme assays is given in Table 1.

3.0 RESULTS AND CONCLUSIONS

The production of five extracellular enzymes, amylases, cellulases, chitinase, pectinases and proteases by 
germinating spores of G. rosewn and O. piceae in hemlock leachate in the presence and absence of L- 
lysine (0.1, 0.5, 1%) were evaluated using various protocols. None of the protocols used detected the 
presence of any of these enzymes. Exracellular proteins produced by germinating spores of G. roseum in 
hemlock leachate were low (2.3 X 103 ng/ml) and consequently the activity of the ECE might have been 
too low to be detected by the assays used. Using the apiZYME™ system, El-Sayeed et al. (1992) have 
reported the production of extracellular enzymes by germinating conidia of some fungi. The apiZYM™ 
system is a semi-quantitative colorimetric method of determining the activity of extracellular enzymes. 
The lowest detectable quantity of hydrolysed substrates is 5 nanomoles. It is recommended that future 
studies evaluate the suitability of the apiZYM™ system for the detection of extracellular enzymes.
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Summary of qualitative enzyme assay conditions

Table 1

Enzymes Substrate Incubation conditions Reagents for 
visualization

i amylase potato soluble starch 
(0.5%)

RT for 24 hrs, 50°C 
for lhr

2% Iodine solution

chitinase crab shell chitin 
(0.5%)

37°C for 24 hrs, 50°C 
for lhr

0.1% congo red

i cellulase avicel PH 101 (0.5%) 37°C for 24 hrs, 
50°C for lhr

0.1% congo red

cellulase cellulose azure 
(0.5%)

37°C for 24 hrs, 
50°C for lhr

pale blue clearing 
(no reagents)

cellulase carboxymethyl- 
cellulose (0.25%)

RT for 24 hrs, 50°C 
for lhr

0.1 % congo red

pectinase apple pectin (0.5%) RT for 24 hrs, 
50°C for lhr

1 %cetyltrimethyl- 
ammonium bromide.

protease skim milk powder 
(1.0%)

RT for 24 hrs, 
50°C for lhr

0.1%congo red
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APPENDIX III

Metabolites of Sapstaining Fungi 
in North America



1.0 OBJECTIVE

To conduct a literature review on metabolites produced by organisms involved in sapstain in North 
America and to compile this information into a functional database.

2.0 INTRODUCTION

Sapstain is the name given to the greyish, blackish or blueish discolouration of the sapwood resulting 
from the presence of pigmented fungal hyphae that penetrate along the medullary ray cells. The fungi 
associated with sapstain utilise the easily assimilable nutrients in the wood leaving the structural 
carbohydrates. Sapstain is thus considered to be an aesthetic problem causing negligible loss in biomass or 
strength properties of the wood. The presence of these fungi in the wood, however, creates favourable 
conditions for infection of decay fungi and some sapstain fungi have been known to cause soft rot (Wang 
and Zabel 1990).

Sapstain can be controlled by protective chemicals. Without chemical treatment, a significant portion of 
high value lumber must be sold in lower value markets. One of the long term objectives of the sawmill 
industry is to eliminate the use of toxic substances for the protection of lumber against stain, mould and 
decay. Since 1986, Forintek has screened over 100 fungi for biological control agents as alternatives to 
chemical treatments for the protection of freshly sawn lumber against sapstain. Fungal strains were 
evaluated for the ability to produce antibiotics and for the production of secondary metabolites (Sutcliffe 
and Miller 1991) and mycotoxins ( Sutcliffe 1993). Literature searches were made with respect to 
metabolites produced by species and genera of interest and analytical methods were developed to test the 
screened isolates showing promise for sapstain control (Sutcliffe and Miller 1991). Additional studies 
reduced the number of fungal isolates showing potential to protect wood from sapstain from 10, 
comprised of isolates from the genera Gliocladium, Trichoderma and Mariannaea to one isolate of 
Gliocladium roseum, which was the only one to perform well in a simulated field test. This species has 
been shown to produce several polyketides, derivatives of amino acids (peptaibols) and hydroxamate-type 
siderophores.

Metabolites are compounds produced as a result of the sum of the metabolic activities of an organism in 
an environment. Primary metabolites include amino acids, fatty acids, saccharides, nucleic acids and 
proteins and are essential in providing the organism with energy, synthetic intermediates and key 
macromolecules such as protein and DNA. Secondary metabolism involves mainly synthetic processes and 
these products which may be alkaloids, terpenes, flavonoids, etc. are usually not essential for growth of 
the fungus but are produced after active growth has ceased in a stationary phase termed "idiophase", 
roughly equivalent to the stationary phase in bacteria. The study of secondary metabolites has primarily 
been pursued by natural products chemists. For many of the compounds, the chemical structure and the 
name of the producing organism, which may not always be correctly identified, is all that is known. 
Secondary metabolites may play a role in the ecology of the producers (ie. defining relationships with 
other organisms) or in the regulation of metabolism or differentiation.

The study of metabolites is of interest to provide an understanding of the mechanism of action by which 
the organism is able to control sapstain and the implications of this knowledge in inoculum production 
and formulation. With respect to regulation and product acceptance, it is important to determine what 
compounds a potential control agent is capable of producing and under what conditions such compounds 
are produced.
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Conventionally, mycotoxins are fungal metabolites that are toxic to humans or their domestic animals and 
most mycotoxin producing fungi are moulds that contaminate agricultural commodities. Chemically, 
mycotoxins constitute a diverse array of natural products. The largest number are synthesized from 
acetate and malonate via the polyketide pathway. Acquisition occurs through inhalation, ingestion or 
direct contact and even a small amount can bring about serious consequences. Diseases caused by 
ingestion or direct exposure to mycotoxins are called mycotoxicoses and differ from mycoses, which 
result from direct fungal growth and infection. Fungal metabolites produced by macro fungi (often 
Basidiomycetes) showing high mammalian toxicity have however been referred to as "mushroom 
poisons". Other compounds considered to be mycotoxins in the traditional sense were originally isolated 
as antibiotics. As the term has been used rather loosely in the literature, this study includes fungal 
metabolites which cause harmful effects in man, animals, plants, or micro-organisms showing biological 
effects such as acute and chronic toxicity, cytotoxicity, neurotoxicity, immunosuppressive activity, 
teratogenicity, mutagenicity, carcinogenicity, antitumour properties, insecticidal effects, antimicrobial 
properties or phytotoxicity under the category of toxic metabolites. For a comprehensive review on 
mycotoxins, volumes prepared by Cole & Cox (1981), Betina (1989), Turner (1971) and Turner & 
Aldridge (1983) should be consulted.

This report identifies secondary metabolites produced by fungi associated with sapstaining and compares 
them with those produced by the candidate biological agent G. roseum. Such information may help to 
answer the question as to whether the introduction of this fungus on wood poses a greater risk than the 
staining fungi that are already present.

3.0 METHODS

The fungi selected for this search are all organisms which are potential sapstainers of trees, wood, or 
wood products in North America. Three broad groups of fungi are associated with sapstain: 1) 
Ophiostomatalean fungi including species of Ceratocystis, Ceratocystiopsis and Ophiostoma, 2) black 
yeasts such as Hormonema dematioides, Rhinocladiella atrovirens, Aureobasidium pullulons, 
Leptodontidium elatius, and Phialophora spp. and 3) dematiaceous moulds such as Alternaria alternat a 
and Cladosporium cladosporoides (Seifert 1993 ). Other surface moulds such as Pénicillium and 
Trichoderma spp, while frequently producing abundant green conidia on wood discolour only the surface 
and can be easily removed by planing. These surface fungi were not included in the search. The names 
of fungi associated with sapstain searched in this review were taken from Seifert & Grylls (1991), Kâarik 
(1980), Seifert (1993), Farr et al. (1989),Griffin ( 1968), Upadhyay( 1981), and Olchowecki and Reid 
(1974).

In addition to the 4 comprehensive works on mycotoxins reviewed, an initial search was conducted on the 
Commonwealth Agricultural Bureau (CAB) TREE-CD at the University of British Columbia library. The 
Dialog® Information Retrieval Service was used to identify databases containing relevant information. The 
BIOSIS Previews, AGRICOLA, MEDLINE, TOXLINE and Chem Abstract Search proved to be the most 
useful. Over 50 genera of fungi associated with sapstaining were cross-referenced with the terms 
"mycotoxin" and "metabolite. In genera such as Aspergillus, where many species are known producers 
of mycotoxins but very few species are causing sapstain, species names were searched. In cases where 
the term "metabolite" was found to be too extensive, the search was limited to "mycotoxin" or "toxin". 
The articles located in these searches were reviewed for relevant information. Finally, the database 
Toxic metabolites of fungi produced by the Nova Scotian Institute of Science was reviewed.
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4.0 RESULTS

The database compiled from this work is printed in Table 1. A disk copy is also annexed at the end of 
the report. Using dBase 4 or Paradox, queries can be done on single or combined fields. The database 
consists of 9 fields. The first two contain the current binomial GENUS and SPECIES names in 
alphabetical order. If the organism produces two or more metabolites, the name is repeated 
corresponding to the number of entries. Fungal binomials listed in the database follow current taxonomic 
concepts. As the taxonomy of some of these fungi (ie. Ophiostomales) are not yet well understood, 
frequent name changes are common. To allow cross referencing, genus and species synonyms have been 
included in a separate field (SYNONYMS). Names referring to anamorph or teleomorph states are 
recorded in another field (ANATELEOS). Where metabolite production was reported from an anamorph, 
the entry was made under this name. The MYCOTOXIN field contains all compounds that were 
identified in the literature as known toxins produced by fungi. Compounds were considered as toxins if 
literature citations documentated experimental evidence of toxicity to humans, animals, plants or micro
organisms. The METABOLITE field lists the compounds, associated with secondary metabolism, where 
no documented account of toxicity was found. The REFERENCE field is a list of numbers corresponding 
to the references printed in Table 2. Toxicological data was taken from these references. The final field 
INFORMATION lists additional information, primarily with respect to pathogenicity, host specificity and 
distribution, that could have implications for regulatory purposes. Only species entries with information in 
this field are printed in Table 3.

5.0 DISCUSSION

References from the literature revealed a total of 257 compounds produced by sapstain fungi (Table 1). 
Twenty genera comprising 34 species from the approximately 50 genera involved in this search were 
shown to produce secondary metabolites.

Twenty-four toxins were reported for Allernaria alternata. Studies on Ahernaria spp have resulted in the 
identity of several toxic metabolites belonging to at least 3 classes of chemicals. Most of these including 
tenuazonic acid, 4 toxins with the dibenzopyrone moiety, alternariol, alternariol monomethyl ether, 
altenuene, altenuisol and the structurally unknown altertoxin I and altertoxin II are produced by A. 
alternata. Several compounds, such as ACT, AK, Ta, AAL, AL and AT toxins, and the maculosins and 
alterlosins produced by A. alternata are phytotoxins.

Twenty two mycotoxins and 20 metabolites were recorded for Aspergillus niger. The aflatoxins, notably 
Aflatoxin B, produced by A. flavus and A. parasiticus are among the most widely studied mycotoxins due 
to their acute toxicity and their implications in several mycotoxicoses in animals and man. This toxin is 
also produced by A. niger. The A. niger group also produces several malformins, a family of related 
cyclic pentapeptides. These compounds are of biological interest for antibiotic activity, cytotoxicity, 
inhibition of adventitious root formation and a unique ability to cause malformations of stems and petioles 
of Phaseolus vulgaris and curvature of Zea may’s (Cole and Cox 1981).

From the Ophiostomales, the family comprising the genera Ceratocystis, Ophiostoma and 
Ceratocystiopsis, the fungi most commonly associated with sapstain, 15 compounds were identified as 
toxic. Several of these compounds, produced by O. minus, are dihydro-isocoumarins. Several well 
known mycotoxins such as viomellein, viriditoxin, xanthomegnin, produced by Pénicillium and 
Aspergillus spp also contain the isocoumarin moiety. Combinations of the dihydroisocoumarin moiety
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with different bioactive structures however, would probably result in different biological activities of 
compounds of this type (Betina 1989). Ceratocystis fimbriata produces the toxic sesquiterpenoid 4- 
ipomeanol especially in sweet potatoes in response to stress. This fungus also produces the protein 
fimbriatain, toxic to plant tissue cultures. Tyrosol, the other toxic compound identified in this group, has 
shown phytotoxicity to rice and lettuce seed germination.

Several phenolics and terpenoids are produced by the Ophiostomatales. Some of these compounds are also 
produced by plants or occur as natural compounds of the heartwood of trees. Much of the demonstrated 
activity of these compounds has been against wood-inhabiting micro-organisms where there is an interest 
for their potential as "natural" wood preservatives (Svensson 1989).

A surprising number of volatile metabolites, including short-chain alcohols, esters and sesquiterpenes have 
been reported from this family. It has been suggested (Hanssen 1993) that production of these compounds 
could be an adaptive mechanism to attract insects which in turn disseminate spores. Purified mycotoxins 
are usually not volatile (Schiefer 1986) and this is probably due to their relatively high molecular weight. 
The synthesis of cyclic sesquiterpenes appears to be restricted to Ophiostoma spp. and it has been 
suggested that this characteristic could be used as a potential tool for chemosystematics (Hanssen 1993). 
Ceratenolone, produces an intense blue coloration when chelated with ferric ions and has been identified 
(Ayer 1987) as the agent responsible for the blue pigmentation asociated with sapstained wood.

Secondary metabolite production by anamorphs of the Ophiostomatales includes the production of piperine 
and orcinol monomethyl ether by Verticicladiella sp (Betina 1989). Both show antimicrobial activity. 
Hyalodendrin, an amino acid derived mycotoxin composed of phenylalanine and serine is produced by 
Hyalodendron spp. It shows anti-microbial activity against several microorganisms pathogenic to man but 
mammalian toxicity is unknown (Cole and Cox 1981). Leptographium wageneri produces the toxins 
vertixanthone and hydroxyvertixanthone. Chalara microspora produces cytochalasins, (K, L, M) as well 
as several phenols. The cytochalasins from "cytos" (cell) and "chalasis" (relaxation), produce unique 
biological effects on animal cells in tissue culture, eucaryotic micro-organisms, bacteria and plants. Carter 
(1967) showed effects on mammalian cells such as inhibition of movement and cytoplasmic cleavage, 
formation of multinucleated cells and nuclear extrusion.

Phoma spp., while not related to the Ophiostomales, are dark pigmented Coelomycetes associated with 
sapstain. Cytochalasin A & B as well as phenol production has been reported from this genus.

There are several reports of mycotoxin production from dematiaceous moulds associated with sapstain. 
Cladosporium cladosporioides produces the antibiotic cladosporin (asperentin) and its derivative 8-0- 
methyl-cladosporin, both dihydroisocoumarins. In addition to other antibiotics, tomastachin and 
calphostins A, B, C, D, it produces the plant growth regulators cladospolide A and B. Aureobasidium 
pullulans produces oxalic acid as well as the aureobasidins A-R, which show both antifungal and 
antibiotic activities. Epicoccum nigrum produces the polyene antibiotic epirodin and 
dithiodiketopiperazine, a blood platelet aggregation inhibitor. Several siderophores ferricrocin, coprogen, 
triomicin, and isotriornicin have been reported from this species. Stachybotrys chartarum produces 
several toxins, the most famous being trichoverrol A & B and satratoxin, F G & H responsible for 
stachybotryotoxicosis in man and animals, contacted through skin contact or inhaled dust. Stachybotrys 
cylindrospora, a non-staining species producing the trichothecenes, trichodermin and trichodermol, is 
currently being considered as a biological control agent for stain in Populus spp (Hiratsuka et al. 1994).

With respect to metabolite production by G. roseum, the potential bioprotectant, in addition to the 
polyketides, peptaibols and siderophores reported above, production of gliorosein and other phenols has
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also been reported (Packter & Steward 1967). Gliotoxin, an epipolythiopiperazine-3-6-dione related to the 
notable sporidesmins implicated in facial eczema of sheep is produced by Gliocladium fimbriatum and G. 
deliquescens (viride) as well as species of Pénicillium and Aspergillus (Cole and Cox 1981). This toxin 
however has not been reported from G. roseum. Although G. virens is known to produce the strong anti
fungal and phytotoxic modified steroids respectively, viridin and viridiol (Jones and Hancock 1987) it is 
registered and marketed in USA for biological control of seedling diseases of ornamental and bedding 
plants.

Traditionally mycotoxins were considered to be important environmental pollutants synthesized on grain, 
nuts or other plant materials. That most of the mycotoxins identified from this search were associated 
with the moulds Alternata or Aspergillus niger is due to the importance of these fungi in agricultural 
systems, where most of the work on mycotoxins has been done. None of the literature references to toxic 
compounds produced by sapstain fungi or G. roseum was reported from wood. There are however 
reports of adverse effects of wood-borne micro-organisms on the human respiratory system. Some of 
these, such as A. alternata, Aureobasidium pullulons associated with allergic alveolitis and Graphium spp 
associated with granulomatous pneumonitis, are sapstain fungi and are present in undecayed timber logs 
prior to processing or in standing trees (Cohen et al. 1967).

Mycotoxins have also been produced in various work environments on dust particles. Air handling 
systems and various materials of buildings and houses may become contaminated with mycotoxin 
producing moulds. Alternaria and Aspergillus spp along with other fungi which are potential toxin 
producers have been routinely found in indoor air surveys of homes and offices (Hendry and Cole 1993). 
Heating, ventilation and air conditioning systems may be reservoirs of microbial biomass. Air samples 
from private residences were contaminated with Stachybotrys chartarum and showed positive results in a 
tricothecene assay (Croft et al. 1986). Land et al. (1987) have reported isolation from air, timber walls 
and floors inside a wood drying kiln, of strains of A. fumigatus producing verrucologen and 
fumitremorgen, upon cultivation on wood blocks. Both static and dynamic chamber studies are needed to 
determine whether metabolites are produced on green lumber under varying environmental conditions.

The importance of identifying the fungi capable of producing mycotoxins and distinguishing between the 
natural occurrence of mycotoxins and the production of these toxins under laboratory conditions must be 
emphasized. The identification of such a fungus can only serve as an indication of a potential hazard. The 
toxin must be identified in situ. Toxin production is often strain specific and conditions necessary for 
toxin production are often very different from those required for growth. The production of toxin in a 
given environment is influenced by 1) the physical presence of the toxigenic fungus, 2) availability of a 
suitable substrate for growth of the fungus and 3) an environment conducive to production of the toxin. 
Water activity, temperature and time are the most critical factors that determine growth and toxin 
production in a substrate. With respect to lumber this would then be influenced by the stages of 
production, such as harvesting, shipment and storage.

In compiling material on metabolites, considerable information on the pathogenic nature of some of these 
sapstain fungi was encountered. Some examples merit brief mention here and are detailed in Table 3. 
Several of the Ophiostomatales and their anamorph genera can act as either pathogens or saprophytes 
depending on the host. With respect to G. roseum, this fungus has long been regarded as an ophyte with 
some isolates showing mycoparasitism of Ceratocystis fimbriata and C. fagacearum as well as other 
species (Barnett and Lilly 1962). Recent reports showed that artificial inoculation of potato tubers in 
South Africa resulted in dry rot (Theron and Holz 1991).

Ceratocystis and Chalara spp. affect mainly angiosperm hosts as necrotrophic plant pathogens of variable 
pathogenicity causing diseases in roots, stems, shoots, leaves, tubers, fruits and seed pods (Kile 1993).
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Ceratocystis fimbriata is responsible for canker and vascular wilt. Ceratocystis virescens causes sapstreak 
disease in sugar maple in eastern North America. Ceratocystis adiposa, a sapstainer in North America has 
been reported as the cause of root rot of sugar cane in India. An indigenous pathogen of limited 
geographic distribution, Ceratocystis fagacearum causes periodic and localized epidemics of oak wilt 
disease. It has been speculated that if unforeseen vector relationships become established on new 
continents, new host species could show increased susceptibility to the disease (Harrington 1993).

While O. ulmi and Leptographium wagenerii have been carefully studied as causal agents of Dutch elm 
disease and black stain root disease on conifers, respectively, the pathogenic role of other species of 
Ophiostoma and Leptographium in several disease syndromes such as pole blight and pine wilt disease in 
eastern North America and oak tracheomycosis in eastern Europe is based primarily on circumstantial 
evidence. Ophiostoma minus, associated with sapstained pine, Douglas fir and hemlock (Seifert and 
Grylls 1991) has also been shown to be responsible for the death of pine seedlings and larger trees. It has 
been suggested that metabolites produced by O. minus may be important in killing beetle infected 
southern pine trees. This fungus and Leptographium wingfieldii have been implicated in black stain 
disease of conifers in western North America and associated with the death of Scots pine trees in 
Scandinavia (Solheim et al. 1993).

Ophiostomapiceae, the most frequently isolated sapstain fungus from both eastern and western sawmills 
in Canada (Seifert and Grylls 1991), is a weak bark parasite on both conifer and hardwood trees in the 
northern hemisphere (Brasier and Kirk 1993). Its possible role in widespread oak decline in Europe and 
as a competitor with the North American oak wilt pathogen (C. fagacearum) is under investigation 
(Harrington 1993). Reports from Japan have shown that O. piceae suppresses mycelial growth of shiitake 
bedlogs during early stages of cultivation (Maekawa et al. 1987). Recent compatibility testing has shown 
that the species is composed of two intersterile breeding units, one associated with hardwoods the other 
with conifers. This fungus is also closely related to the Dutch elm disease pathogens and interspecific 
hybridization between O. piceae and 0. ulmi has been proposed as a possible origin for the aggressive O. 
novo-ulmi (Brasier 1993).

6.0 CONCLUSIONS AND RECOMMENDATIONS

The literature review revealed that mycotoxins were produced by several species of sapstain fungi. 
However, none of these references referred to production on a wood substrate. Most work on toxic 
metabolite production has occurred in association with agricultural commodities.

Knowledge concerning sapstain organisms, with respect to which fungal species are associated with 
particular wood species as well as the basic biology, taxonomy and ecology of most of these organisms is 
extremely limited. More work needs to be done to identify which staining fungi are associated with each 
of the commercial wood species and then these metabolite profiles can be determined.

With respect to G. roseum, work is required to identify the mechanism of action by which this fungus has 
demonstrated successful protection of unseasoned hemlock from sapstain. The profile of metabolites 
produced in situ needs to be determined before it is possible to evaluate all risks involved with the use of 
this fungus as a bioprotectant.
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iADuo 1- OÏIUAUAKI nAiADUbirfiü rKUUUiïU »i m ï l T I A l  SAPSTAINERS 0! HOOD PRODUCTS IR NORTH AMERICA.
GEN03 SPECIES AUTHORITY SYNONYMS ANATELEOS

Alteroaria alternata (Fr.iPr.lIeinnler A. teQuis; A .
fasciculatajMacrosporiui 
fasciculatu*;H. îaydisAlternaria alternata

Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternataAlternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternataAlternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria alternataAlternaria alternata
Alternaria alternata
Alternaria alternata

Alternaria alternata
Alternaria alternata
Alternaria alternata
Arthriniui sp. K u n z e :FrAspergillus niger Tiegb. A. pboenicisjA. pyri;A

luchueasis;A. awaioriiAspergillus niqer
Aspergillus niger
Aspergillus niger

KÏCOrOIIH METABOLIT

a l t e m r i o l  ^ 3

altenuisol 33
alternarloi nonoiethyl ether 13
altenuene [3

altenusin 13
dehydroaltenusin 13altertoxin 1 S 2 13

teouazonic acid 333
tentoxin g'gj
ACT-toxin lb & le 43
toxin Ta 35
funoQisio B1 12
AK-toxin I & II 33 JJ
steiphyltoxin III 16‘
AAL-toiin
altertoxins i, 2 & 3 16
isoaltenuene 33
AP-toxins 30(g 7
1,2,3-propanetricarboxylic 10acid
l-a«ino-ll,l5-di»ethylheptadec 39
a-2,4,5,13,14-peotol
AL-toxin 55
AT-toxin 42
AAL-toxins Ta & Tb 23
cycIo(L-leucyl-H-iethyl-L-phen 44
ylalanyl-glycyl-N-»ethyl-L-ala 
nyl (dihydrotentoxin
cyclo(L-leucyl-N-ietbyl-L-phen 44
ylalanyl) C16H22S202
laculosin 33 55
alterlosins I & II 53’

hexyliethylketone 65lalfonin A1,A2,B1,B2,C 13
aigragiIlin 13

4-hydroxyiandelic acid 65
3',4',5,7-tetrahydrvxy-8-ietho 65

II
I 
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TABU 1- SECONDARY METABOLITES PRODUCED BT POTERTIAL SAPSTAIRERS Of ROOD PRODUCTS IR NORTH AMERICA (CONTINUED)

GENUS SPECIES

Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus uiger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger

AUTBORITT SYNONYMS ANATELEOS MYCOTOXIN HETABOLIT REFERENCE
zyisoflavone
orobole 65
■onoglucosyloxyoctadecenoic 65

orlandin
acid

65,74
nigerone 65,82
6-o-diiethylnigerone 65,82
isonigerone 65,82
aurasperone C,D & E 65
isoaurasperone 65
neoecbioulin A 65
asperrubrol 65

phenylacetic acid 50,65
p-bydroxypbenylacetic acid 65
p-bydroiyiandelic acid 65
protocatecbuic acid 65
benzoate-4-hydroxylase 65

f l a n o l i n 65
aspergillin 65

ergo8ta-5,7,22-trien-30-ol 65
2 4 -methyl-5^-cholesta-8,14,22- 65
trien-30-ol
flavasperone (asperxantbone) 64
aurasperone A 64
14-dehydroergosterol 64
glutaconic acid 64

aflatoxin B1 & B2 60
aurasperone A,B,C,D,iso-A 17
athlestatin 22

asperenone 64,81
aspe rye 1 lone 69
heiinigerone 82

nigerazine A 36
nigerazine B 36
»ethyl-3-»ethyl-8-hydroiy-4-de 50
cenoate
phenoxyacetic acid 50

asnipyrones A R B 25
p-iethoiyphenylacetic acid

(pbenyl-trienyl-a-pyrones)
50

flavasperone 17
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TABLE 1- SECONDARY METABOLITES PRODUCED BT POTEITIAL SAPSTAIRERS O! IOOD PRODUCTS II RORTH AMERICA (CORTIRUEDI

GEIUS SPECIES AUTHORITY SYRORYMS ARATELEOS KYCOTOIIR KETABOLIT REFEREICE

Aspergillus oiger rubrofusarin 17
Aspergillus niger fonsecin lonoiethyl ether 17
Aspergillus niger oxalic acid 82
Aureobasidiui pullulaas (de B a r y ) G. Arnaud Aureobasidiui vitis;Denaotiui indole-3-acetonitrile 65

pullulans;Pullularia
pullulan8 ;Eiobasidiui
vitis ; H o n i D s c i u i
gelatinosuijSpbaerulina
iateriiita

Aureobasidiui pullulaas stigiasterol 65
Aureobasidiui pullulaus aureobasidins A to R 63
Aureobasidiui pullulan8 aubasidan 11
Aureobasidiui pullulaas aureobasillan 49
Ceratocystis adiposa (E.3. Butler) C. Koreau Ceratostoiella Chalara sp. (anaiorpb) ethanol 29

adiposa;Endocoaidiopbora
adiposa;Ophiostoia
adiposa;Ceratocystis lajor

Ceratocystis adiposa ethyl acetate 29
Ceratocystis adiposa isobutaaol 29
Ceratocystis adiposa isobutyl acetate 29
Ceratocystis adiposa 3-iethyl-l-butaool (= isoaiyl 29

alcohol)
Ceratocystis coerulesceas (Munch) Bakshi Eodocoaidiopbora Cbalara ungeri Sacc. geraniol 57,65

coerulesceos;Opbiostoia (anaiorpb)
coerulesceas

Ceratocystis coerulesceas geranyl acetate 57,65
Ceratocystis coerulesceas nerol 57,65
Ceratocystis coerulesceas neryl acetate 57,65
Ceratocystis coerulesceas citrooellol 57,65
Ceratocystis coerulesceas citrone1lyl acetate 57,65
Ceratocystis coerulesceas alpha-terpineol 57,65
Ceratocystis coerulesceas alpba-terpinyl acetate 57,65
Ceratocystis coerulesceas linalool 57
Ceratocystis coerulesceas nerol idol 57
Ceratocystis coerulesceas di k tetrahydronerolidol 57
Ceratocystis coerulesceas farnesol 57
Ceratocystis coerulesceas 2,3-dihydro-6-trans-farnesol 57
Ceratocystis coerulesceas lethylbeptenone 9
Ceratocystis coerulesceas L-iethylheptenol 9
Ceratocystis coerulesceas DL-iethylbeptenol 9
Ceratocystis coerulesceas isopulegol 41
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TABLE 1- SECODDARY METABOLITES PRODDCED BT POTENTIAL SAPSTAIRERS OF MOOD PRODUCTS II NORTH AMERICA (CONTINUED)

GE1DS
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
CeratocystiB
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis

Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis

SPECIES AUTHORITY SYNONYMS ANATELEOS HYCOTOIIN METABOLIT REPERE1CE

coerulesceos etbaool 29
coerulesceos etbyl acetate 29
coerulesceos isobutaool 29
coerulesceos isobutyl acetate 9,29
coerulesceos 3-ietby1-1-butanol (-iaoaiyl 29

alcohol)
coerulesceos 3-ietbylbutyl acetate 29

(•isoaiyl acetate)
coerulesceos geraoial 54
coerulesceos oeral 54
coerulesceos dihydrofarnesyl acetate 57
coerulesceos 2-phene thy1 acetate 54

(2-pbeoyletbaool)
fagacearui (Bretz) Hunt Eodocooidiopbora fagacearui Cbalara quercioa (aoaiorpb) etbyl acetate 75
fagacearui etbyl alcohol 75
fagacearui isobutyl alcohol 75
fagacearui ■ethyl acetate 75
fagacearui tryptopbol 6
fagacearui letbyl isobutyrate 75
fagacearui letbyl propiooate 75
fiibriata Ellis & Balst. Ceratostoiella Chalara sp. (aoaiorpb) tyrosol 65

fiibriata;Eodocooidiopbora (p-hydroxypbeoyl-ethaool)
fiibriata;Gphiostoia 
fiibriatui;Sphaerooaeia 
fiibriatuiiCeratocystis 
variospora;0 . rariosporum;E. 
variospora

fiibriata 8-bydroiy-6-iethoxy-3-iethylis 72
ocouiario

fiibriata 4-ipoieanol 13
fiibriata geraoyl acetate 34,48
fiibriata geraoiol 34,48
fiibriata oeral 34
fiibriata lioalool 34,48
fiibriata citrone1 loi 34,48
fiibriata citronellyl acetate 34,48
fiibriata geraoial 34
fiibriata c i o o a n c  acid 65
fiibriata fiibriatao 2
fiibriata etbaool 29
fiibriata etbyl acetate 29
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TABLE 1- SECONDAIT METABOLITES PRODUCED BT POTENTIAL SAPSTAINERS OF ÏOOIT PRODUCTS II NORTH AMERICA (CONTINUED)

GENUS SPECIES AUTHORITY STNONTMS ANATELEOS
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis ioailiforii8 (Hedge.) C. Moreau Ceratostoiella

ioniliforiis;Endoconidiopbora 
loniliforiis;E. 
bun a e ;Opbiostoka 
«oniliforiejCeratocystis 
vilsoniijC. filiforiis

Chalara sp.

Ceratocystis loniliforiis
Ceratocystis looiliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis loniliforiis
Ceratocystis virescens (R.B. Davidsonl C, Moreau Endoconidiophora virescens Chalara sp,Ceratocystis virescens
Ceratocystis virescens
Chalara îicrospora (Corda) Hughes
Chalara licrospora
Chalara licrospora
Chalara licrospora
Cladosporiui cladosporioides (F r e s e n . ) G.A, De Vries Peoicilliui

cladosporioides; Horiodendrui

MTCOTOIIN METABOLIT

(anaiorph)

(anaiorph)

cytochalasiQ K,L, and H 
chaloxone A 4 B 
chaliicrine 
lethyl ester of 
3,4-anhydrosbikiiic acid 
8-O-nethyl-cladosporio

n-propyl acetate 29
i sobutanol 29
isobutyl acetate 29
3-ietbylbutyl acetate 29
H s o a i y l  acetate)
idole-3-acetic acid 72
a-terpineol 48,73
geraniol 53,65

géranial 53,65
nerol 4 neral 53,65
linalool 53,65
citronellol 53,65
a-terpineol 53
c-decalactone 71,73
6-decalactone 71,73
ethanol 29
ethyl acetate 29
n-propyl acetate 71
isobutanol 29
isobutyl acetate 29
3-iethyl-l-butanol («isoaiyl 
alcohol)

29
3-iethylbutyl acetate 
H s o a i y l  acetate)

29
2-iethylbutyl acetate (*aiyl 
acetate)

71
lethylheptenone 9
L-iethylheptenol 9
DL-iethylheptenol 9

20,68
20,62
20,65
20
8



TABLE 1- SECONDAIT KETABOLITES PRODUCED BT POTENTIAL SAPSTAINERS OF HOOD PRODUCTS IR RORTB AMERICA (COBTINUBD)

GEROS SPECIES AUTHORITY SYNONYMS A1ATELE0S MYCOTOIIR METABOLIT REFERERCE
cladosporioides

Cladosporiui cladosporioides cladosporin
(asperentin)(iethylisocouiarin

65,83

CladosporiuH cladosporioides
ltoiastacbin 18

Cladosporiui cladosporioides calphostin A , B ,C ,D,I 
(UCR-1028) (C44H38012)

39,40
Cladosporium cladosporioides cladospolide A, B 32,33
Bpicoccu» uigrui Link. Epicoccui asterioui;E. 

duriaeanui;E. gr a n u l a t u * ;E . 
neglectui;E. negundinisjE. 
purpurascens; B . vulgare

indole-3-acetonitrile 65

Epicoccui nigrui epicorarine A,B 65
E p i c o c c m uigrui flavipin 65
Epicoccui uigrui phenylalanine anhydride 65
Epicoccui uigrui epirodin 35
Epicoccui uigrui napbtbopyran 65
Epicoccui uigrui ferricrocin 65
Epicoccui nigrui coproge d 21,65
Epicoccui uigrui triornicin 21,65
Epicoccui nigrui isotriornicin 21
Epicoccui nigrui ditbiodiketopiperazine

(C18H16N206S2)
38

Grapbiui sp. Corda. grapbinone 70
Huiicola fuscoatra Traaeu antiiicrobial substances 61
Huiico la grisea Traaen Monotospora daleae propanoic acid (MF-2421) 52
Hyalodendron sp. Ophiostoia populinui; 

Ophiostoia plurianoulatui 
(teleoi.)

byalodendrin 13

HyalodeûdroQ sp. byalodendrin tetrasulfide 13
HyalodendroD sp. bisdethiodi(ietbylthio)byalode

ndrin
13

Leptographiui luudbergii Lagerberg & Melin leptograpbiol 4,15
Leptograpbiui lundbergii isoleptographiol 4,15
Leptographiui luudbergii isoafricanol 4,15
Leptograpbiui uageueri (Kendrick) Wingfield Verticicladiella uageneri vertixantbone 24
Leptographiu* uageneri bydroxyvertixanthone 24
Leptographiu» vageneri vertipyronol 24
Leptograpbiui uageneri ve rtipyronediol 24
Leptograpbiui uageneri l-OH-8-ietboiyanthraquinone 24
Leptographiui uageneri 1,8 -diiethoiynapbthalene 24
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TAèLB 1- SECOIDARY METABOLITES PRODUCED BY POTE1TIAL SAPSTAINERS OP ROOD PRODUCTS I* «ORTH AMERICA (CORTIRURD)

GRIDS SPECIES AUTHORITY SYIOHYKS A1ATELE0S MYCOTOIIR METABOLIT REFERENCE
Leptograpbiui nageoeri lycoxaothooe 24
Leptographiui vageoeri 1,3,6,8-tetrahydroiyaothroquio

Anp
24

Mortierella rasaaniaoa (A. Holler) Liooeiaoo Hucor raiaoniaous
vUC

2,3,5-triiethyl-4,6-dihydroxyb 
eozoic acid

64
Oidiodeodroo teouissiiui (Peck) Hughes Oidiodeodron fuscui;Pericooia 

teouissiia
fuscio 64

Oidiodendron tenuissiiui dihydrofuscio 65
Ophiostoia huotii (Robiosoo-JeffreY) De Hoog & 

Scheffer
Ceratocystis huotii tyrosol 6

Opbiostoia huntii p-hydroxybeozaldehyde 6
Ophiostoia huotii (♦|-4-hydroxypbeoyllactic acid 6
Opbiostoia huotii (e)-pheoyllactic acid 6
Opbiostoia huotii 2,3-dihydroxybeozoic acid 6
Opbiostoia ips (Ruibold) Raoof. Ceratostoiella Hyalorhioocladiella s p . ; tyrosol 6

ips;Ceratocystis ips ; 
Ceratocystis iootia;Opbiostoia 
iootiui;Ceratocystis adjuocta

Grapbiui sp. (syoaoaiorphs)

Opbiostoia ips p-hydroxybeozaldehyde 6
Ophiostoia ips pheoylacetic acid 6
Ophiostoia ips p-hydroxyphenylacetic acid 6
Opbiostoia ips liooleic acid 6
Ophiostoia ips liooleoic acid 6
Opbiostoia lious Syd. & P. Syd. Ceratostoiella lioor; Hyalorhioocladiella sp. 6,8-dihydroxy-3-iethylisocouia 7,65Ceratostoiella 

pini;CeratocyBtis 
a i n o r ;Ceratostoaella 
pseudotsugae;Ceratostoiella 
e z i g u a ; Grosiaooia 
p i n i ;Ophiostoia pioi

(aoaiorpb) r in

Ophiostoia tious 6,8-dibydroxy-3-hydrozyiethyli 7,65
socouiario

Ophiostoia lious scytalooe 65Ophiostoia lious cerateoolooe 7Ophiostoia lious 8-bydroiy-6-ietboiy-3-ietbylis 7
ocouiario

Ophiostoia lious 3,4-dihydro-6,8-dihydroxy-3-ie 
thylisocouiario

7
Ophiostoia lious 3,4-dihydro-3-iethyl-3,6,8-tri 

hydroxy-3-iethylisocouiario
7

Ophiostoia lious 3,4-dihydro-3-iethyl-3,4,6,8-t 7

II
I 

- 
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TABLE 1- SECONDAIT METABOLITES PRODUCED BY POTENTIAL SAPSTAINERS OF WOOD PRODUCTS IN NORTH AMERICA (CONTINUED)

GENUS SPECIES AUTHORITY SYI01YHS ANATELEOS HYC0T0ÏIN KETABOLIT REFERENCE
etrahydroxyisocouiario

Ophiostoia lious succioic acid 7Ophiostoaa linns 6,8-dihydroxy-3-hydroxyietbyl- 31
lH-2-beoxopyrao-l-ooe
(isocouiario)Ophiostoia lious 6,8-dihydroxy-3-iethyl-lH-2-be 31
ozopyraD-l-one (isocouiario)Ophiostoia lious 3,6,8-trihydroxy-3,4-dihydro-l 31
-2H-oaphthaleoooe
(3,6,8-trihydroiy-o-tetralooe)Ophiostoia piceae (Muoch) Syd. & ?. Syd Ceratostoiella Graphiui (P esotui) piceae; 6-protoilludene 26,65piceae;Ceratocystis Sporotbrix sp. (syoaoaiorphs)

piceae jCeratocystis
fagi;Ceratocystis querci

Ophiostoia piceae cerapicol 28Ophiostoia piceae ceratopicaool 28Ophiostoia populioui (Hinds and Dav i d s o n )DeHoog and C e ratocystis populioa Hyalodendroo sp. (aoaiorph) T-iuurolol 27,47Scheffer
Ophiostoia populiout 6-cadiool 27Ophiostoia populioui a-aiorpheue 27,47Ophiostoia populioui 6-cadinene 27,47Ophiostoia populioui linalool 47Ophiostoia populioui Y-aiorpheoe 27,47Ophiostoia populioui l-octen-3-ol 47Ophiostoia populioui isoaiyl alcohol 47Ophiostoia ulii (Buisiao)Nauof. Ceratocystis Graphiui (Pesotui) ulii; cerato-uliin 85u lii;Ceratostoiella ulii Sporotbrix sp. Isyoanaiorphs)Phiaiophora lagerbergii (Kelio aod N a n n f .(Cooant Cadophora lagerbergii scytalone 65,84Phialophora lagerbergii flaviolio 65,84Phoia herbarui Hestendorp Phoia oleracea;Phoia lignicola cytochalasio A (dehydrophoiio) 13Phoia herbarui cytochalasio B (phoiio) 13Phoia herbarui deoxaphoiin 13Phoia herbarui proxiphoiio 13Phoia herbarui protophoiio 13Phoia herbarui terrein 13Phoia herbarui gentisyl acetal 65Phoia herbarui chlorogeotisyl alcohol 65Stachybotrys chartarui (Ehreob.) S.J. Hughes Stachybotrys atra;Stachybotrys satratoxio F,G S H 46atrogrisea;Stachybotrys 

lobulata;Stachybotrys 
scabra;Sporocybe lobulata

m
 - 
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TABLE 1* SEC01DARY KETABOLITES PRODUCED BT POTERT1AL SAPSTAIHERS OF HOOD PRODUCTS IR HORTH AMERICA (COKTIRUED)

GERUS SPECIES AUTBORITT SÎ10ITHS A1ATELE0S
Stachybotry8 chartarui
Stachybotrys cbartarui
Stacbybotrys chartarui
Stachybotrys cbartarui
Stacbybotrys chartarui
Stacbybotrys cbartarui
Stachybotrys cbartarui
Torula herbarui (Pers.iFr.) Liait
Torula herbarui
Torula herbarui
Ulociadiui sp. G. Preuss.
Verticicladiella abietiua (Peck) S.J. Hughes Leptograpbiui

abietiouK;Sporocybe abietiua
Verticicladiella sp. Hughes Leptographiui sp.
Verticicladiella sp.
Verticicladiella sp.

KYCOTOIIH

verrucarin J 
roriden E
trichoverrol A & B 
dihydroproftidial A

pipe rine

HETABOLIT REFEREICE
2-carboxyiethyl-3-n-heiylialei 
c anhydride

65
2-carbo»etboxyiethyl-3-n-heryl 65
■aleic anhydride 
ergosterol 46,65

46,56
46,56
45
3

debydroberbariu 65
herbaria 65
o-iethylhe rbarin 65

14
lycopbeuolic acid 65
1,3,6,8-tetrahydroïyantbraquiu 
one {C 4 H 8 0 6 )

5
orciuol 5

5orcinol louoiethyl ether oo



Table 2: Reference numbers cited in database of 
secondary metabolites of sapstain fungi (Tables 1 and 3)

Number Reference

Abbas, H., K. and R.F. Vesonder. 1993. Short communications: Isolation 
and purification of AAL-toxin from Alternaria alternata grown on rice 
Toxicon. 31: 355-358.

2‘ Ake> S > H - Darbon, L. Grillet and C. Lambert. 1992. Fimbriatan, a protein
fro m  Ceratocystisfimbriata. P h y to c h e m is tr y . 31: 1199-1202

3‘ Anon- 1982- Manufacture of dihydroproftadial A. Chem. Abstracts 96'
197873.

Abraham, W.-R., L. Ernst, L. Witte, H.-P. Hanssen, and E. Sprecher. 1986. 
New trans-fused africanols from Leptographium lundbergii. Tetrahedron 42- 
4475-4480.

Ayer> w - A-> L.M. Browne, and S.H. Lovell. 1983. Biologically active 
phenolic metabolites of a Verticicladiella species. Phytochem. 22:2267-2271.

’• Ayer, W.A., L.M. Browne, M.-C. Feng, H. Orszanska and H. Saeedi-
Ghomi. 1986. The chemistry of the blue stain fungi. P a rti. Some 
metabolites of Ceratocystis species associated with mountain pine beetle 
infected lodgepole pine. Can. J. Chem. 64:904-909.

Ayer, W.A., S.K. Attah-Poku, L.M. Browne and H. Orszanska. 1987. The 
chemistry of the blue stain fungi. Part 3. Some metabolites of Ceratocystis 
minor (Hedgcock) Hunt. Can. J. Chem. 65: 765-769.

Betina, V. 1989. Mycotoxins: Chemical, biological and environmental 
aspects. Bioactive molecules. Vol. 9. Elsevier, Czechoslovakia.

Birkinshaw, J.H. and E.N. Morgan. 1950. Biochemistry of the wood-rotting 
fungi. Volatile metabolic products of species of Endoconidiophora Biochem
J. 47: 55-59.

Bottini, A.T., J.R. Bowen and D.G. Gilchrist. 1981. Phytotoxins. II. 
Characterization of a phytotoxic fraction from Alternaria alternata f. sp. 
lycopersici. Tetrahedron Letters. 22: 2723-2726.

I- Elinov, N. P., N.V. Glazova, S.B. Kravchenko, T.S. Potekhina, and N.A.
Siluyanova. 1987. Aubasidian production with Aureobasidium pullulans 
Chem. Abstracts 108:73839.
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Chen, J., C.J. Mirocha, W. Xie, L. Hogge and D. Olson. 1992. Production 
of the mycotoxin fumonisin Bj by Alternaria alternata f. sp. lycopersici.
Appl. Environ. Microbiol. 58: 3928-3931.

Cole, R.J. and R.H. Cox. 1981. Handbook of Toxic Fungal Metabolites. 
Academic Press, New York, NY.

Dahiya, J.S., D.L. Woods and J.P. Tewari. 1988. Piperine from an 
Ulocladium sp. Phytochemistry. 27: 2366.

Abraham, W. R., E. Sprecher, H.P. Hanssen. 1988. Accumulation of 
africanols in liquid cultures of Leptographium lundbergii. Chem. Abstract 
109:107438V.

Davis, V.M. and M.E. Stack. 1991. Mutagenicity of stemphyltoxin III, a 
metabolite of Alternaria alternata. Appl. Environ. Microbiol. 57: 180-182.

Ehrlich, K.C., A.J. deLucca II and A. Ciegler. 1984. Naphtho-7-pyrone 
production by Aspergillus niger isolated from stored cottonseed. Appl. 
Environ. Microbiol. 48: 1-4.

Endo, A. 1993. Tomastachin. Chemical Abstracts. 98: 70337.

Farr, D.F., G.F. Bills, G. PI. Chamuris and A.Y. Rossman. 1989. Fungi on 
plants and plant products in the United States. APS Press, St. Paul, 
Minnesota, USA.

Fex, T. 1981. Structures of cytochalasin K, L and M, isolated from Chalara 
microspora. Tetrahedron Letters. 22: 9703-2706.

Frederick, C.B., M.D. Bentley and W. Shive. 1982. The structure of the 
fungal siderophore, isotriornicin. Biochemical and biophysical research 
communications. 105: 133-138.

Fujisawa, T., K. Sasai, K. Miyairi, M. Takashima and K. Shimizu. 1964. 
Athlestatin, a new antibiotic. Chem. Abstracts. 65: 19274.

Fuson, G.B. and D. Pratt. 1988. Effects of the host-selective toxins of 
Alternaria alternata f. sp. lycopersici on suspension-cultured tomato cells. 
Phytopathology. 78: 1641-1648.

Ayer, W. A., L.M. Brown, and G. Lin. 1989. Metabolites of Leptographium 
wageneri, the causative agent of black stain root disease of conifers. J. of 
Natural Products 52:119-129.

Guang-yi, L., J. Lenz and B. Franck. 1989. Asnipyrones A and B, two 
novel metabolites from Aspergillus niger. Heterocycles. 28: 899-904.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hanssen, H.-P., E. Sprecher, W.R. Abraham. 1986. 6-Protoilludene, the 
major volatile metabolite from Ceratocystispicea liquid cultures. 
Phytochemistry. 25: 1979-1980.

Hanssen, H.-P. 1985. Sesquiterpenes and other volatile metabolites from 
liquid cultures of Ceratocystis populina (Ascomycotina) - essential oil 
compounds from fungi. Chem. Abstracts. 103: 210551.

Hanssen, H.-P. and W.-R. Abraham. 1988. Sesquiterpene alcohols with 
novel skeletons from the fungus Ceratocystis piceae (Ascomycotina). 
Tetrahedron. 44: 2175-2180.

Collins, R. P., and M.E. Morgan. 1962. Identity of fruit-like aroma 
substances synthesized by endoconidial-forming fungi. Phytopath. 52:407-409.

Hayashi, N., K. Tanabe, T. Tsuge, S. Nishimura, K. Kohmoto and H. Otani. 
1990. Determination of host-selective toxin production during spore 
germination of Alternaria alternata by high-performance liquid 
chromatography. Phytopathology. 80: 1088-1091.

Hemingway, R.W., G.W. McGraw and S.J. Barras. 1977. Polyphenols in 
Ceratocystis minor infected Pinus taeda: fungal metabolites, phloem and 
xylem phenols. J. Agric. Food Chem. 25: 717-722.

Hirota, A., H. Sakai, A. Isogai, Y. Kitano, T. Ashida, H. Hirota and T. 
Takahashi. 1985. Absolute stereochemistry of cladospolide A, a phytotoxic 
macrolide from Cladosporium cladosporioides. Agric Biol Chem 49- 903- 
904.

Hirota, A., H. Sakai and A. Isogai. 1985. New plant growth regulators, 
Cladospolide A and B, macrolides produced by Cladosporium 
cladosporioides. Agric. Biol. Chem. 49: 731-735.

Collins, R.P. and A.F. Halim. 1970. Production of monoterpenes by the 
filamentous fungus Ceratocystis variospora. Lloydia 33: 481-482.

Ikawa, M., C.J. McGrattan, W.R. Burge, R.C. Iannitelli, J.J. Uebel and T. 
Noguchi. 1978. Epirodin, a polyene antibiotic from the mold Epicoccum 
nigrum. Journal of Antibiotics. 31:159-161.

Iwamoto, T., A. Hirota, S. Shima, H. Sakai and A. Isogai. 1985. Nigerazine 
A, an isomer of nigerazine B, from Aspergillus niger. Agric Biol Chem 
49: 3323-3325.

Kààrik, A. 1980. Fungi causing sapstain in wood. The Swedish University 
of Agricutural Sciences, Department of Forest Products. Report Nr R 114."

Kawashima, A., Y. Kishimura, M. Tamai and K. Hanada. 1992. 
Dithiodiketopiperazine derivative from Epicoccum purpurascens F-3822 
Chem. Abstracts. 116: 82225.
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39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Kobayashi, E., K. Ando, H. Nakano and T. Tamaoki. 1988. UCN-1028A a

kinase c ’ ftom a a i ° v ° ™ -  »««<*

Kobayashi , E K Ando, H. Nakano, T. Iida, H. Ohno, M. Morimoto and T 
Tamaoki. 1989. Calphostins (UCN-1028), novel and specific inhibitors of 
protein kinase C: I. fermentation, isolation, physico-chemical properties and 
biological activities. Journal of Antibiotics. 42: 1470-1474.

r  ' ° '  “ d V ' S im ’We" - 1 9 8 7 ' I s0 P u le* 01 fr°n> liq u id  cu ltu r e s  o f  the  
fu n g u s  Ceratocystis coerulescens (A s c o m y c o t in a ) .  Z. N a tu r fo r s c h . 42: 159-

Kodama, M , P. Park, T. Tsujimoto, H. Otani, K. Kohmoto and Late S. 
ishimura. 1990. Ultrastructural studies of an action site of host-selective

fen’s A n ^ P h ^  hl Ai terna/ ia alterna!a tobacco pathotype in tobacco leaf cells. Ann. Phytopath. Soc. Japan. 56: 637-644.

Kohmoto, K Y. Itoh, N. Shimomura, Y. Kondoh, H. Otani, M. Kodama S 
hosSt soecTfm mS • 1993' IsoIation 311(1 biological activities of two ’

 ̂ 83f°495-50rgen"e °f '

Liebermann, B., W. Ihn, E. Baumann and D. Tresselt. 1988.
Dihydrotentox.n and a related dipeptide produced by Alternaria alternata 
Phytochemistry. 27: 357-359.

Jam s, B. B., Y.-W. Lee, S.N. Comezoglu, and C.S. Yatawara. 1986.
nchothecenes produced by Stachybotrys atra from Eastern Europe. Applied 

and Envir. Microb. 51: 915-918.

Harrach, B„ C.J. Mirocha, S.V. Pathre, and M. Palyusik. 1981. Macrocyclic 
tnchothecene toxins produced by a strain of Stachyborrys atra from Hungry 
Applied and Envir. Microb. 41: 1428-1432. ë y'

H '*P- . ^ 85- Sesquiterpenes and other volatile metabolites from 
liquid cultures of Ceratocystispopulina (Ascomycota) - Essential oil 
œ m po^ds from frHgj. Pages 173-177 in: Essential Oil and Aromatic 
Plants. A. Baerheim Svendsen and J.J.C. Scheffer eds. W. Junk Publishers 
Dordrecht, Netherlands. 246 pp. ers’

Hanssen, H.P and E. Sprecher. 1981. Fluchtige Terpene aus Ceratocmls 
fimbnata. Z. Naturforsch. 36: 1075-1076.

novel^/?-f a tY' Sl ne’ M:  M'^ uhashi and T- 1987. Aureobasillan, a
novel 6-o-gIucan from Aureobasidium and its use in chemicals foods and 
pharmaceuticals. Chem. Abstracts. 108: 73765.
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50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Nair, M.G. and B.A. Burke. 1988. A new fatty acid methyl ester and other 
biologically active compounds from Aspergillus niger. Phytochemistry. 27: 
3169-3173.

Nakashima, T., T. Ueno, H. Fukami, T. Taga, H. Masuda, K. Osaki, H. 
Otani, K. Kohmoto and S. Nishimura. 1985. Isolation and structures of AK- 
toxin I and II, host-specific phytotoxic metabolites produced by Alternaria 
alternata Japanese pear pathotype. Agric. Biol. Chem. 49:807-815.

Nishikawa, M., Y. Tsurumi, H. Murai, K. Yoshida, M. Okamoto, S. Takase, 
H. Kanaka, H. Hirota, M. Hashimoto and M. Kohsaka. 1991. WF-2421, a 
new aldose reductase inhibitor produced from a fungus, Humicola grisea. 
Journal of Antibiotics. 44: 130-135.

Lanza, E. and J.K. Palmer. 1977. Biosynthesis of monoterpenes by 
Ceratocystis moniliformis. Phytochem. 16: 1555-1560.

Hanssen, H. P. 1976. Der EinfluB des Nahrmediums auf das Wachstum und 
die Bildung fluchtiger Stoffwechselprodukte von Ceratocystis coerulescens 
Bakshi (Munch) Diploma thesis, University of Hamburg.

Orolaza, N., P.K. Kawakita and N. Doke. 1992. Inhibitory effect of AL- 
toxin produced by Alternaria alternata tomato pathotype on the biosynthesis 
of phosphatidyl ethanol amine in tomato leaves susceptible to the fungus. Ann. 
Phytopath. Soc. Japan. 58: 719-725.

Eppley, R. M., and E.P. Mazzola. 1977. Structure of Satratoxin H, a 
metabolite of Stachybotrys atra. Application of proton and carbon-13 Nuclear 
Magnetic Resonance. J. Org. Chem. 42:240-243.

Sprecher, E., K.-H. Kubeczka und M. Ratschko. 1975. Fliichtige terpene in 
pilzen. Arch, hrmaz. 308: 843-851.

Stierle, A.C., J.H. Cardellina II and G.A. Strobel. 1988. Maculosin, a host- 
specific phytotoxin for spotted knapweed from Alternaria alternata. Proc. 
Natl. Acad. Sci. 85: 8008-8011.

Stierle, A.C., J.H. Cardellina II and G.A. Strobel. 1989. Phytotoxins from 
Alternaria alternata, a pathogen of spotted knapweed. Journal of Natural 
Products. 52: 42-47.

Subhkij, A., S. Sahaphong, L. Phiernpichit, K. Romruen, W. Thamavit and 
N. Bhamarapravati. 1977. Toxigenic fungi in food and foodstuffs of 
Thailand a re-evaluation of its pathologic features. J. Med. Ass. Thailand.
60: 162-168.

Subrahmanyam, A. and A. Narasinga Rao. 1986. Studies on 
thermomycology-antimicrobial activity of Humicola fuscoastra var. nigra T f v 
Hindustan Antibiotics Bulletin. 28: 1-4.
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63.

62.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Fex, T., and B. Wickberg. 1981. Structure of chaloxone, isolated from a 
Chalara sp. Acta Chemica Scandinavica B 35:97-98.

Takesako, K., K. Ikai, F. Haruna, M. Endo, K. Shimanaka, E. Sono, T. 
Nakamura and I. Kato. 1991. Aureobasidins, new antifungal antibiotics: 
Taxonomy, fermentation, isolation and properties. Journal of Antibiotics 
44: 919-924.

Turner, W.B. 1971. Fungal metabolites. Academic Press, London.

Turner, W.B. and D.C. Aldridge. 1983. Fungal metabolites II. Academic 
Press, London.

Visconti, A., A. Bottalico, M. Solfrizzo and F. Palmisano. 1989. Isolation 
and structure elucidation of isoaltenuene, a new metabolite of Alternaria 
alternat a. Mycotoxin Research. 5: 69-76.

Yamamoto, M., S. Nishimura, K. Kohmoto and H. Otani. 1984. Studies on 
host-specific AF-toxins produced by Alternaria alternata strawberry pathotype 
causing Alternaria black spot of strawberry (2) role of toxins in pathogenesis 
Ann. Phytopath. Soc. Japan. 50: 610-619.

Albertsson, J., T. Fex, and C. Svensson. 1981. X-ray study of cytochalasin 
M, a secondary metabolite from the fungus Chalara microspora. Acta 
Chemica Scandinavica B 35:707-714.

Yu, J., G. Tamura, N. Takahashi and K. Arima. 1967. Asperyellone, a new 
yellow pigment of Aspergillus awamori and Aspergillus niger. Aer Biol 
Chem. 31: 831-836.

Sassa, T., H. Raise and K. Munakata. 1970. The Structure of Graphine 
Agr. Biol. Chem. 34: 649-651.

Lanza, E., K.H. Ko and J.K. Palmer. 1976. Aroma production by cultures of 
C era tocystis m oniliform is. J. Agric. Food Chem. 24: 1247-1250.

S to e s s l ,  A. 1969. 8 -h y d r o x y -6 -m e th o x y -3 -m e th y lis o c o u m a r in  and o th er  
m e ta b o lite s  o f  C eratocystis fim b ria ta . B io c h e m . B io p h y s .  R es  Comm 
35:186-192.

Tressl, R., M. Apetz, R. Arieta and K.G. Grünewald. 1978. Formation of 
lactones and terpenoids by microorganisms. Pages 145-168 in: Flavor of 
Food and Beverages. G. Charalambous & G.E. Inglette, eds. Academic 
Press, New York. 422 pp.

Cutler, H. G., F.G. Crumley, R.H. Cox, O. Hernandez, R.J. Cole, and J.W. 
Dorner. 1979. Orlandin: a non toxic fungal metabolite with plant growth 
inhibiting properties. J. Agric. Food Chem. 27:592-595.
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76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86. 

87.

8 8 .

Collins, R.P. and K. Kalnins. 1965. Volatile alcohols, esters and acids 
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Brasier, C. M., and S.A. Kirk. 1993. Sibling species within Ophiostoma 
piceae. Mycol. Res. 97:811-816.
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Gibbs, J.N. 1993. The biology of Ophiostomatoid fungi causing sapstain in 
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TABU! 3- PATHOGENICITY, HOST SPECIFICITY AND DISTRIBUTION OF THE POTENTIAL SAPSTAIHERS OF HOOD PRODUCTS II NORTH AHERICA

GENUS SPECIES AUTHORITY SYNONYMS
Alteroaria alteroata (Fr.iFr.)Keissler A. teouis;A.

fasciculata jMacrosporiu»
Alternaria alternata fasciculatui;H. oaydis
Alteroaria alternats
Alternaria alteroata
Alteroaria alteroataAlteroaria alteroataAlternaria alteroataAlteroaria alteroata
Alteroaria alternata
Alteroaria alteroata
Alternaria alteroataAlteroaria alternata
Alteroaria alternataAlternaria alternataAlteroaria alteroataAlteroaria alteroataAlteroaria alteroataAlteroaria alteroata
Alteroaria alternataAlteroaria alteroataAlteroaria alteroata
Alteroaria alteroataAlteroaria alternataAlteroaria alteroataAlteroaria alteroataAlternaria alteroataAlteroaria alternata
Ceratocyatis adiposa (E.J. Butler) C. Horeau Ceratostoiella

adiposa;Endoconidiophora
adiposa;Opbiostoia
adiposa;Ceratocy8tis oajor

leratocystis adiposaleratocystis adiposaleratocystis adiposa
leratocystls adiposa

ANATELEOS PATHOGENICITY INFORMATION
The ■ycotoxio fuionisio B1 causes equine 
leukoeucephaloialacia, esophagus cancer in huian and pulionary edeia (12)

Chalara sp. (anaiorph) Acting as both pathogen and saprophyte; liportaot 
in the Tropics. Hide host range. Causes grey 
discoloration in wood (37). It also causes root 
rot (black rot) on sugar cane in India (89).
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TABLE 3- PATHOGKBICITY. HOST SPECIFICITY AUD DISTRIBUTION OF THE POTENTIAL SAPSTAINERS OF HOOD PRODUCTS IN NORTH AHERICA (cootinued).

GENUS SPECIES AUTHORITY
Ceratocystis coerulescens (Hunch) Baksbi

Ceratocystis coerulescens
Ceratocystis coerulesceos
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulesceos
Ceratocystis coerulesceos
Ceratocystis coerulesceos
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulesceos
Ceratocystis coerulesceos
Ceratocystis coerulescens
Ceratocystis coerulesceosCeratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulesceos
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis coerulescens
Ceratocystis fagacearui (Bretz) Hunt

Ceratocystis fagacearui 
Ceratocystis fagacearui 
Ceratocystis fagacearui 
Ceratocystis fagacearui 
Ceratocystis fagacearui

SYNONYHS ANATELEOS PATHOGENICITY INFORMATION

Endocooidiophora
coerulescensjOphiostoia
coerulescens

Chalara uugeri Sacc. (a Pathogenic activity on Noruay Spruce (Picea abies) 
(78).

Endoconidiophora fagacearui Chalara quercina (anaio Causes oak wilt disease in eastern North Aierica;
it causes periodic and localized epideiics only. 
It is a poor saprophyte. (78).
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TABLE 3- PATHOGENICITY, HOST SPBCIFICITY AMD DISTRIBUTE Of THE POTEHTIAL SAPSTAIMERS OP HOOD PRODUCTS »  NORTH AMERICA

GENUS SPECIES AUTHORITY SYNONYMS AMATELEOS
Ceratocystis fagacearui
Ceratocystis fiibriata Ellis & Halst. Ceratostoiella Cbalara sp. (aoaiorpb)fiibriata;Endoconidiophora

fiibriata;Ophiostoia
fiibriatui;Sphaeronaeia
fiibriatuijCeratocystis
variospora;0. variosporui;E.
variosporaCeratocystis fiibriata

Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis fiibriata
Ceratocystis loniliforiis (Hedge.) C. Moreau Ceratostoiella Chalara sp. (anaiorpb)loniliforiis;Endocooidiopbora

looili f o r i i s ;E .
bunaejOphiostosa
ionilifoiie;Ceratocystis
wilsoniijC. filiforiisCeratocystis l o o i l i f o r n s

Ceratocystis ■oniliforiis
Ceratocystis loniliforiisCeratocystis ■oniliforiis
Ceratocystis loniliforiis

PATHOGE1ICITY INFORMATION
(continued).

Causes ste» canker on Aspen and a variety of 
diseases on several h o s t s < Populus, Prunus, 
Quercus in USA, central and South Aierica and 
Indonesia (19,88). c. fitbriata var. platani 
causes canker stain of London plane in Southern 
Europe and can kill trees (78).

Known to suppress the nycelial growth of Lentinus 
edodes in sawdust and oak logs (88).
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TABLE 3- PATHOGENICITY, HOST SPECIFICITY ADD DISfRlBUTION OF THE POTENTIAL SAPSTAINERS OF HOOD PRODUCTS IN NORTH AMERICA (cootinued)

GENUS SPECIES
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis
Ceratocystis

l o o i l i f o r u s
looiliforsis
■ooiliforiis
looiliforsis
■ooiliforiis
■ooiliforiis
■ooiliforiis
■ooiliforiis
■ooiliforiis
■ooiliforiis
viresceos

AUTHORITY

(R.H. Davidsoo) C. Moreau

Ceratocystis viresceos
Ceratocystis viresceosChalara ■icrosporaChalara ■icrospora
Chalara ■icrosporaChalara ■icrosporaCladosporiui cladosporioides

Cladosporiui cladosporioidesCladosporiui cladosporioides
Cladosporiui cladosporioides
Cladosporiui cladosporioidesLeptographiui luodbergii
Leptographiui luodbergii
Leptographiui luodbergii
Leptographiui wageoeri

(Corda) Hughes

(Freseo.) G.A. De Vries

Lagerberg k Helio

(Kendrick) Wingfield

SYNONYMS ANATELEOS PATHOGENICITY INFORMATION

Eodocooidiophora viresceos Chalara sp. (aoaiorph)

Penicillius
cladosporioides;Horiodeodrui 
cladosporioides

Causes serious sapstain of freshly cut logs of 
hardwood species such as Oak aod Sweetgui io the 
Southero States, but is a lethal pathogen oo sugar 
■aple (Acer saccharu») where it causes *iaple 
sap8treak* (78).

Fouod io Norway spruce rhizosphere (86).

Secoodary pathogen on a wide variety of trees such 
asi Acer, Alnus, Carya, Pious, Pruous,
Pseudotsuga (19).

Fouod oo conifer wood io the teiperate regions, 
ofteo associated with bark beetles (19).

Verticicladiella w a g e o e n  Causes g r e y .blac]c t0 b m D  dlscoloratioil ,37)i L
wageoeri causes black stain root disease oo 
cooifers io North Aierica (79). The disease 
causes tree aortality io westero lorth A r n i c a

III
 -

 3
0



TABLE 3- PATHOGENICITY, 
GBHÜS SPECIES

HOST SPECIFICITY AND DISTRIBUTION OP THE POTENTIAL 
AUTHORITY SYNONYMS AMATELEOS PATHOGENICITY INFORMATION

SAPSTAINERS OP MOOD PRODUCTS IN NORTH AMERICA (continued).

leptoqraphiu» wageneri 
Leptograpbiui wageneri 
LeptographiuK wageneri 
Leptograpbiui uageneri 
Leptograpbiui uageoeri 
Leptograpbiui uageoeri 
Leptograpbiui uageoeri 
Opbiostoia buntii
Opbiostoia buotii 
Opbioatoia buotii 
Opbioatoia buotii 
Opbioatoia buotii

Opbioatoia ips

Opbioatoia ips
Opbioatoia ipa
Opbioatoia ipa
Opbioatoia ips
Opbioatoia ips
Opbiostoia lioua

particularly oo Pious aod Paeudotsuga (B0). Tbe 
vectors are root-feeding bark beetles (geous 
Hylastea). The fungus bas beeo fouod to be 
essentially asexual; it possesses a lou genetic 
diversity (80).

(Robiosoo-Jeffrey) De Hoog k Ceratocystia buotii 
Scheffer Causes blue-stain disease of pine (6).

(R u a b o l d ) Naoof. Ceratostoaella Hyalorhinocladlella sp.i p s ;Ceratocystis i p s ;
Ceratocystis iootia;Opbioatoia 
lontiui;Ceratocystis adjuncts

The letabolite 2,3-dihydroxybenzoic acid is ao 
iroo chelatiog agent responsible for the blue stain (6).
Causes blue-staio disease (caoker ataio) of pioe 
(6) io North A ierica (73).

Syd. k P. Syd. Ceratostoaella linor; Hyalorbioocladiella sp.
Ceratostoaella
pini;Ceratocystis
iinor;Cerat08toiella
pseudo t s u g a e ;Ceratostoaella
ezigua; Grosaaooia
p i n i ;Ophiostoaa pioi

Causes caoker stain oo pines io North Aierica 
(79). Tbe blue-staio fuogus is associated uitb tbe 
Southern pioe beetle (6). It causes death of 
lillioos of pine trees per year io ueatero Caoada 
(7). Tbe fuogus can kill pruned aod uoprooed 
trees at high inoculation densities (87). Tbe 
aycotozin cerateoolone t o n s  a blue chelate uitb
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