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The biocontrol potential of Trichoderma harzianum strains

B-2A, B-8A, B-4B, B-15B, and B-41 and Serratia plymuthica was

evaluated using agar plates and wood wafers of unseasoned

ponderosa pine (Pinus ponderosa laws). All five isolates of

Trichoderma harzianum and Serratia plymuthica could inhibit

stain fungi growth in agar plates and exhibited bioprotectant

potential against sapstain fungi on wood wafers.

The production of chitinase and protease related to the

breakdown of stain fungal cell walls was studied in liquid media

and wood wafer cultures for test bioprotectants. Higher

chitinase activity was obtained in chitin-containing media.

Although the synthesis of chitinase was repressed by simple

carbon substrates in liquid media, chitinase activity was still

detected on wood wafer cultures when the bioprotectant was

pregrown on media containing these same carbon sources. No

protease activity was detected in liquid cultures, but protease
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activities were detected on wood wafer cultures.

The relationship between biocontrol performance and lytic

enzyme activities was evaluated using mixed cultures of

bioprotectants and stain fungi on wood wafers. Generally, fungal

stain inhibition increased with increases in chitinase.

Increasing chitinase activity above about 0.08 uU/m1 had a

minimal effect on fungal stain inhibition. Further statistical

analysis indicated that biocontrol efficacy appeared to be

related to LOG (chitinase activity) but not to LOG (protease

activity). No synergistic effects were found between protease

and chitinase in biocontrol of sapstain fungi.

The mechanisms for the biocontrol of sapstain fungi were

further studied using living bioprotectant cells and its

sterilized filtrate. Live cells effectively prevented

discoloration of wood wafers , while the filtrates generally

failed to inhibit stain fungi growth in wood wafers over a 4-

week incubation. Purified chitinase of Streptomyces griseus
partially inhibited spore germination of Ulocadium chartarum,

but varied with chitinase source. No inhibition of U. chartarum
spore germination occurred after treatment with purified

protease.
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The Role of Lytic Enzyme Activity in Biocontrol of Sapstain

1.0 Introduction

Major sapstains are caused by the fungi with pigmented

hyphae that grow primarily in the parenchyma tissues of the

sapwood (Zabel and Morrell, 1992). Sapstain is largely a

problem with unseasoned raw or primary products such as

stored logs, pulp wood, or lumber during air seasoning.

Because of their objectionable appearance, the discolored

products frequently are rejected by wood users or they are

accepted only at a reduced price. It is estimated that the

losses caused by sapstain cost 50 million dollars every year

in United Sates (Scheffer, 1973). Generally, these losses in

United States and Canada are greatest with coniferous lumber

and timbers, and with some hardwoods in the south - most

notably sweetgum (Nicholas, 1973).

Sapstain has traditionally been prevented by either

kiln-drying as soon as the lumber is cut or chemical

treatment such as application of chlorinated phenates (CP)

(Morrell and Sexton, 1992). Kiln-drying reduces the moisture

content of the wood below 20%, but it is not always

practical due to the energy costs and does not protected

rewetted wood (Nicholas, 1973). The options for chemical

control of sapstain have also been limited because of

concerns about biocide safety and environmental

contamination. Biological control has received considerable

attention as an attractive alternative to chemical control
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of stain (Freitag and Morrell, 1991).

Most of the research on biological control of sapstain

has been carried out in the last 10 years. A series of large

scale screenings of bioprotectants were performed, and

several potential bioprotectants including Bacillus subtilis
(Seifert et al, 1987), Pseudomonas cepacia 6253 (Benko

1988), Streptomycetes rimosus(Highley et al, 1991), and
Trichoderma harzianum (Srinivasan et al 1993) were

identified. The performance of biological control agents

against sapstain under laboratory conditions has generally

been satisfactory. However, this strategy has seen limited

success in field application. One of the main reasons for

field failures is the lack of understanding of the in situ

modes of antagonism of individual control agents.

Three mechanisms have been proposed for biological

control, competition, antibiosis and mycoparasitism

(Campbell, 1989). Undoubtly, competition for space and

nutrients, and antibiosis play the most important roles in

successful bioprotection against sapstain fungi (Kreber and

Morrell, 1993). While mycoparasitism has been demonstrated

in the biological control of sapstain fungi, the importance

of this mechanism in protecting sapstain is questionable.

Mycoparasitism requires the release of extracellular lytic

enzymes which enable penetration of host hyphae (Lynch,

1987), and their excretion has been shown to be responsible

for cell wall degradation (Elad et al, 1982). The
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involvement of lytic enzymes in biological control blurs

the distinction among parasitism, lysis and antibiosis

(Fravel, 1988). Furthermore, the action of lytic enzymes

implies that target stain fungi have already invaded the

wood. Unless lytic enzymes act at very early stages of

fungal growth, the action of these enzymes would occur after

discoloration has occurred.

Cell walls of Ascomycotina or Deuteromycotina are

mainly composed of chitin, glucan and protein (Bartnicki-

Garcia, 1968). Chitinases and glucanases are the primary

lytic enzymes which break down the cell wall components,

although proteolytic enzymes may also participate in this

breakdown process (Inbar and Chet, 1991).

Chitinase is an inducible enzyme excreted by many

microorganisms in cultures containing chitin or its

oligomers as sole carbon sources (Monreal and Reese 1969).
It has been suggested that the lytic enzyme activities of

several strains of Trichoderma harzianum on cell walls of

Sclerotium rolfsii, Rhizoctonia solani and Pythium

aphanidermatum can be correlated with the degree of the

biological control of target pathogens in vivo (Elad and

Chet 1982, Inbar and Chet 1991), and lytic enzymes have been

implicated as factors contributing to biocontrol ability.

However, the role of these lytic enzymes in situ on wood

remains poorly understood.
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The purpose of this study was to evaluate the role of

lytic enzymes in the biological control against sapstain

fungi on ponderosa pine sapwood.



2.0 Literature Review

2.1. Sapstain and its control:

Sapstain is a common problem across the United States.

It had long plagued the lumber industry by discoloring

sapwood of logs soon after trees are cut and of lumber

during air seasoning, when exposed to humid conditions
(greater than 20% moisture content) between 35 F (2 C) and

100 F (38 C) (Croan and Highley, 1990). The sapwood of most,

if not all, wood is subject to staining, especially those

species containing high percentages of sapwood. Generally,

sapstain is specific to a region or wood sample, the losses

due to fungal stain in the United States and Canada are

greatest with conifer lumber and timbers, and with some

hardwoods in the south, most notably sweetgum (Nicholas,

1973).

2.1.1 Fungi responsible for staining:

The observation that sapstain in softwood is caused by

a fungus was generally attributed to Hartig (1878) who

considered it to be the fungus then known as Ceratostomella

piliferum. Later the genus Ceratostomella was transferred to

the genus Ophiostoma by Melin and Nannfedt and revived by

Baskshi as Ceratocystis again (Findlay 1959).

The principal sapstain fungi in America were described

in detail by Findlay (1959). Verrall (1939) concluded from

extensive isolations and confirmatory inoculations that the

5
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majority of stain damage to lumber and logs in the South was

caused by eight species: Ceratocystis pilifera, C. ips., and

Diplodia sp. on pine, and Ceratocystis viresens,

Ceratocystis plurianulata, Ceratocystis moniliformis, and

Graphium rigidum on hardwood (Findley, 1959). In his

opinion Ceratocystis coerulescens was the most important

staining fungus on hardwood in the southern U.S.A. and

Ceratocystis pilifera was the chief cause of stain on both

treated and untreated softwoods. The principal western blue

stainers apparently were not the same as those in the South.

Davidson (1953) identified two common conspicuous species

on western coniferous lumber: Ceratocystis coerulescens,

and Ceratocystispiceace (Ophiostomapiceae). It is reported

that Ceratocystis coerulescens (Munch) is one of the most

frequently encountered species, which not only stains the

wood black but also causes severe damage to felled logs,

sawtimber and most wood products in service (Croan and

Highley 1993).

In addition to the species mentioned above, there are

a number of other fungi that cause sapstain. Eveleigh

(1961a,b) isolated Cladosporium herbarum , Fusarium spp.,

and Phoma violaca from stained wood, while Winters et al

(1978) confirmed that isolates of Aspergillus, Alternaria,

and Cladosporium caused sapstain. The predominant blue

stainer of window frames wetted by condensation is

Aureobasium pullulans (Sharpe and Dickinson, 1993).
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Most stain fungi belong to the Ascomycotina or

Deuteromycotina. Zabel and Morrell(1992) summarized the stain

fungi in United States (Table 2.1), but it should be noted

that species lists were generally incomplete.

2.1.2. Sapstain control:

Traditionally, sapstain can be prevented by prompt

drying or by applying chemicals. Immediate stickering and good

air-seasoning practices after sawing may be adequate under

conditions that will permit the lumber surface to dry before

stain fungi can become established. Kiln drying provides a

rapid method for reducing moisture content of wood, and

killing any fungi in the wood (Zabel and Morrell, 1992).

Although chemical treatments for preventing fungal stain

in United States date back to 1888 when lime in various forms

was applied to boards and under lumber piles (Nicholas,

1973),it was not until the beginning of this century that

fungicidal treatment of freshly saw timber was attempted.

Chemicals such as Na2CO3 and Na213407 (Borax) were used in the

early experiments and proved moderately successful in

controlling stain when conditions very favorable (Greaves, et

al, 1982). Since the middle of the 1930s, sapstain preventive

chlorinated phenols. Originally, pellized sodium

pentachlorophenate (NaPCP) was the most commonly used

formulation (Greaves et al, 1982).
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Table 2.1. Some important stain fungi of timber in the
United States (Zabel and Morrell, 1992)

Conifers Hardwood
Ophiostoma(Ceratocystis) ips

Ophiostoma (Ceratocystis) pi1ifera Ceratocystis moniliformis

Ophiostoma (Ceratocystis)piceae Lasiodip1odia theobromae

Aureobasidium pu11u1ans Ceratocystis coerulescens

Alternaria a1ternata Graphium rigidum

Cephaloascus fragrans Ophiostoma(Ceratocystis) p1urianu1atum

C1adosporium app.

Lasiodip1odia theobromae

Phia1ophora spp.
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However, a major problem associated with chemical

preservatives is the risk of environmental pollution caused

by accidental spillage or leaching from treated lumber into

the surrounding soil and water. Thus, the concerns regarding

the safety of these chemical preservatives have stimulated

research on alternative sapstain prevention

strategies (Bruce, 1992, Morrell and Sexton, 1992). One

approach is the prevention of fungal stain by employing

antagonistic organisms which inhibit the growth of stain

fungi. This strategy, termed biological control has received

much attention.

2.2. Concept of Biological control

Biological control, in its widest sense, has been used

by man almost since the beginning of organized arable

agriculture. The term "biological control" was coined only

more recently by H.S. Smith in 1919 in connection with the

control of insect pests by the introduction of predators.

The use of non-pathogenic microorganisms to control plant

disease occurred at almost the same time (Bruce, 1992). In

the 1920s there was a sudden increase in the number of

publications reporting the control of disease by

antagonistic fungi, but they did not lead to any commercial

use of biological control agents against plant disease until

the 1960's. Rishbeth (1963) reported on the control of Fomes

(Ileterobasidion) annosum by Peniophora (Phebia) gigantea and
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this became a commercially available product. Biological

control received international interest in the 1980s.

Biological control can be divided into 3 phases. First, the

prehistoric and traditional use of crop manipulation which

led to control by biological means. Secondly, the steady

growth of information related to ecological principles which

occurred over the first 60 years of this century. Finally,

the present initiation of extensive research on mechanisms

of action by biocontrol agents in many parts of the world

(Campbell, 1989).

Fundamental to the development of successful

biocontrol is the isolation and screening of effective

bioprotectants. Much of the research on biological control

reported to date has examined several genera of bacteria and

fungi such as Bacillus sp., Pseudomonas sp., Trichoderma

sp., and Streptomycetes sp. (Benko, 1988, Srinivasan et al,

1993, Seifert et al, 1987, Papavizas, 1985).

Cordon and Haenseder (Baker, 1968) were among the

first to use an antagonistic strain of Bacillus spp. to

inhibit a target organism. Addition of a bacterial

suspension to green house soil gave appreciable control of

seed decay and damping-off in cucumber and pea seedlings

(Henis and Chet, 1975). Bacillus spp. are widely studied in

many aspects, however, the main disadvantage of Bacillus

spp. seems to be that they are prone to variable performance

(Campbe11,1989).
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Pseudmonas species are considered by many workers to

be a promising group for biocontrol agents, especially the

two fluorescent species, P. fluorescens and P. putida (Kraus

and Loper, 1992, Meyer and Mornspager, 1978). They are

normal inhabitants of soil and especially of the root

surfaces. Furthermore, they are known to produce a variety

of antibiotics and siderophores (Ho-Seong et al, 1992,

Paulitz and Loper, 1991), and have been implicated in many

cases of natural biological control.

Trichoderma sp. isolates are among the most widely

researched biological agents for the protection of

agricultural crops from a variety of plant diseases

(Papavizas, 1985, Score and Palfreyman, 1994). This organism

has received attention because of its ubiquitous nature,

undemanding nutritional requirements, rapid growth rate,

high reproductive capacity and, more importantly, because of

its well documented antagonistic capability (Campbell, 1989,

Chet et al, 1981).

Agricultural biological control is relatively easier

than that in wood because it seeks to protect a crop against

a narrow range of pathogens, or a single crop species for a

limited period of time, when the crop is most susceptible

(Henis and Chet, 1975). Conversely, wood products must be

protected from a wide range of microorganisms with different
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physiological capabilities for a longer time (Freitag and

Morrell, 1991). Thus biological control agents of sapstain

face more difficult challenges.

2.3. Biological control against sapstain

Research in biological control in wood dates from the

middle 1960's (Richard & Bollen 1968, Richard, 1969) and can

be considered logical extension of the earlier reports on

biological control of Heterobasidium annosum in cut tree

stumps (Rishbeth, 1963, Bruce, 1992). The application of

biological control for preventing sapstain has received much

attention since the 1980s including studies using bacteria

and fungi or their metabolites to prevent biological

discoloration of sapwood. A number of bacteria and fungi

have been shown to inhibit stain fungi on both artificial

media and wood samples (Benko,1987, 1988, 1989, Seifert et

al 1988, Croan and Highley, 1993).

Benko (1986) examined over 100 Basidiomycotina,

Ascomycotina and Deuteromycotina for their ability to

inhibit Ceratocystis coerulescens (Munch) Bashi using malt

agar cross platings. Promising fungal bioprotectants

belonging to the genera Gliocladium and Trichoderma, and

mycorrhizal fungi including Clitocybe geotropa [Bull] Quel,

exhibited strong antagonistic action. Subsequently Benko

(1989) also investigated more than 200 different bacteria

belong to 15 different genera for their ability to inhibit
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fungal growth on dual culture malt agar plates. The most

effective isolates belonged to the genera Pseudomonas and

Streptomycetes. Further studies on Pseudomonas cepacia

strain 6253 under laboratory and field conditions showed

that this bacterium controlled blue stain on Flnus radiata

in the laboratory but not the field. The reason for the

different outcomes was traced to the presence of the

moisture gradients in the logs and the inability of the

biological agent to deeply penetrate the wood (Benko, 1989).

Seifert et al. (1986) found that Bacillus subtilis

Cohn isolates #186 was active against 45 staining fungi, as

evidenced by formation of inhibition zones, or in some

cases, changes in fungal morphology in dual culture plates.

Seifert et al (1988) later screened 88 fungal strains

against sapstain fungi on agar, promising bioprotectants

were examined by introducing the organism into pine [ Pinus

banksiana Lamb] specimens 2 weeks prior to application of

stain fungi, Acremonium strictum w. Gams isolate 314 A and

Penecillium thomii Marve isolate 655B were identified as

promising bioprotectants (Seifert et al 1988).

Highley et al (1991) found that Streptomyces rimosus

was the most effective of the bacteria tested. Subsequent

results (Croan and Highley, 1991b, 1992) indicated that

Streptomyces rimosus completely inhibited spore germination

of sapstain fungi, and its metabolites could also protect

wood from sapstain.
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Even though a substantial body of research exists on

biological control of sapstain, one of the barriers to the

development of biocontrol against sapstain is a lack of

understanding of the modes of antagonism of individual

control agents. This lack of understanding limits the

development of individual screening methods, but also makes

it impossible to enhance the control abilities of biocontrol

agents.

2.4. Mechanism of Biological Control

Biological agents can function by several mechanisms

including rapid colonization in advance of the target

microorganisms, the production of antibiotics,

mycoparasitism or the lysis of the target fungi (Campbell,

1989). Entomologists have tended to use parasites and

predators, whereas plant pathologists usually have used

antibiotic organisms and competitors. An understanding of

the mechanisms by which these systems functions is basic to

any commercial efforts toward developing biological

controls.

2.4.1 Competition

Competition occurs when two (or more) organisms

require the same substrate. Microorganisms may compete for

nutrients such as carbon and nitrogen sources or for space.

An essential point of the definition of competition is that
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is that it results in deprivation of one or more organisms.

Under conditions of excess nutrients there is no

competition. Marshell and Alexander (1960) demonstrated

suppression of F. oxysporum growth by two species of

bacteria, but this suppressive effect was eliminated by

adding inorganic nitrogen.

Competition for space and nutrients plays an important

role in successful bioprotection against stain fungi (Kreber

and Morrell, 1993). Carbon and nitrogen are stored in ray

parenchyma cells (Ballard et al, 1982). Many nutrients are

available to microorganisms at low levels, especially for

nitrogen, usually between 0.01 and 0.1% of the dry weight

(merrill and Cowling, 1966). Undoubtly, competition for

nutrients occurs when both bioprotectants and sapstain fungi

co-exist on sapwood.

2.4.2. Antibiosis:

In its broader sense, antibiosis may be defined as the

inhibition of one organism by a metabolite of another (Henis

and Chet, 1975, Bruce, 1984, Dennis and Webster, 1971 a,b).
Fravel (1988) proposed that antibiosis was antagonism

mediated by specific or nonspecific metabolites of microbial

origin, by volatile compounds, antibiotics, lytic agents,

enzymes or other toxic substances.

Secondary metabolites produced in a culture broth of

a biological agent have been reported to inhibit growth of
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wood staining organisms on agar media and to protect

southern pine and sweetgum for 8 weeks (Croan and Highley,

1991a,b.). Stranks (1976) noted that several antibiotics,

including scytalidin, hyalodendrin and cryptosporiopsin were

capable of inhibiting blue stain in pine sapwood.

Croan and Highley (1993) found that the combination of

metabolites produced by Bjerkandera adusta and Talaromyces

flavus decolorized sapstained pine veneer disks and killed

the existing growth of C.coerulescens. They related this

decoloration to production of extracellular H202 by reactions

catalyzed by glucose oxidase.

Antibiosis mediated by volatile substances has

received less attention than production of nonvolatile

antibiotics. Volatile metabolites identified as alkyl

pyrones have been reported from Trichoderma harzianum

(Claydon et al, 1987, Bruce, et al, 1984), and these

compounds were fungistatic to most fungi.

2.4.3. Mycoparasitism

Mycoparasitism refers to the phenomenon of one fungus

parasitizing another (Henis and Chet, 1975). Parasitism of

higher plants by fungi has been extensively studied, while

parasitism of other fungi (mycoparasitism) remains less

thoroughly studied.

Mycoparasitism may be divided into two major groups

based on their mode of parasitism: necrotrophic and
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biotrophic parasites. Barnett and Binder (1973) defined

necrotrophic parasites as those that contact their hosts,

excrete toxic substances that kill the host cells and

utilize the nutrients thus released. Biotrophic parasites

are capable of obtaining nutrients from hosts with little or

no apparent harm to the hosts. Studies of nectrophic

mycoparasites have often shown that they cause lysis of the

host well in advance of actual host contact. These species

include Penicillium vermiculatum, and Trichoderma sp. (Hoch

and Fuller, 1977). Other nectrophic mycoparasites such as

Gliocladium roseum kill their host upon or shortly after

contact (Barnett and Lilly, 1962).

Mycoparasitism is perhaps most important in

maintaining an ecological balance among the soil

mycoflora", but its importance in biocontrol against

sapstain fungi remains uncertain. Although mycoparasitism

has been demonstrated in biocontrol of sapstain (Benko and

Henningsson, 1986, Croan and Highley, 1990), attempts to use

mycoparasitism to control stain fungi have so far been very

disappointing.

It should be noted that lysis without mycoparasitism

is also considered as a mechanism for biological control

(Henis and Chet 1975). Micr000rganisms capable of lysing

other organisms are widespread in natural ecosystems (Webley

and John 1971), and appear to play an important role in

maintaining microbial equilibrium. Many strains of Bacillus,
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Pseudmonas and Streptomyces isolated from soil lyse cell

walls of pathogenic fungi under laboratory conditions (Chet

and Henis 1969, Baker, 1968). Lytic enzymes can break down

the hyphal cell walls of Asperillus oryzae (Harikoshi et al,

1959). Mithell and Alexander (1961, 1963) demonstrated that

microorganisms can destroy fungal mycelium through their

lytic activity (Henis and Chet, 1975).

2.5. Cell wall composition and the role of chitinase in the
biological control

2.5.1 Fungal cell wall compositions

Chemically, the fungal cell wall contains 80 to 90

percent polysaccharides with most of the remainder

consisting of proteins and lipids. Substantial amounts of

pigments (melanin), polyphosphate, and inorganic ions may

also be present. The advent of mechanical methods for

preparing essentially pure cell walls, and chromatography

techniques to characterize their monomeric components have

resulted in an improved understanding of fungal cell wall

chemistry. Based on principal components of vegetative

cells, fungal cell walls can be classified into eight

categories (Table 2.2) (Bartnicki-Garcia, 1968).

As mentioned earlier, most stain fungi are

Ascomycetes and Fungi Imperfecti. Apart from the presence of

chitin, the cell walls of these fungi contain branched 1-3-

B-D-glucans. The highly insoluble chitin chain plays an
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essential role in providing the backbone on which B-glucan

can become insolubilized (Heath, 1990). It resists stress in

the wall due to turgor pressure. The breakdown of cell walls

will cause stain fungi to function abnormally or die.

2.5.2 Chitinase and its role on biological control

Chitinases are defined as enzymes which cleave the

bond between the Cl and C4 of two consecutive N-

acetylglucosamines of chitin. Endochitinase, exochitinase

(EC 3.2.1.14), B-N-acetylglucosaminidase and chitiobiase (EC

3.2.1.30) have been characterized(Flach and Pilet, 1992).

Usually B-N-acetylglucosaminidase releases N-

actylglucosamine monomers from chitin, exochitinase releases

chitobiose and endochitinase randomly cleaves the chitin

polymer. Chitobiase hydrolyses chitibiose (Flach and Pilet,

1992). Some chitinases also display produced lysozyme

activity (EC 3.2.1.17) corresponding to the cleavage of a

glycosidic bond between the Cl of N-acetylmuramine acid

(MurNAc) and the C4 of N-acetylglucosamine in the bacterial

peptidoglycan(Skujins, et al, 1965).

Hutterman and Cwielong (1982) suggested control of H.

annosum by an extracellular enzyme complex produced by

Trichoderma harzianum. The mode of action reflects the

recognition that chitin is a major cell wall component in H.

annosum, while it is rare in cell walls of T. harzianum

(de Vries and Wessels,1973).
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Table 2.2 Chemical cell wall taxonomy of fungi (Bartnicki-
Garcia, 1968)

Cellulose-Glycogenf

Cellulose-Glucang

Cellulose-Chitin

Chitosan-chitin

Chitin-Glucang

Mannan-Glucan

Mannan-Chitin

8.Polygalactosamine-Galactan

Acrasiales

Oomycetes

Hyphochytridiomycetes

Zygomycetes

Chytridiomycetes

Ascomycetesc

Basidiomycetesd

Deuteromycetese

Saccharomycetaceae

Cryptobolomycetaceae

Sporobolomycetaceae

Trichomycetes

after Alexopoulos (1962)
not all orders or families within each group have been
examined for wall composition, further segregation is
possible.
except Saccharomycetaceae
except Sporobolomycetaceae
except Cryptococcaceae
incompletely characterized
incompletely characterized probably - 1.3- and - 1.6-
linked

Chemical Category Taxonomic Group
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Enhanced cellulase and chitinase activities during

parasitism by T. harzianum on Sclerotium rolfsii sacc have

been observed (Elad and Chet, 1983). Ordentlich et al (1988)

demonstrated that crude chitinase produced by chitinolytic

baterium Serratia marcescens cause rapid swelling of hyphal

lysis (Ordentlich, et al, 1988).

Shapira et al (1989) demonstrated the role of

chitinases from S.marcescens in biocontrol of root rot

disease of bean caused by S. rolfsii using molecular

techniques. Inbar and Chet (1991) concluded that chitinase

plays an important part in biological control of soil borne

plant pathogens by Aeromonas caviae. However, Ordentlich et

al (1991) found that no correlation between lytic enzymes

and biocontrol capability against Fusarium wilt on muskmelon

and cotton.

Therefore, the role of chitinases in the biocontrol

remains the subject of debate. This is particularly true

with regard to wood stain fungi. Developing a better

understanding of the role of chitinase against wood staining

fungi would facilitate efforts to develop more reliable

bioprotectants.



3.0. Materials and methods:

3.1. Chemicals:

Chitin (from crab shells, practical grade), Glc (N-

acetyl glucosamine), Azocoll, bovine serum albumin (BSA),

Bio-rad protein assay kit, chitinase (EC 3.2.1.14) from

Streptomyces griseus, chitinase (EC 3.2.1.14) from Serratia

marcescens, and Protease Type XIV from Streptomyces griseus

were purchased from Sigma Chemical Co. (St. Louis, Mo). All

other chemicals and carbon substrates were purchased from

Fisher Scientific (Pittsburgh, PA) or Difco Laboratories

(Detroit, MI).

3.2. Bioprotectants and Stain fungi:

The bioprotectants and stain fungi evaluated are

listed by current name, strain number, source and growth

media. Both bioprotectants and stain fungi were maintained

on potato dextrose agar slants in test tubes. Fungi capable

of staining wood were selected from the Forest Research

Laboratory culture collection (Corvallis, Oregon), while

bioprotectants were obtained from either Dr. J. Loper,

Horticulture Crops Research Lab (HCRL), USDA, Corvallis, OR.

or from Dr. E. Nelson, Forestry Sciences Laboratory, USDA,

Corvallis, OR.

22
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Table 3.1a. Sources of bioprotectants employed in this study

Table3.1b. Sources of stain fungi employed in this study

Species Strain Source Media

Trichoderma harzianum B-2A USDA Forestry Sciences

Lab. Corvallis, OR
PDA

Trichoderma harzianum B-8A USDA Forestry Sciences

Lab. Corvallis, OR

PDA

Trichoderma harzianum B-4B USDA Forestry Sciences

Lab. Corvallis, OR

PDA

Trichoderma harzianum B-15B USDA Forestry Sciences

Lab. Corvallis, OR

PDA

Trichoderma harzianum B-41 USDA Forestry Sciences

Lab. Corvallis, OR

PDA

Serratia plymuthica

,

USDA Horticulture Lab.

Corvallis, OR

TSA

Species Strain Source Media

Alternaria alternata(FR:FR) Keissl ED113 FRL,Corvatlis, OR PDA

Bispora betulina (corda) S.J.Hughes 1 FRL, Corvallis, OR PDA

Hormoconis resinae (Lindau)ArX & P.1600 FRL, Corvallis, OR PDA
G.A.DeVries.

Cladosporium elatum (C.harz) Mannf. 563-1-1 FRL, Corvallis,OR PDA

Phialocephala dimorphospora Kendrick P-136 FRL, Corvallis, OR PDA

Ulocladium chartarum (G.prreuss) 100 FRL, Corvallis, OR PDA
E.simmon

,
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3.3. Wood samples:

Wafers (5x10x30 mm) were cut from freshly sawn

ponderosa pine sapwood (Pinus ponderosa L.). Wafers were

stored at 0 C until needed and were vacuum treated with

sterilized distilled water prior to use.

3.4. Primary studies of antagonistic ability :

3.4.1 Detection of antagonistic activity in agar plates:

A modified dual-culture technique was employed

(Ordentlich and Chet,1991, Croan and Highley, 1993). Tests

were performed with petri dishes containing 15 ml 1.5%

(w/v) malt extract agar, 2% potato dextrose agar media, or

a minimal salt (Table 3.2) agar supplemented with 2% chitin.

The bioprotectant was placed on one edge of petri

dishes and a mycelial disk of a given stain fungus was

placed on the opposite side of the plate. The inoculated

plates were then sealed with parafilm and incubated at room

temperature (23-25°C) for 3 days for Trichoderma harzianum

or 4 weeks for Serratia plymuthica. Radial growth of

bioprotectants and sapstain fungus were measured (nearest

cm) to provide a relative index of the effects of each

bioprotectant on stain fungal growth, and stain fungus

inhibition percent was calculated as follows:
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Table 3.2 Minimal salt medium employed for bioprotectants
(Sivan and Chet, 1989, Cody, 1989).

Trichoderma harzianum

1 (g/m1)

1

Serratia plymuthica

(g/m1)

I

1 MgSO4-7H20 0.2 KH2PO4 1.0

K2HPO4 0.9 K2HPO4 1.0

KC1 0.2 NH4NO3 1.0

NH4NO3 1.0 MgSO4-7H20 0.2

FeC12 0.002 FeC13 0.05

MnSO4 0.002 CaC12-2H20 0.02
I

ZnSO4 0.002 pH 7.8 1

I

pH 5.8-6.0 I
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Inhibition percent = ( (r-r2 )/r2 ) * 100%

Where rl: maximal radial growth of stain fungus (cm)

r2: growth of stain fungus to inhibition zone (cm)

3.4.2 Antagonistic ability on wood wafers:

3.4.2.1 Bioprotectant incubation:

The bioprotetctants were grown by inoculating 250 ml

Erlenmeyer flasks containing 100 ml of minimal salt medium

(Table 3.2) supplemented with 0.5% (w/v) chitin, glucose,

xylose or glycerol, with two mycelial plugs cut from 7 day-

old potato dextrose agar (PDA) cultures of the test

organism. After inoculation, the flasks were incubated on

a rotary shaker (80 rpm) at room temperature (23-25 C) for

7 days.

3.4.2.2 Sapstain fungi preparation:

Preparation of sapstain fungi followed procedures

described by Morrell and Sexton (1992).

The isolates of stain fungi were grown on potato

dextrose agar (PDA) in petri dishes for 3 weeks, then the

agar surface was flooded with sterile water and agitated to

loosen spores and hyphae. The spore/hyphae fragments were

collected and mixed. The mixture was applied directly to the

wood.
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3.4.2.3 Bioprotectant application to wood wafers:

Inoculation of test wafers was achieved using a

procedure described by Morrell and Sexton (1992). Each wood

specimen was dipped for 45 seconds in media containing the

bioprotectant, then drained briefly prior to being placed on

glass rods over moistened filter paper discs in glass petri

dishes. Each treatment was applied to 24 wood wafers

equally distributed among 3 glass petri-dishes. The wafers

were then sprayed until runoff with the stain inoculum and

the plates were sealed in parafilm. The plates were

incubated at room temperature (about 23-25 C) for 1 month.

Controls consisted of wafers containing no bioprotectant,

those dipped in media, and those sprayed with spore/hyphae

fragments of stain fungi.

3.4.2.4 Stain evaluation:

The degree of stain evaluation was evaluated according

to the method used by Morrell and Sexton (1992). The degree

of discoloration on the wood wafers was assessed visually on

a scale from 0 (no discoloration) to 100 (complete

discoloration). Average degree of stain and fungal stain

inhibition percent (FSIP) was determined for each of the

bioprotectants after 1 month according to the following:

Stain degree treatment stain degree control

FSIP = - - * 100%

stain degree control



3.5. Lytic enzyme production procedure:

3.5.1 Liquid media:

A two step process was used to study the effect of

carbon sources on lytic enzyme production. Bioprotectants

were first inoculated into 250 ml flasks containing 100 ml

2% malt extract, and were incubated at room temperature (22

C) on a rotary shaker at 80 rpm for 3 days. The resulting

growth was then collected by filtration through Whatman No

4 paper, washed extensively with distilled water under

sterile conditions and finally resuspended in a 250 ml flask

containing 100m1 of minimal salt medium (Table 3.2)

supplemented with 0.5% (w/v) chitin, glucose, glycerol, or

xylose. The flasks were then incubated on a rotary shaker

with 80 rpm at room temperature (22 C) for 3 days. The

culture samples were then successively filtered through

Whatman #4 filter paper, 0.45um and 0.2 um Millipore

membranes. The resulting filtrate was used to measure enzyme

activities.

3.5.2 On wood wafers:

Bioprotectant preparation: Bioprotectants were

prepared following the procedures described in section

3.7.1. Bioprotectants were inoculated into 250 ml flasks

containing 100 ml minimal salt medium supplemented with 0.5%

28
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chitin, glucose, glycerol or xylose. The flasks were

incubated at room temperature (23-25 C) on a rotary shaker

(80 rpm) for 7 days.

The bioprotectants were applied by dipping each wood

specimen in one of the above cultures for 45 seconds. The

wood was then drained briefly prior to being placed on

glass rods over moistened filter paper in glass petri

dishes, which were then sealed with parafilm. Each

treatment was applied to 24 wood wafers equally distributed

among 3 glass petri dishes. The wafers were incubated at

room temperature for 1 month, then the wood was extracted

according to procedures described in section 3.7.2., and

enzyme activities were measured using the methods described

in section 3.6.

3.6. Enzyme activity assay

3.6.1 Chitinase activity assay (Neugebauer and Gamache,
1991, Cabib, 1988, Boller and Manch, 1988 Sivan and Chet,
1989, and Lorito and Harman, 1993)

Chitinase activity (1.4-B-poly-N-acetyl-D-

glucosaminidase E.C. 3.2.1.14) was assayed by measuring the

ability of the extract to the release of acetyl-D-

glucosamine (GlcAc) from colloidal chitin (Chet, 1991). The

reaction mixture , containing 1 ml of wood wafer extract, 1

ml 0.1 M citrate buffer (pH 5.1) and 1 ml 0.5% swollen

chitin suspended in 0.1 M citrate buffer (pH 5.1) , was
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incubated at 40 C for 1 hr, and the reaction was then

stopped by placing the tube in boiling water, and

acetylglucosamine was measured as described by Reissig et al

(1955).

GlcNAC assay : One half ml of above reaction

suspension and 0.1 ml of potassium tetraborate were combined

and heated in vigorously boiling water for exactly 3 min.

The mixture was cooled and 3 ml of p-

dimethylaminobenzaldehyde (DMAB) reagent was added. The

tubes were placed in a water bath at 36-38 C for 20 nuns,

then the tubes were cooled and absorbence measured at 544 nm

using N-actylglucosamine as a standard. An enzyme unit (U)

was defined as the amount of enzyme able to liberate 1 um

mol of product (as GlcNAC equivalent) per hour per ml

extract, and an specific enzyme unit (U) was defined as the

amount of enzyme able to liberate 1 um mol of product per

hour per mg of protein in the extract.

3.6.2 Protease activity assay (Cohn, 1973):

Protease activity was measured spectrophotometrically

using a previously described colorimetric procedure with

azocoll as the substrate (Abraham et al, 1993, Charira et

al, 1984).

Azocoll was prepared by adding 4 mg of azocoll per ml

of 0.05 M Tris-Cl buffer (pH7.8) with 1 mM CaCl2. This

suspension was stirred at 37 C for 1 hr and filtered to
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remove free dye and polypeptides. The sediment from the

filter were resuspended in the same amount of buffer and

stored at 4 C for later use.

Protease reaction: A 0.8 ml aliquot of the azocoll

suspension was pipetted into a vial and heated for 15 min

at 37 C, then 100 ul of wood wafer extract (enzyme) was

added. After 20 seconds , 100 ul of trichloroactic acid

(w/v) was added to terminate the reaction, then the contents

of the vial were transferred to an eppendorf tube and

centrifuged at 10,000 rpm for 12 min. The supernatant was

placed into a cuvette and absorbance was measured at 520 nm.

One protease unit was defined as the amount of extract

required to produce 0.1 optical density units under the

above experimental conditions.

3.6.3 Total protein content assay

Total protein content of the extracts was measured

using a Bio-Rad Protein Assay Kit (Bradford,1976, Specter,

1979). The concentration of protein was determined

spectrophotometrically at 595 nm using bovine serum albumin

(BSA) as a standard.
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3.7. Effect of carbon sources on lytic enzymes and
biocontrol performance:

3.7.1. Mixed cultures of bioprotectants and stain fungi on
wood wafers:

One hundred ml of minimal salt medium (Table 3.2) were

supplemented with 0.1%, 0.5%, or 1.0% (w/v) chitin, glucose,

xylose or glycerol.

The procedures for bioprotectant preparation, stain

fungal preparation, application to wood wafers and stain

evaluation respectively followed the procedures described in

section 3.4.2.1-3.4.2.4.

3.7.2 Wood wafers extraction:

Extractions followed previously described procedures

(Freitag and Morrell, 1991, Dawson-Andoh and Morrell, 1992a).

For each extraction, twenty four wood wafers were placed in

250 ml Erlenmeyer flasks containing 50 ml of 0.1M citrate

buffer (pH 5.1) with 0.05% Tween-80. Flasks were placed on

a rotary shaker (100 rpm) for 6 hrs, then the contents of

each were filtered through Whatman 14 filter paper, and

Millipore 0.8 um and 0.22um membranes to remove bacteria and

spores. This filtrate was used to evaluate enzyme activity

according to the methods described in section 3.6.
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3.8. Further studies on bioprotectant mechanisms using
bioprotectant cells and metabolites

3.8.1 Effect of bioprotectant cells and sterilized
metabolites on bioprotectant performance

The methods for studies of the effect of mycelium, and

filtrate on bioprotectant performance were similar to those

described in section 3.4.2.

Mycelium and filtrate preparation: The bioprotectants

were inoculated into 250 ml Erlenmeyer flasks containing 100

ml of minimal salt media (Table 3.2) supplemented with 0.5

% (w/v) chitin, glucose, xylose or glycerol. The flasks were

incubated at room temperature (23-25 C) on a rotary shaker

(80 rpm) for 4 days. The mycelium was collected by vacuum

filtration through Whatman #4 filter paper, and cells were

removed by sterile filtration through Millipore membrane

filters (AAWP,0.8um; GSWP 0.22um) under sterile conditions.

The mycelium was resuspend in 50 ml of sterile water, and

the filtrate were either used immediately on wood wafers or

used after boiling treatment for 5 mins for evaluation of

the antagonistic activity of metabolites on wood wafers.

The procedures for application of mycelium, filtrate, or

heat-treated filtrate to wood wafers was similar to those

described in section 3.4.2.3 and fungal stain evaluations

were made according the methods described in section

3.4.2.4.
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3.8.2. Spore germination evaluation:

Inhibition of spore germination is critical for

successful protection against wood staining fungi. Spore

germination was assayed following the modified method

described by Lorito et al (1993).

Stain fungal spore preparation: U. chartarum was

inoculated in petri dishes containing patato-dextrose agar,

and incubated at room temperature for 3 weeks. The resulting

growth was flooded with sterile water and agitated to loosen

spores. The U. chartarum spores were suspended in sterilized

water and the concentration was adjusted to 105 to 106 spores

per ml.

One hundred ml of solution of purified chitinase

(either from Streptomyces griseus or Serratia marcescens)

or protease (from Streptomyces griseus) were added to an

equal amount of the prepared spore suspension of U.chartarum

in sterile microfuge tubes. These tubes were incubated at

room temperature (23-25 C) and the experiments were

terminated by adding a drop of lactophenol after 24 hrs.

Fifty to 100 conidia for each sample were observed under a

microscope for germination and the presence of germ tubes to

assess the inhibition percent of spore germination (ISGP).

The percent inhibition of spore germination was calculated

as follows:

ISGP = total spore germination spore ) total spore *100%
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3.9. Statistical analysis:

A Multifactor analysis of variance (ANOVA) was used to

examine the differences in lytic enzyme activities, protein

content from wood wafers, and fungal stain inhibition

percent for carbon sources and levels. A multiple range

analysis procedure was used to test differences between all

possible combinations of means where the ANOVA indicated

significant differences.

Waftman plots were used to evaluate the pairwise

scatter plots for variables including chitinase activity,

protease activity, total protein content, specific chitinase

activity and fungal stain inhibition percent. Box-and-

Whisker plots were used to check the distribution of the

above variables and LOG transformations were made where the

distribution was not normal. A stepwise selection procedure

was used to identify variables which appeared to be

significantly related to the response. Multiple regression

analysis was used to build relationships between biocontrol

performance and lytic enzyme activities.



4.0. Results and discussion

4.1. Primary study on antagonistic ability:

4.1.1 Antifungal activity in petri plate assay:

S. plymuthica inhibited growth of the fungus on all

three test media, however, the inhibition was incomplete

(Table 4.1). Benko (1988) suggested that a value of 85-90%

percent inhibition reflected high biocontrol potential for

bacteria. S. plymuthica never reached that level during the

four-week incubation. Higher inhibition levels were obtained

in chitin-containing agar plates. These results were

comparable to those obtained by Benko and Highley (1990,a.b)

and suggest that media can influence the growth rate as well

as the amount and nature of antagonistic metabolites which

will cause variation in the inhibition levels.

Inhibition of stain fungus growth by T. harzianum

isolates occurred to restrict the growth of stain fungus to

a small area around the inoculum plug, but no inhibition

zone was formed (Table4.2-4). Isolates of Trichoderma

harzianum appeared to grow through the agar at the bottom of

plates after 3 days after inoculation. These results were

comparable to interaction type D obtained by Croan and

Highley (1990), in which five types of interactions of test

fungus against blue stain fungus C. coerulescens were

grouped, depending on different combinations of target

36
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fungus and biocontrol agents. Conversely, the stain fungi

grew slowly in chitin-containing medium, indicating that the

stain fungi could not effectively utilize chitin as a carbon

source.

Tests on agar plates have their place in the primary

studies, since they provide a simple, fast way to evaluate

their antagonistic ability (Freitag and Morrell, 1991). The

results should be used cautiously as preliminary indicators

for biocontrol potential, because of different

characteristics in nutrition and physical properties between

agar plates and wood. Results obtained on agar plates may

not accurately represent the results obtained on solid wood.

4.1.2 Antagonistic ability on wood wafers:

Serratiaplymuthica and Trichoderma harzianum differed

significantly in their ability to prevent fungal

discoloration. The ability of bioprotectants grown on

different media to limit fungal discoloration on ponderosa

pine wood wafers are shown in Table 4.5a.b.

Enhancement in the degree of wood discoloration was

observed for control samples in media containg glucose,

yeast extract, tryptic soy broth, or nutrient broth

reflecting the ability of stain fungi to readily utilize

these carbon sources rather than chitin.



Table 4.1 Effect of media on percent inhibition of stain
fungi by S.plymuthica on agar plates incubated at room
temperature for 1, 2 4 weeks

Stain fungi

A.alternata
B.betulina
C.elatum
H.resinae
P.dimor hos ora
U.chartarum

1 week
PDA

2 weeks
PDA

4 weeks

16.9

touch

6.7

touch

Chitin
44.73

42.5

ME
5.97

3.3

Chitin
22.72

24.13

14.1

0
0

19.5

8.69

8.7

Chitin
22.72

36.36

PDA
14.8

23.8

22.58
32.6

0

8.7
9

Note: a: PDA: potato agar plates, ME: malt extract agar plates, Chitin: minimalsalt medium (Table 3.2) supplemented with 0.5% chitin.b: represents no examination for inhibition percent, due to much slowgrowth.

Ix)
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Table 4.2 Radial growth of T. harzianum isolates and
selected stain fungi on 1% potato dextrose agar (radius of
T. harzianum /rdius of stain fungi) incubated at room
temperature for 3 days.

loprotectant

B-15B

B-41

B-8A

B-2A

B-4B

tan ung

A.alternata
B.betulina
C.elatum
H.resinae
P.dimorphospora
U.chartarum
A.alternata
B. betulina
C.elatum
H. res inae

P.dimorphospora
U.chartarum
A.alternata
B.betulina
C.e (at urn

H.resinae
P.dimorphospora
U.chartarum
A.alternata
C.elatum
H.resinae
P.dimorphospora
U.chartarum
A.alternata
B. betulina

,C.elatum
H.resinae
P.dimorphospora
U.chartarum

a la growt
24 h 48h

1.2/0

1.1/0.4
1.2/0.2

1.3/0
1.3/0

1.1/0.6
1.6/0.4

1.3/0
1.0/0.2
1.5/0

1.5/0.6
1.4/0.4
1.5/0.3

cm arzianum tan ungi
72h

7.0/0
6.2/1.5
7/0.4

6.5/1.5
5.6/1.2
6.2/0.6
5.6/0.7
6.3//0.4
5.5/1.5
6.3/1.2
6.7/1.0
7.0/0.6
6.5//1.5
6.5/0.4
6.0/1.5

1.5/0 3.8/0
1.7/0.6 3.6/1.2
1.5/0 3.9/0.2

1.6/0.5 3.6/1
1.3/0.3 3.4/0.8
1.3/0 3.6/2.4
1.1/0 3.2/0.3
1.2/0 3.2/0.2

1.6/0.6 3.9/1.2
1.5/0.4 3.8/0.9
1.5/0.3 3.9/0.7
1.7/0 3.2/0.2

1.4/0.2 3.6/1.2
1.5/0 4/0.2

1.2/0.4 3.6/1.1

3.2/1 5.6/1.5
3.5/0.9 6.0/1.0
3.6/0.2 6.5/0.6
3.6/1.1 6.3/1
3.4/0.2 7.0/0.6
3.2/1.1 6.0/1.6
4.1/1.1 6.1/1.1

3.8/0.4 6.3/0.4
3.3/0.4 5.8/0.4
4.0/0.2 7.0/0.2
4.2/0.8 6.4/1.5
3.5/0.8 6.4/1.5
3.5/0.8 6.6/0.8
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Table 4.3 Radial growth of T. harzianum isolates and
selected stain fungi on 1% malt extract agar (radius of T.
harzianum /rdius of stain fungi) incubated at room
temperature for 3 days.

Bioprotectant Stain fungi Radial growth(cm) T.harzianum/Stain fungi
24h 48h 72h

B-15B

A.alternata 1.3/0.5 2.9/0.9 5.0/1.1
B.betulina 1.1/0.1 2.7/0.3 5.0/0.8
C.elatum 1.1/0 2.7/0 5.0/0.2
H.resinae 1.1/0.7 2.9/1.1 5.5/1.4
P.dimorphospora 1.2/0 3/0.1 5.3/0.5
U.chartarum 1.1/0.6 3.1/1.2 5.5/1.5

B-41

A.alternata 1.1/0.5 2.8/1 5.2/1.4
B.betulina 1.3/0 3.1/0.4 5.5/0.6
C.elatum - 3.2/0 5.7/0
H.resinae 1.2/0 3.2/0.6 5.1/0.8
P.dimorphospora 1.1/0 3.1/0.1 5.5/0.4
U.chartarum 1.1/0.6 3.0/0.1 5.5/1.5

,

B-8A

1

A.alternata 1.4/0.5 2.9/0.8 5.2/1.2
B. betulina 1.4/0.1 3.2/0.3 5.2/0.6
C.elatum 1.7/0 3.6/0 5.85/0.5
H.resinae 1.1/0.7 3.6/1 -
P.di morphospora 1.3/0 3.0/0 5.4/0.2
U.chartarum 1.3/0.6 3.1/0.9 5.6/1.2

1

!

B-2A

A.a.lternata 1.3/0.5 2.7/0.9 4.7/1.2
B.betulina 1.1/0.2 2.8/0.4 5/0.6
C.elatum 1.0/0 2.9/0 5.1/0
H.resinae 1.2/0 3.0/0.7 5.2/1.2
P.dimorphospora 1.1/0 3.0/0.1 5/0.6
U.chartarum 1.1/0.6 2.9/0.9 4.4/1.3

B-4B

A.alternata 1.1/0.5 2.5/0.9 4.8/1.4
B.betulina 1.1/0 2.9/0.6 5.5/0.8
C.e latum 1.1/0 2.9/0 4.6/0
H.resinae 1.1/0 3.0/0.4 5.5/0.9
P.dimorphospora 1.2/0 3.1/0.1 5.1/0.5
U.chartarum 1.2/0.5 3.0/1.1 5.0/1.5



A.alternata
B. betulina

H.resinae
P.dimorphospora
U.chartarum
A.alternata
B. betulina

H.resinae
P.dimorphospora
U.chartarum
A.alternata
B.betulina

B-8A C.elatum
H.resinae
P.dimorphospora
U.chartarum
A.alternata
B.betulina
C.e latum

P.dimorphospora
U.chartarum
A.alternata
B.betulina
C.elatum

P.dimorphospora
U.chartarum

Radial growth (cm) T.harzianum/ Stain fungi
24h

0.5/0.5
J

1.0/1.2
J

0.85/0
1.0/0
1.0/0

1.0/0.5
0.9/0.4

I

0.8/0
J

1.0/0
1.0/0
1.0/0

1.0/0.5
1.0/0.3
1.0/0
0.7/0
0.8/0
1.0/0
0/0.5
0/0.4
1.0/0
1.0/0
1.2/0
1.0/0
0/0.2

0.9/0.5
1.0/0.2
1.1/0

J

0.9/0.4
1.0/0

1.0/0.5

48h 72h
3.2/1.1 5.6/1.6
2.6/0.6 4.4/0.8
2.3/0 4.2/0.2

2.5/0.4 4.2/1.2
2.5/0 4.5/0
2/0.6 4.2/1.5
2.2/1 4.5/1.3

2.2/0.2 3.8/0.7
1.9/0 4.7/0

2.6/0.4 4.2/0.7
2.6/0 4.7/0.2
3.5/1 4.5/1.5
2.5/1 4/1.5

2.6/0.2 4.2/0.7
2.3/0 4.2/0.2

2.6/0.4 4.3/1.2
2.7/0 4.6/0

2.7/1.2 4.5/1.6
2.7/1 4.5/1.6

2.7/0.4 4.5/0.7
2.6/0 4.6/0

2.6/0.4 4.6/0.7
2.7/0 4.6/0.2
2.7/1 4.6/0.5

2.5/0.9 3.8/1.3
2.5/0.5 4.5/0.8
2.3/0 4.2/0

2.3/1.1 4.4/1.4
2/0 3.9/0.2

2.4/0.8 4.5/1.3
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Table 4.4 Radial growth of T. harzianum isolates and

harzianum /rdius of stain fungi) incubated at room
temperature for 3 days.

selected stain fungi on 1% chitin agar (radius of T.

nlf-3foprotectant Stain fungi

B-15B C.elatum

B-41 C.elatum

B-2A H.resinae

B-4B H.resinae
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Serratia plymuthica exhibited some potential for

bioprotection of sapstain with discoloration of wood samples

being reduced 57.64% in comparison with that of the control

after 4 weeks when this strain was pregrown on chitin-

containing medium (Table 4.5a.). Addition of glucose, or

glucose and yeast extract in chitin-containing medium

reduced fungal stain inhibition. Serratia plymuthica could

not protect wood wafers from sapstain when pregrown on

tryptic soy broth. The failure of Serratia plymuthica to

prevent fungal stain on ponderosa pine specimens may be

associated with inappropriate culture conditions for S.

plymuthica, or nutrient deposition on the wood surface

which may have supported rapid growth of stain fungi. The

specific reasons for this effect will be discussed later.

Benko and Highley (1990b) reported that media composition

significantly affected the activity of bioprotectants on

wood. Therefore, physiological condition of the

bioprotectants at the time of application to the wood can

have a significant influence on performance.

Trichoderma harzianum provided protection superior

Serratia plymuthica(Table 4.5b). Differential biocontrol

occurred between different isolates of T. harzianum, while

Trichoderma harzianum 2A was the best bioprotectant among

the test organisms.

Similarly, discoloration of wood in control samples was

enhanced by nutrient broth or glucose in the synthetic
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media, and bioprotectant performance of Trichoderma

harzianum isolates was also influenced by media composition.

Chitin-containing media produced the best biocontrol

performance on wood wafers. These results corresponded those

found by Croan and Highley (1990b) and Kreber and Morrell

(1992) which clearly demonstrates that nutrition can

influence the growth rate as well as the production of

antibiotic substances and may provide an initial competitive

edge to the bioprotectant. It was reported that, although

the suggested media for growing bioprotectant contain

similar major components, slight modifications to these

components can make a major difference in the stimulation of

secondary metabolites, particularly antibiotic substances,

which play a key role in bioprotection role.

It should be noted that application of Trichoderma

harzianum as a potential biological agent was detrimental to

the wood appearance because of the green spores (Bruce,

1992). The major reason for using T. harzianum as a

bioprotectant was not to screen the most effective organism

but to evaluate whether chitinase was involved in

bioprotection against sapstain fungi on wood wafers.



Table4.5b Ability of T. harzianum to limit growth of stain
fungi on wood wafers incubated at room temperature for 4
weeks.

Note: control* : average of discoloration of wood wafers.
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Table4.5a Ability of S. plymuthica to limit growth of stain
fungi on wood wafers incubated at room temperature for 4
weeks.

Bioprotectant
T. harzianum

Average degree of inhibition
Nutrient broth chitin glucose

B-2A 83.3 96.92 92.6
B-8A 76.4 94.52 81.9
B-4B 81.45 93.55 81.8

B-1 5B 83.6 88.77 84.5
B-41 78.52 93.77 82.2

Control* 78.6 33.04 67.7

Media Degree of discoloration FSIP(%)
Control Treatment

Tryptic soy broth 93.8 83.75 10.71
chitin 38.72 16.4 57.64-

chitin-glucose 55.9 41.6 25.58
chitin-glucose-yeast extract 93 91 2.2
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4.2. Preliminary studies on the properties of lytic enzyme

production produced by bioprotectants:

4.2.1 In liquid media:

The results of chitinase and protease assays of

extracts produced by bioprotectants grown in different

carbon sources are shown in Fig 4.1.

All five of Trichoderma harzianum isolates and

Serratia plymuthica produced chitinase at different levels.

Trichoderma harzianum B-2A produced the highest chitinase

activity. As expected, maximum chitinase activity was

detected when isolates were grown in chitin-containing

media, whereas activity was repressed in media with simple

carbon substrates including glucose, glycerol or xylose.

These results were comparable to those obtained by Cruz

(1993) and Ulhoa and Peberdy (1991) and suggest that

chitinase production was induced on chitin-containing

medium, but repressed by glucose and N-acetylglucosamine. It

has been suggested that chitinase synthesis is regulated by

a repressor-inducer system in which chitin or its partial

degradation products serve as inducers, while the formation

of chitinase is repressed when glucose or other readily

utilizable compounds are present (Cruz et al, 1993, Ulhoa

and Peberdy, 1991,).
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No protease activity was detected in pure liquid

cultures for all test bioprotectants. This may reflect the

presence of excess nitrogen and carbon in the liquid media.

Similar results were obtained by Kalisz et al (1987).

Unlike chitinase, the regulation of protease

production is controlled by either depression in the absence

of carbon, nitrogen or sulphur for Asperillus species (Cohen

1973, 1981), or by induction and repression mechanism for

Neurospora species ( Drucker 1972). Generally, proteases

are induced when protein is present while nitrogen, carbon,

or sulphur sources are otherwise absent (Heiniger &

Matile,1974), but protease synthesis is repressed by the

above three alternative sources, even in the presence of

protein (Drucker,1972). Little is known about the regulation

mechanisms of protease synthesis of bioprotectants. Kalisz

and Moore (1987) proposed that major regulatory mechanisms

of protease production by basidiomycetes appears to be an

induction and repression principle.

4.2.2 On wood wafers:

Wood wafers were inoculated with bioprotectants which

were pregrown in the media containing 0.5% of different

carbon sources. The results of chitinase and protease

assays of wood wafer extracts are shown in Fig 4.2.

Similar to liquid cultures, maximum chitinase activity

for each bioprotectant was detected in chitin-containing
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NEISEENN
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Fig 4.1 Effect of nutrients on chitinase activity produced
by selected bioprotectants in liquid media incubated at 22-
23 C for 3 days.
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Figure 4.2. Effect of media on a) protease activity, or b)
chitinase activity of bioprotectants grown on wood wafers at
room temperature for 4 weeks.
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medium, but the influence of other substrates on the

production of chitinase differed from those exposed to

liquid cultures. In contrast, the production of chitinase

could not be completely repressed on wood wafers when

glycerol or xylose as sole carbon sources. This may be

associated with low retention of carbon substrates when

bioprotectants were pregrown in the presence of glucose,

wood wafers were dipped in media containing bioprotectant,

gradual depletion of simple carbon substrates in the four-

week incubation, or the small amounts of easily assimilable

carbon sources available on wood wafers. Thus, chitinase

synthesis could not be repressed under these conditions.

Protease activities were detected on wood wafers for

all bioprotectants. This may be due to the lower nitrogen

content available on the wood samples. Nitrogen levels in

wood range from 0.01 to 0.1 % of the dry weight (Merrill and

Cowling, 1966). Protease could either be induced or not

repressed under these conditions (Abraham et a1,1993).

Lower protease activities were obtained when bioprotectants

were pregrown in chitin-containing media than when grown in

other media. These decreases may be associated with lower

mycelial growth in chitin-containing medium (Kalisz et al,

1987, Tilburg and Thomas, 1993).
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4.3. Effect of carbon sources on lytic enzyme activities in
mixed cultures and bioprotectant performance:

4.3.1 Effect of carbon sources on lytic enzyme activity in
mixed cultures:

Carbon sources produced varying effects on chitinase and

protease production in the mixed cultures of bioprotectants

and stain fungi on wood wafers (Fig. 4.3, 4.4, 4.5, 4,6,

4,7, 4.8, and Fig.4.9), The total protein contents are shown

in Fig. 4.10, 4.11, and 4.12.

No chitinase activity was detected in the control

specimens, while protease activity was detected in wafers

exposed to stain fungi (Fig. 4.9). Therefore, chitinase

activity detected on mixed cultures of bioprotectant and

stain fungi on wood wafers but was greatest with the

bioprotectant alone, whereas protease activity could be

produced by either the bioprotectant or the mixtures of

bioprotectants and stain fungi. It was reported that a stain

fungus, Ophiostoma piceae, could produce protease in

cultures supplemented with protein or without assimilable

sources of nitrogen (Abraham et al, 1993). Similar results

were obtained by Morrell and Velicheti (1995), in which

stain fungi produced protease in wood wafer cultures. Lower

chitinase activities were detected in mixed cultures in

comparison with those in control specimens, while higher

protease activities were obtained in mixed cultures.
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Fig.4.5. Protease (a) and chitinase (b) activity produced in
the mixed cultures of T.harzianum B-4B and stain fungi on
wood wafers incubated at room temperatures for 4 weeks.
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Fig4.7. Protease (a) and chitinase (b) activity produced in
the mixed cultures of T.harzianum B-41 and stain fungi
on wood wafers incubated at room temperatures for 4 weeks.
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Fig.4.9. Protease (a) and chitinase (b) activity produced
in the mixed cultures of S. plymuthica and stain fungi
on wood wafers incubated at room temperatures for 4 weeks.
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Fig.4.9. Effect of carbon source on protease activity incontrol wood wafers incubated at room temperature for 4weeks.
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in extracts from wafers
or (b) T. harzianum B-8A
temperatures for 4 weeks.
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Fig.4.11. Total protein content in extracts from wafersexposed to (a) T. harzianum B-4B, or (b) T. harzianum B-15Band stain fungi incubated at room temperatures for 4 weeks.
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Higher chitinase activities were detected for all

bioprotectants when they were precultured in chitin-

containing media. Generally, chitinase activity increased

with increasing chitin level, but increasing chitin level

results were comparable to those obtained in pure cultures.

Levels of other substrates including glucose,

glycerol, and xylose produced varying effects on the

chitinase production for different isolates. Increasing

above 0.5% had minimal effects on chitinase activity. These

substrate levels had only minimal effects on chitinase

activity for T. harzianum B-2A, T. harzianum B-8A and S.

plymuthica, while increasing substrate levels produced a

slight enhancement of chitinase production for T. harzianum

B-4B and T. harzianum B-15B. Conversely, chitinase levels

decreased with increasing substrate levels for T.harzianum

B-41.

Protease activity was detected in wood wafers for all

bioprotectant-stain fungus combinations. The low levels of

available nitrogen and carbon may encourage both

bioprotectant and stain fungus protease production to

provide nutrients (Abraham et a1,1993).

Protease activities in wood wafer extracts were lower

when the bioprotectants were grown in chitin-containing

media prior to application than in other media containing

other simple carbon sources. These results paralleled those

obtained in pure cultures. Large increases in protease
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activity were recorded when bioprotectants were grown in

media containing easily assimilable carbon source.

Variations in protease activities with the

bioprotectant systems may reflect a relationship between

biocontrol performance and changes in microflora on wood

wafers. Since cell walls of stain fungi are composed of

proteins, chitin, and glucan (Bartnicki-Garcia, 1968),

proteases may participate in cell wall breakdown by

bioprotectants. However, because both bioprotectants and--

stain fungi produce protease on wood wafers, it is difficult

to evaluate the role of proteases in biocontrol of sapstain.

Higher total extracellular protein contents produced

in biocontrol systems on wood wafers were obtained in chitin

or glycerol containing media. The higher protein contents

obtained in chitin-containing media may reflect higher

extracellular chitinase activity required for degradation of

chitin, but it is difficult to explain why higher protein

contents were detected in glycerol-containing media.

Interestingly, large increases in total protein content

paralleled the increases in chitinase activities.

4.3.2 Effect of carbon sources on bioprotectnat

performance:

The activity of bioprotectants against stain fungi was

expressed by the percent fungal stain inhibition (Fig. 4.13,

4.14, 4. 15).
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Lower fungal stain inhibition levels were produced by

Serratia plymuthica than Trichoderma harzianum isolates.

Growing isolates in media with carbon sources prior to wood

application was associated with different variable

biocontrol results. Higher fungal stain inhibition was

recorded in chitin-containing media for all bioprotectants,

and increasing chitin levels produced a slight enhancement

in biocontrol performance. This effect became less important

at chitin levels above 0.5%. Similarly, fungal inhibition

was enhanced with increasing glucose levels, but these

conflicted with those obtained by Morrell and Velicheti

(1995) which showed that glucose levels did not produce

varying bioprotectant levels. This may be due to the

different bioprotectants used. However, varying levels of

the other two substrates produced more variable effects on

biocontrol performance.

In general, increasing chitinase activity was

associated with biocontrol performance was obtained. It

should be pointed that bioprotectant performance could be

affected by many factors including culture conditions such

as nutrition, pH, temperature, species of stain fungi

tested, and the level of fungal stain inoculum (Kreber and

Morrell, 1992). Keeping stable bioprotectant conditions is

very important for successful studies of biocontrol

mechanisms.
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An analysis of variance indicated that carbon sources

produced significants effect on chitinase activity, stain

fungal inhibition percent, specific chitinase activity,

protease activity or total protein content (Appendix 1-5)

(two sided p-value = 0.0000). But there was little evidence

that the levels of given carbon sources affected these

results (two-sided p-value = 0.2811, 0.1905, 0.1217, 0.3937

and 0.3564 respectively). No interactions were found for

any of above variables between carbon sources and their

levels(two sided p-values were 0.8910, 0.9499, 0.9802,

0.3671 and 0.8305 respectively).

Chitinase activity and specific chitinase activity

(Appendix 1 and 3) did not differ between glucose, glycerol

or xylose, but these activities were significantly lower

than that obtained on chitin. Fungal stain inhibition

percent could be ordered as follows: FSIP chit > FSIPin glucose

= FSIP glycerol > FSIP xylose (Appendix 2), while the means of

protease activity were Protease glycerol > protease glucose >

proteasexylosm > protease chitin (Appendix 4). Total protein

contents for for xylose and glucose treatments were

significantly lower than those grown in glycerol or chitin

(Appendix 5).
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Fig.4.14. Fungal stain inhibition percent in mixed cultures
of (a) T. harzianum B-4B, or (b) T.harzianum B-15B and
stain fungi on wood wafers incubated at room temperature for
4 weeks.
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4.3.3 Relationship between bioprotectant performance and
lytic enzyme activity

The relationships of fungal stain inhibition percent

(FSIP), chitinase activity, specific chitinase activity,

protease activity or total protein content were represented

in Draftman plots (Fig.4,16-18).

The results in draftman plots showed that the

pairwise scatter distribution between fungal stain

inhibition and protease activity or total protein contents

was random. However, interestingly, an exponential trend

was observed between fungal stain inhibition and chitinase

activity or specific chitinase activity (Fig. 4.16, 4.17)

and a linear relationship was found between chitinase

activity and total protein content, and this relationship

could be expressed by the following model (Fig. 4.22):

Chitinase activity=0.0163 + 6.991 (Protein content)

SE 0.02021 1.817

p-value 0.419 0.0002

Estimated se = 0.067 Degree of Freedom = 70

R-SQ = 0.18 Correlation Coefficient = 0.42

Low R-square and lower correlation coefficient

indicated that above simple regression did not fit well. It

could only be grossly explain the parallel trend between

chitinase activity and specific chitinase obtained.

Box-and whisker plots of chitinase activity , protease

activity, total protein content, fungal stain inhibition
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percent indicated that the distribution of chitinase

activity and protease activity were not normal. As a result,

the data were subjected to a LOG transformation. A backward

stepwise selection procedure was used to select the

variables which appeared to be significantly related to

fungal stain inhibition percent in among the variables

including LOG (chitinase activity) , LOG (protease activity) ,

LOG (chitinase activity) * LOG (protease activity), protein

content, protein * LOG (chitinase activity) and protein

content * LOG (protease activity) (Ramsey and Schafer, 1993),

while fungal stain inhibition was used as the dependent

variable. Multiple regression analysis was used to express

the relationship between biocontrol performance and its

affecting factors with the following models:

Model 1:

FSIP=112.87 + 19.24 LOG(CA)-5.20 LOG(CA)*(PA)

Estimated se =14.64 Degree of freedom = 69

R-sQ = 0.577

Where FSIP: Fungal stain inhibition percent

CA: Chitinase activity

PA: Protease activity

There is convincing evidence that the distribution

of fungal stain inhibition was associated with LOG

(chitinase activity) (two-sided p-value =0.031), and there

SE 8.598 8.767 9.136

p value 0.000 0.031 0.5708
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is little evidence that the distribution of fungal stain

inhibition was associated with the product of chitinase

activity and protease (two-sided value = 0.57). Therefore,

production of chitinase in situ (on wood wafers) may

represent an important mechanism in biocontrol of sapstain

fungi, while interactions between chitinase and protease

could only be considered as a confounding variable.

If the confounding variables were not considered in

building regression models, the relationship between fungal

stain inhibition and chitinase activity would be presented

as follows ( Fig 4.20).

Model 2: FSIP = 108.73 + 14.31 LOG (Chitinase activity)

with SE 4.56 1.43

p-value 0.0000 0.0000

estimated se = 14.58 Degrees of Freedom = 70

R-SQ = 0.59 Correlation coefficient=0.77

Similarly, the relationship between fungal stain

inhibition and specific chitinase activity could also be

expressed as following model (Fig. 4.21).

FSIP = 43.93 + 13.46 LOG (specific chitinase activity)

with SE 3.59 1.78

p-value 0.000 0.000

Estimated se = 0.498 and degrees of freedom = 70

R-SQ = 0.45 Correlation Coeeficient = 0.67
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It should be noted that several other confounding

variables should also be considered in a regression model,
including: variations in ability to compete for nutrients
or space among different isolates, and whether other
antibiotics are produced. It was supposed that the
variations among different bioprotectants do not differ so
greatly that antagonistic mode was affected.

4.4 Further studies on antagonistic mechanism:

4.4.1 The effect of cells, or sterilized filtrate on the
bioprotectant performance against fungi on wood wafers

Even though fungitoxic compounds produced in liquid
cultures and applied to unseasoned sapwood in either a
suspension or in a cell free supernatant have been reported
to inhibit fungal stain development under laboratory
conditions (Croan & Highley 1991a,b, 1993), little or no
fungal stain inhibition was obtained in this experiment.
These results suggested that filtration or heat-treatment
inactiviated bioprotectant activity. These
resultsconfilicted with those obtained by Croan and Highley
(1991ab, 1992, 1993), which showed that the metabolites from
Bjerkandera adusta and Talaromyces flavus could decolorize
sapstained pine veneer disks and kill existing growth of C.
coerulescens ( Croan and Highley, 1993). Their earlier test
also suggested that treatment of southern pine and sweetgum
blocks and green pine log sections with concentrated



78

metabolites inhibited conidial germination and prevented

discoloration of wood (Croan and Highley,1991). This

disappointing outcome may relate to either lower levels of

antifungal substances, loss of antifungal activity on wood

wafers, or enhancement of fungal stain growth on wood wafers

by nutrients in the filtrates.

However, higher fungal stain inhibition was obtained

when live bioprotectant was applied to the wood. These

results suggested that live cells played a dominant role in

the biocontrol of sapstain fungi on wood wafers. These cells

could compete for nutrients and space, and may produce

antifungal substances such as chitinase in situ (on wood).

Similar results were obtained by Croan and Highley (1992),

which showed that application of living Streptomycesrimosus

cells to green wood was very effective against wood-

attacking fungi. The bacterial cells completely protected

the wood blocks and green pine log sections from

discoloration, and provided superior bioprotection to

concentrated (10x) metabolites.

The lower fungal stain inhibition achieved using heat-

treated filtrate treatment compared with that achieved by

untreated filtrate for Trichoderma harzianum isolates B-2A

and B-8A suggests that toxins against stain fungi may be

protein-like substances. The primary soluble metabolites

isolated from various species of Trichoderma, are

cyclosporin from Trichoderma polysporum (Dreyfuss et al,
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1976), inonitrile antibiotics from Trichoderma hamatum

(Fujiwara et a1,1982), trichodermin from T. hamatum (Riison

et al, 1987) and the main soluble antifungal metabolites,

the trichorzianines from T.harzianum (Bodo et al, 1985,

Horvath et al, 1995). Chitinase was also considered as one

type of antibiotic substance (Ordentlich, et al, 1988).

4.4.2 Spore germination:

The germination of U. chartarum spores was partially

inhibited by purified chitinase from Streptomycetes griseus

at concentrations over 1.2 mg/ml after 24 hr of incubation

compared with that of untreated control (Table 4.5).

However, the spore germination was unaffected by chitinase

from Serratia marcensas even at the concentrations as high

as 4.4 mg/ml. This indicates that inhibition can be

affected by chitinase source and concentration. Similar

results were obtained by Harman and Hayes (1993), who showed

that spore germination of most of the fungi tested was

inhibited by endochitinase with ED50 values at enzyme

concentrations of 35-135 ug/ml and complete inhibition at

200-300 ug/ml, However, the ED50 value for S. cerevisiae

was 535 ug/ml. This effect may be explained by differences

in chitinase structure or activity. It was reported that

endochitinases produce substantial lysis of germ tubes,

spores and mycelium of target fungi (Harman and Hayes, 1993,

Pietro et al, 1993), while exochitinases did not strongly
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inhibit the growth and development of chitin-containing

fungi (Walden et al, 1988). Endochitinase can cleave any

portion of chitin polymer, while exochitinases are

restricted to the non-reducing termini of chitin making it

difficult for the latter to attack intact fungal cell walls

(Fave1,1988). Thus, different proportions of exochitinase

and endochitinase in chitinolytic enzymes could affect

antifungal ability.

No inhibition of spore germination occurred in the

presence of protease from Streptomyces griseus indicating

that proteases do not play an important role in inhibition

of stain fungi on wood.



Table 4.8 Effect of chitinase or protease on spore
germination of U. chartarum at room temperature after 24
hrs.

Lytic enzymes

Chitinase 1
(from S. griseus)

Chitinase 11

(from S. marcescens)

Protease Type XIV
(from S. griseus)

Concentration Percent germination

(m9/m1) (%)
2.4 53.12

0.24
0.024

0.0024
8.8

0.88
0.088

23.4

0.2324

77

72.34
72.3
73.3
78
72

72.7
80

0.0234 77

0.00234 73.53

Control 73.33

Percent inhibition
(%)

27.56

1.35
1.36

1.8

0.86
2.51

co

0.0088
0.00088

75
77
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5.0 Conclusions:

All of the microorganisms tested could inhibit stain

fungi in agar plates and exhibited bioprotectant potential

on wood wafers. Biocontrol performance was significantly

affected by nutrients, while chitin-containing media

provided superior protection against sapstain fungi.

All 5 Trichoderma harzianum isolates and Serratia
glymuthica could produce lytic enzymes including chitinase

and protease with different abilities in both liquid and

wood wafer cultures. The production of chitinase was more

easily affected by carbon sources compared with that of

proteases, especially in liquid cultures. Variations in

chitinase or protease levels with different carbon sources

were obtained against stain fungi on wood wafers.

Lytic enzymes have been implicated as factors

contributing to biocontrol ability, however, definitive

proof is still lacking. The major objective in this study

was to assess whether lytic enzymes were involved in

bioprotection against stain fungi. The results suggest that

bioprotection is related to chitinase activity in situ (wood

wafers). Fungal stain inhibition increased as chitinase

increased from 0 to about 0.08 uU/ml, but increasing

chitinase activity levels above 0.08 uU/m1 had minimal

effects on fungal stain inhibition. Statistical analyses

indicated that bioprotection efficacy on wood wafers

appeared to be related to the LOG (Chitinase activity), but
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not to LOG (protease activity). No synergism was found

between protease and chitinase. However, the potential

relationship between chitinase and bioprotectant performance

can be affected by many factors including variation in

ability to compete for nutrients and the production of other

antibiotics.

The failure to control sapstain on wood wafers using

bioprotectant metabolites may be associated with either loss

of the lytic enzyme activity, lower retentions of enzymes on

the wood surface, or enhancement of fungal growth by

nutrients in the filtrates. Succesful bioprotection of wood

from sapstain using living mycelia indicated that living

mycelium may play an important role in bioprotection against

sapstain. Partial inhibition of stain fungal spore

germination occurred after treatment with chitinase, but

varied with chitinase source.

The experimental system chosen to evaluate influence of

protease activity on biocontrol performance was not

sufficient to confirm their role in activity. In addition,

it is difficult to evaluate the role of protease on

biocontrol of sapstain, since both bioprotectants and stain

fungi produce protease on wood wafers.

The effect of chitinase on biocontrol activity

deserves more detailed research including separation and
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purification of chitinases, and further observation of

changes in germ tubes, spores, and mycelium after exposure

to purified chitinase or living bioprotectants.
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APPENDIX



Appendices

7.1. Analysis of variance and multiple range analysis for
chitinase activity from wood wafers treated with
different carbon sources and their levels.

Analysis of Variance for CHITINAS.Chitinase - Type III Suns of Squares

Source of variation Sum of Squares d.f. Mean square F-ratio Sig. leve:

MAIN EFFECTS
A:CHITINAS.nutrient .1512659 3 .0504220 13.779 .0000
B:CHITINAS.level .0094863 2 .0047432 1.296 .2811

INTERACTIONS
AB .0082732 6 .0013789 .377 .8910

RESIDUAL .2195552 60 .0036593

TOTAL (CORRECTED) .3885807 71

0 missing values have been excluded.
All F-ratios are based on the residual mean square error.

Multiple range analysis for CHITINAS.Chitinase by CHITINAS.nutrient

Method: 95 Percent LSO
Level Count LS Mean Homogeneous Groups

2 18 .0527944 X
4 18 .6549000 Y.

3 18 .07E3333 X
1 18 .1653000 X

denotes a stati5tically significant difference.

Note:
Where 1-chitin, 2-glucose, 3-glycerol, and 4-xylose

contrast difference
1 - 2 -0.02786
f-- 3 -0.01720
2 - 1 0.01067

41- limits
0.03494
0.03494
0.03494

. denotes a statistically significant difference_

Note:
Where 1, 2 and 3 respectively represents carbon sourcelevel at 0.1%, 0.5% and 1.0%.

100

contrast
1 - 2
1 - 3
1 - 4
2 - 3
2 - 4
3 - 4

difference
0.11251
0.08697
0.11040

-0.02554
-0.00211
0.02343

+/- limits
0.04034 .
0.04034 *
0.04034 .
0.04034
0.04034
0.04034

Method:

Multiple range analysis for CHITINAS.Chitinase by CHITINAS.level

95 Percent LSO
Level Count LS Mean Homogeneous Groups

1 24 .0728125 X
3 24 .0900083 X
2 24 .1006750 X



0 missing values have been excluded.
All F-ratios are based on the residual mean square error.

Multiple range analysis for STAIN.stain by STAIN.nutrient

Method: 95 Percent LSD
Level Count LS Mean Homogeneous Groups

4 18 52.396667 X
3 18 62.355000 XX
2 18 69.735556 XX
1 18 81.607778 X

.

denotes a statistically significant difference.

Note:
Where 1-chitin, 2-glucose, 3-glycerol, 4-xylose

* denotes a statistically significant difference.

Note:
Where 1, 2 and 3 respectively represents carbon source
level at 0.1%, 0.5% and 1.0%.
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7.2. Analysis of variance and multiple range analysis for
fungal stain inhibition percent of wood wafers treated
with different carbon sources and their levels.

Analysis of Variance for STAIN.stain - Type III Sums of Squares

Source of variation

MAIN EFFECTS

Sum of Squares d.f. Mean square F-ratio Sig. leve:

A:STAIN.nutrient 8186.3379 3 2728.7793 6.376 .0008
B:STAIN.levels

INTERACTIONS
1459.1451 2 729.5726 1.705 .1905

AS 686.99251 6 114.49875 .268 .9499

RESIDUAL 25680.386 60 428.00643

TOTAL (CORRECTED) 36012.861 71

contrast
1 - 2
1 - 3
1 - 4
2 - 3
2 - 4
3 - 4

difference +/- limits
11.8722 13.7974
19.2528 13.7974
29.2111 13.7974
7.38056 13.7974
17.3389 13.7974 .
9.95833 13.7974

contrast difference +/- limits
1 - 2 -10.0529 11.9489
1 - 3 -8.95083 11.9489
2 - 3 1.10208 11.9489

Multiple range analysis for STAIN.stain by STAIN.levels

Method: 95 Percent LSD
Level Count LS Mean Homogeneous Groups

1 24 60.189167 X
3 24 69.140000 X
2 24 70.242083 X



contrast
'1 - 2
1.- 3
2 - 3

0 missing values have been excluded.
All F-ratios are based on the residual mean square error.

* denotes a statistically significant difference.

Note:
Where 1-chitin, 2-glucose, 3-glycerol, 4-xylose

Multiple range analysis for UUPERMG.specific by UUPERMG.levles

Method: 95 Percent LSD
Level Count LS Mean Homogeneous Groups

difference +/- limits
-3.96875 3.88940 *
-1.23883 3.88940
2.72992 3.88940

* denotes a statistically significant
difference.

Note:
Where 1, 2 and 3 respectively

represents carbon sourcelevel at 0.1%, 0.5% and 1.0%.
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7.3. Analysis of variance and multiple range analysis for
specific chitinase activity from wood wafers treated
with different carbon sources and their levels.

contrast difference +/- limits
1 - 2 6.46856 4.49110 *
1 - 3 6.49196 4.49110 *1 - 4 5.95322 4.49110 *
2 - 3 0.02340 4.49110
2 - 4 -0.51534 4.49110
3 - 4 -0.53874 4.49110

1 24 6.711924 X
3 24 7.950755 XX
2 24 10.680678 X

Analysis of Variance for UUPERMG.specific - Type III Sums of Squares

Source of variation

MAIN EFFECTS

Sum of Squares d.f.

:

Mean square F-ratio Sig. level

A:UUPERMG.nutrients 539.93287 3 179.97762 3.969 .0120
B:UUPERMG.levles 197.90557 2 98.95279 2.182 .1217

INTERACTIONS
AB 50.023942 6 8.3373236 .184 .9802

RESIDUAL 2720.8977 60 45.348295

TOTAL (CORRECTED) 3508.7601 71

Method:

Multiple range analysis for UUPERMG.specific by UUPERMG.nutrients

95 Percent LSD
Level Count LS Mean Homogeneous Groups

3 18 6.684259 X
2 18 6.707661 X
4 18 7.223001 X
1 18 13.176222 X



0 missing values have been excluded.
All F-ratios are based on the residual mean square error.

* denotes a statistically significant difference.

Note:
Where 1-chitin, 2-glucose, 3-glycerol, 4-xylose

contrast difference +/- limits
1.- 2 2.43708 3.80996
1 - 3 0.43750 3.80996
2 - 3 -1.99958 3.80996

* denotes a statistically significant difference.

Note:
Where 1, 2 and 3 respectively represents carbon sourcelevel at 0.1%, 0.5% and 1.0%.
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7.4. Analysis of variance and multiple range analysis for
protease activity from wood wafers treated with
different carbon sources and their levels.

contrast difference +/- limits
1 - 2 -10.7839 4.39936 *
1 - 3 -15.7389 4.39936 *
1 - 4 -6.98889 4.39936 *
2 - 3 -4.95500 4.39936 *
2 - 4 3.79500 4.39936
3 - 4 8.75000 4.39936 *

Method:

Multiple range analysis for PROTEASE.protease by PROTEASE.levels

95 Percent LSD
Level Count LS Mean Homogeneous Groups

2 24 14.621250 X
3 24 16.620833 X
1 24 17.058333 X

Analysis of Variance for PROTEASE.protease - Type III Sums of Squares

Source of variation

MAIN EFFECTS

Sum of Squares d.f. Mean square F-ratio Sig. level

A:PROTEASE.nutrients 2377.6470 3 792.54900 18.213 .0000
8:PROTEASE.levels 81.0329 2 40.51646 .931 .3997

INTERACTIONS
AB 289.88409 6 48.314015 1.110 .3671

RESIDUAL 2610.8761 60 43.514601

TOTAL (CORRECTED) 5359.4401 71

Multiple range analysis for PROTEASE.protease by PROTEASE.nutrients

Method: 95 Percent LSD
Level Count LS Mean Homogeneous Groups

1 18 7.722222 X
4 18 14.711111 X

2 18 18.506111 X

3 18 23.461111 X



0 Missing values have been excluded.
All F-ratios are based on the residual mean square error.

* denotes a statistically significant difference.

Note:
Where 1-chitin, 2-glucose, 3-glycerol, 4-xylose

* denotes a statistically significant difference.

Note:
Where 1, 2 and 3 respectively represents carbon source
level at 0.1%, 0.5% and 1.0%.
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7.5. Analysis of variance and multiple range analysis for
protein contents from wood wafers treated with
different carbon sources and their levels.

Analysis of Variance for PROTEIN.protein - Type XII Sums of Squares

contrast difference +/- limits
1 - 2 0.00486 0.00264 *
1 - 3 0.00176 0.00264
1 - 4 0.00563 0.00264 *
2 - 3 -0.00310 0.00264 *
2 - 4 0.00078 0.00264
3 - 4 0.00388 0.00264 *

contrast difference +/- limits

1 - 2 0.00162 0.00229

1 - 3 0.00049 0.00229

2 - 3 -0.00113 0.00229

Method:

Multiple range analysis for PROTEIN.protein by PROTEIN.levels

95 Percent LSD
Level Count LS Mean Homogeneous Groups

2 24 .0093075 X

3 24 .0104329 X
1 24 .0109250 X

Source of variation Sum of Squares d.f. Mean square F-ratio Sig. level

MAIN EFFECTS
A:PROTEIN.nutrient 3.76401E-004 3 1.25467E-004 7.983 .0001

8:PROTEIN.levels 3.30001E-005 2 1.65001E-005 1.050 .3564

INTERACTIONS
AB 4.39843E-005 6 7.33071E-006 .466 .8305

RESIDUAL 9.43050E-004 60 1.57175E-005

TOTAL (CORRECTED) .0013964 71

Method:

Multiple range analysis for PROTEIN.protein by PROTEIN.nutrient

95 Percent LSD
Level Count LS Mean Homogeneous Groups

4 18 .0076494 X
2 18 .0084278 X
3 18 .0115267 X
1 18 .0132833 X




