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Abstract 
 
Wetwood, or water pocket, has higher moisture content (MC) and lower permeability than normal wood, 
which cause problems for lumber drying. The high moisture content of wetwood usually requires 
relatively long periods for adequate drying; consequently, it causes a high risk for developing checks, 
splits, crook, bow and twist of lumber in kiln drying.  These problems have not been solved by any 
physical, chemical or mechanical methods yet. Using biological method to pre-dry lumber containing 
wetwood is a new concept introduced in this project. Wetwood is formed by bacteria growth inside 
normal wood. Some fungi are able to kill bacteria and to utilize foetid liquid produced by these micro-
organisms. Consequently, the permeability of wetwood can be increased and the lumber drying rate can 
be improved.  The present project intends a research on biological method to pre-dry lumber containing 
wetwood, and to evaluate efficacy and economic benefit of such a biological treatment.  
 
Wetwood of balsam fir, sub-alpine fir and aspen was cultured on nutrient media, and several species of 
bacteria and yeasts were isolated. The bacteria and yeasts were re-inoculated on normal wood of balsam 
fir. All inoculated micro-organisms caused wetwood formation in 2 weeks. The MC of the inoculated 
wood blocks increased from 41% to 220-240%, whereas the control samples without inoculation reached 
only 110%. When control samples were dried to a MC of 13%, the inoculated wood samples still had 
MCs between 80% and 105%. The selection of biological control agents was conducted on both agar 
plates and on balsam fir wetwood blocks, and 2 fungal candidates demonstrated promising results. The 
field test showed that pre-treating balsam fir wetwood lumber with the selected best biocontrol 
candidates, wood stain was reduced by 94%, warping reduced up to 13%, and checking reduced up to 
30% compared with untreated controls. Drying time was reduced by 33% (24 hours) compared with 
drying fresh lumber. 
 
CT scanner was able to detect wetwood locations inside a piece of lumber, and the wetwood was 
identified in heartwood, sapwood or both wood tissues.  After the bio-treatment, the wetwood contents of 
boards were significantly reduced. 
 
Economical analysis showed that the biological treatment would cost $4-7/Mfbm depending on treating 
method used. Reduction of 33% of drying time by the treatment in this study could save energy cost by 
$6-13/Mfbm depending on kiln drying energy used. The treatment could reduce lumber degrading loss by 
$8.5-37.4/Mfbm base on this study. The benefit of the treatment is significant, but will be affected by pre-
drying operation, kiln type, energy use and drying schedule. The biological treated lumber is resistant to 
fungal infection during pre-drying period, and the lumber products are clean and free of moulds and stain 
infection. 
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1 Objectives 
 
The objectives of this project were to explore a new biological method to pre-dry lumber containing 
wetwood, and to evaluate efficacy and economic benefit of the biological treatment. 
 
 

2 Introduction 
 
Wetwood, or water pocket, has a water-soaked appearance that occurs in the wood of living trees, 
including many hardwood and softwood species (Lihra, 1999). Wetwood is caused by anaerobic bacteria 
that enter wood through wounds and lesions in trunk and root of young trees.  The affected wood is dead 
and changes to yellowish green or without any distinctive colour but can be recognized by its sour odour. 
Compared with normal sapwood, wetwood has less extractible carbohydrate content, such as sugars, but 
higher level of mineral and organic compounds. The zone of wetwood has a pH of 1-2 unite higher than 
unaffected areas, and contains gas under pressure.   
 
Cellulose, hemicellulose and lignin are the main components of wood cell walls, and the chemical 
structure and interrelationships of these components in wood cells are well known (Zabel and Morrell 
1992).  In addition to these main structural compounds, pectin is another polymer commonly located in 
the middle lamella and primary cell wall of trees, and acts as a cementing substance there (Schink et al. 
1981a).  Several anaerobic fermentative bacteria produce pectinolytic enzymes that destruct vessel and 
ray pit membranes of wood (Schink et al. 1981b).  The reproduction and metabolites of these bacteria 
form a foetid liquid in wood, which results in a high moisture content of the wetwood. Since moisture 
content of wetwood is much higher than the normal wood, it usually requires relatively long periods for 
adequate drying (Schneider and Zhou 1989).  Degradation of pectic substances of the middle lamella 
causes the weakness of chemical bonds between wood cells. Consequently, weak bonding causes a high 
risk for developing checks, splits, crook, bow and twist of lumber in kiln drying (Ward and Pong 1980, 
Verkasalo et al. 1993). Wetwood also has a lower permeability than normal wood; this, in turn, affects the 
wood’s treatability with preservatives. 
 
Wetwood causes serious problems for lumber drying and utilization. The economic losses resulting from 
these defects are enormous.  If wetwood problem can be solved, the value of lumber will be increased and 
the benefit for sawmills will be significant. Based on a conservative estimate, if lumber grade recovery 
can be increased by 5% and drying times can be reduced by 15% with a biological pre-drying (Linares-
Hernandez and Wengert 1997), a sawmill producing 100 MMfbm per year with 20% lumber containing 
wetwood would save over $500,000 per year. 
 
Many studies have been conducted on wetwood using various physical, chemical, or mechanical methods, 
but the problem has yet to be solved. The goal of this study was to use a biological method to treat lumber 
containing wetwood - a new concept in the treatment of this type of lumber. Bacteria secrete enzymes to 
degrade pectic substances into monomers, acetic acid, and fatty acids (Schink et al. 1981a). These 
substances can be utilised by certain fungal species. Some fungi are also able to produce antibiotics to kill 
bacteria. Because of the anti-bacterial activities of fungi, the foetid liquid in wood can be utilised, and 
wood vessels can be cleaned by fungal colonization. Consequently, the permeability of wetwood can be 
increased, and the lumber drying rate can be improved.    
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3 Background 
 
Wetwood cause serious problems for lumber drying and the problems have not been solved by any 
physical, chemical or mechanical methods yet. In a study on biological control of sapstain in a previous 
project, it was found that lumber containing wetwood treated with a fungal agent dried more quickly than 
untreated lumber. A preliminary laboratory test showed that approximate 30% of moisture content of 
balsam fir wetwood had been reduced in two weeks by a biological treatment compared with untreated 
wetwood. In order to test this new idea more comprehensively, a project entitled “Biological method to 
pre-dry lumber with wetwood” was proposed in 2002, and the project was started in 2003. 
 
 

4 Staff 
 
Dian-Qing Yang  Mycologist and Wood Protection Scientist, Project Leader 
Marie-Claude Bisson  Mycological Technologist 
Colombe Youdé Guiehède Mycological Technologist (2004-2005) 
Guy Labreque   Drying Technologist 
Marc Savard   Drying Scientist 
Fréderic Tremblay  Summer student (2003) 
 
 

5 Materials and Methods 
 
5.1 Isolation of micro-organisms from wet pocket 
 
In Canada, wetwood infection is serious in balsam fir (Figure 1), sub-alpine fir, and aspen. Therefore, this 
research targeted these 3 wood species. Trees of balsam fir and aspen were felled in the summer of 2003 
and cut into 4-foot-long logs. The logs were immediately transported to Forintek Eastern Laboratory and 
sawn into 2” x 4” boards. The wetwood in each board was traced with a marker after sawing.  Freshly 
sawn boards of sub-alpine fir were obtained from Forintek Western Laboratory, and wet pockets in each 
board were identified after receiving (Figure 2).  
 
Wetwood causal agents were isolated from wet pocket areas of these boards. Two media were used for 
isolation: peptone agar medium (PA) for isolation of bacteria, and malt extract agar (MEA) for isolation 
of yeasts. The peptone agar medium contained (per litre of water - pH. 7.2-7.4) peptone, 5 g; glucose, 
20 g; dibasic potassium phosphate, 0.5 g; magnesium sulphate, 0.25 g; and agar, 15 g. The malt extract 
agar contained (per litre of water - pH. 5.5) malt extracts, 20 g; and agar, 20 g. These media were 
sterilized and poured into Petri plates.  
 
Boards used for isolation were cut from 3 logs of each wood species. Wood chips (3 x 5 x 1 mm) were 
taken from the wetwood of each board and antiseptically transferred to Petri plates containing the 2 media 
described above, 4 pieces per plate (Figure 3). Wood samples were taken from each board at 3 different 
locations. From each location, 8 samples were taken and placed in 2 plates for isolation of bacteria, and 8 
samples were taken and placed in 2 other plates for isolation of yeasts. From each wood species, a total 
of 72 isolations were made for bacteria, and another 72 isolations were made for yeasts. The plates were 
incubated at 25 °C for 3-7 days; any colony formed on the plates was examined.    
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Figure 1 Wetwood in balsam fir lumber cross sections  

 

 
 
Figure 2 Wetwood in sub-alpine fir lumber longitudinal sections  
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Figure 3 Isolation of micro-organisms from wetwood 
 
5.2 Purification, identification and comparison of micro-organisms isolated from 

different wood species 
 
The bacteria and yeasts isolated from wetwood of balsam fir, sub-alpine fir, and aspen (Figure 4) were 
purified by transferring each colony to a separate new plate holding new medium.  The new plates were 
further incubated at 25°C for 1 week; micro-organisms that grew inside the plates were examined under a 
microscope for purity and morphological characters.  Purified cultures were grouped based on their 
colony and morphological similarity, and typical cultures were sent to a microbiology research laboratory 
(Bodycote Inc, Québec, Canada) for identification. 
 

  
 
Figure 4 Growth of micro-organisms from wetwood in an isolation plate 
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5.3 Confirmation of the causal agents of wet pocket 
 
In order to confirm which of the micro-organisms isolated from the 3 wood species were the main causal 
agents of wetwood, two tests were conducted in which some of these micro-organisms were re-inoculated 
on normal wood of balsam fir.  The isolates of the micro-organisms selected for re-inoculation were A-a 
(a bacterium isolated from aspen and identified as Shigella sonnei), A-c (a yeast isolated from aspen and 
identified as Cryptococcus laurentii), B-a (a bacterium isolated from balsam fir and identified as Shigella 
sonnei), B-c (a mixture of 2 bacteria isolated from balsam fir and identified as Shigella sonnei and 
Aerococcus viridans), Y-2 (an unidentified yeast isolated from balsam fir), and SaB-2 (a bacterium 
isolated from sub-alpine fir and identified as Shigella sonnei).  
 
In the first test, freshly cut balsam fir lumber without any wetwood was obtained from a local sawmill and 
cut into 6 cm x 5 cm x 2 cm wood blocks. Both sapwood and heartwood were included in each block. The 
wood blocks were sterilized at 121°C for 15 minutes, and put in plastic plates, one sample per plate.  Each 
wood block was inoculated with 0.5 ml of a culture of the micro-organisms described above.  Each 
culture inoculated 9 wood blocks.  Inoculation with the equal amount of water on wood blocks served as 
controls.  The plates were placed at 25°C and 75% RH for incubation and were examined individually for 
the wetwood formation on wood blocks after 2, 4, and 6 weeks. 
 
In the second test, freshly cut balsam fir wood blocks of 3 cm x 3 cm x 3 cm in dimensions were prepared 
in the same way as the first test.  Wood blocks were sterilized at 121°C for 15 minutes.  The bacteria and 
yeasts listed above were individually cultured in 1-L beakers, each containing 400 ml of a liquid culture 
medium (either peptone broth or 1.5% malt extract broth) and tightly covered with aluminium paper.  
These micro-organisms were grown for 3 days in beakers, and then wood samples were put in the cultures 
(9 wood blocks in each beaker). Wood samples in the beaker containing only a liquid culture medium 
without micro-organisms served as controls. These beakers were then incubated on a shaker with 
agitation (100 rpm) in an environmentally controlled chamber set at 25°C and 75% RH.  Wood samples 
inside the beakers were examined individually for wetwood formation after 2, 4, and 6 weeks.  After 
being inspected for wetwood formation at 6 weeks, the wood samples were taken out of the beakers and 
weighed individually. After weighing, the samples were dried in an oven at 105°C. These wood samples 
were weighed every 2 hours until they reached constant moisture contents (MC); the MC in each wood 
block was determined in this way.   
    
5.4 Antagonist test with fungal candidates in agar plates 
 
The goal of this experiment was to find an antagonistic fungus that can kill causal agents of wetwood and 
utilize their metabolites to reduce the wetness of infected wood.  To realize this goal, six fungi were used 
for this test: 1) Gliocladium roseum (a bioprotectant developed in Forintek), 2) A white isolate of 
Ophiostoma piliferum (a fungus used in a commercial bioprotectant, Cartapip), 3) a white isolate of 
Ceratocystis resinifera (an anti-sapstain biological agent used by Chantal Morin at Laval University), 4) 
Geotrichum sp. A (a white fungus in Deuteromycetes isolated from Jack pine logs, DP3/5B-3a, 1998), 5) 
Geotrichum sp. B (a white fungus in Deuteromycetes isolated from balsam fir logs, DF3/1B-1b, 1998), 
and 6) Phaeotheca dimorphospora (a biological control agent of tree disease from Laval University). Six 
wetwood causal agents were used: A-a (a bacterium isolated from wetwood of aspen), A-c (a yeast 
isolated from wetwood of aspen), B-a (a bacterium isolated from wetwood of balsam fir), Y-2 (a yeast 
isolated from wetwood of balsam fir), SaB-2 (a bacterium isolated from wetwood of sub-alpine fir), and 
SaY-4 (a mixture of a yeast and a bacterium isolated from wetwood of sub-alpine fir). The tests were 
conducted in Petri plates holding a 2% MEA medium described above.  Three sets of tests were 
conducted using 7-day old fresh fungal and bacteria cultures:  
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1) A mycelium plug of the test fungus was placed in the center of a plate and grown at 25°C for 3 

days. The bacteria of wetwood were then inoculated surrounding the colony of the fungus (3 
points, 1 cm away from the colony, and 1 cm long).  Three plates were used for each 
combination. The plates were grown at 25°C, the competition reaction (parasite or antibiotic) of 
the two micro-organisms was observed at 3, 7, 11, and 15 days.  In each inspection, the sizes of 
fungal and bacterial colony growth were measured. 

 
2) A mycelium plug of the test fungus was placed in the center of a plate, and then a bacterium was 

inoculated at the same time surrounding the fungal plug (3 points, 1 cm away from the fungal 
plug, and 1 cm long).  Three plates were used for each combination. The plates were grown at 
25°C, the competition reaction (parasite or antibiotic) of the two micro-organisms was observed 
at 3, 7, 11, and 15 days.   

 
3) A bacterium was inoculated at 3 points that were 1 cm long and 2 cm away from the edge of the 

plate. Each bacterium was inoculated in 21 plates.  All plates were incubated at 25°C for 3 days, 
and then a mycelium plug of the test fungus was placed in the center of each plate.  Three 
replicates were used for each combination. The plates were placed back in a growth chamber at 
25°C, and the competition reaction between the two micro-organisms was observed at 3, 7, 11, 
and 15 days. 

  
5.5 Antagonist test with selected fungal candidates on wood blocks in laboratory 

conditions 
 
The antagonist test with selected fungal candidates was conducted on balsam fir wood blocks in 
laboratory conditions. Three fungi were used in this test: 1) Gliocladium roseum (Forintek’s 
bioprotectant), 2) A white isolate of Ophiostoma piliferum (Cartapip), and 3) Geotrichum sp. B (a white 
Deuteromycetes fungus isolated from balsam fir logs, DF3/1B-1b, 1998).  The fungi were cultured on 2% 
malt extract agar plates for 7 days at 25°C. Mycelia plugs were cut from actively growing fungal colonies 
and transferred to 500-ml flasks containing 300 ml of 1.5% malt extract broth medium. Each flask was 
inoculated with 3 plugs of a fungal species.  Three flasks were used for each fungal species.  The flasks 
were incubated on a shaker (120 rpm) at 25°C for 14 days, and then the mycelia mass in the flasks was 
ground into fungal suspension with a homogenizer. 
 
Balsam fir lumber (2 x 4 inches) with heavy wetwood was cut to 1-inch long wood blocks. After being 
cut, they were immediately placed in plastic bags and sealed to prevent water evaporation.  At the time of 
testing, each sample was labelled and immediately weighed.  A total of 192 wood samples were prepared.  
Wood samples were divided into 4 groups, 48 samples each.  Three groups of samples were treated with 
the 3 fungal suspensions described above (each group treated with 1 fungus); dipping wood samples for 1 
minute in a fungal suspension. The remaining group of wood samples served as untreated controls. 
Treated and untreated wood samples were put in containers maintained in two environmental conditions; 
half of the samples were put at 25°C and 100% RH and the other half at 25°C and 75% RH. Wood 
samples were examined at 2, 4, 6, and 8 weeks of incubation. At each inspection, 6 samples were taken 
from each test group. Observations and measurements of wood samples included: 1) fungal growth and 
contamination on wood sample surfaces (% of fungal coverage on wood surfaces); 2) fresh weight of each 
sample; 3) oven-dry weight of each sample after exposure at 105°C for 24-48 hours; and 4) MC of each 
sample.  
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5.6 Laboratory anti-sapstain test with selected wetwood control candidate, 
Geotrichum sp. 

This test was intended to investigate the inhibitory ability of Geotrichum sp., the wetwood control 
candidate, against growth of sapstaining fungi on wood.  Two fungal cultures were used in this test: 1) 
Geotrichum sp. A (a white Deuteromycetes fungus isolated from Jack pine logs, DP3/5B-3a, 1998) and 2) 
Geotrichum sp. B (a white Deuteromycetes fungus isolated from balsam fir logs, DF3/1B-1b, 1998).  
Three fungal species were used as sapstaining fungi: 1) Ophiostoma piceae (387E), 2) Ophiostoma 
piliferum (55B), and 3) Aureobasidium pullulans (132S).  The fungi were cultured on 2% malt extract 
agar plates for 7 days at 25°C. Mycelia plugs were cut from actively growing fungal colonies and 
transferred to 500 ml flasks containing 300 ml of 1.5% malt extract broth medium. Each flask was 
inoculated with 3 plugs of a fungal species.  Three flasks were used for each fungal species.  The flasks 
were incubated on a shaker (120 rpm) at 25°C for 14 days, then, mycelial mass inside the flasks was 
grounded into fungal suspension with a homogenizer. Spore suspension was adjusted to 1 x 106 
spores/ml. The three staining fungal suspensions were mixed together in 1:1:1 ratio into one sapstaining 
fungal soup.  
 
Freshly cut balsam fir logs were obtained from local sawmills in Quebec and kept at -30°C in a freezing 
room.  Prior to the test, the logs were thawed and cut into wood wafers (4 x 2 x 0.5 cm) from defect-free 
green sapwood of the logs. Wood wafers were placed immediately in plastic bags and sealed to prevent 
water evaporation.  A total of 90 wood wafers were prepared.  
 
Wood wafers were divided into 3 groups, 30 samples each.  For samples of group one, 10 wafers were 
dipped in the Geotrichum sp. A spore solution, 10 wafers were dipped in the Geotrichum sp. B spore 
solution, and the remaining 10 wafers were dipped in sterile water serving as controls. After the dipping 
treatment, each wafer was immediately inoculated with 0.1 ml of the mixed sapstaining spore suspension 
and placed, two wafers per plate, on a W-shaped glass rod sitting on two layers of wet filter paper in a 
Petri plate. For samples of group two, wood wafers were dip-treated in the same way as the group one 
samples; however, after treatment, inoculated wood wafers were grown at 25°C for 3 days, and then 
inoculated with 0.1 ml of the mixed sapstaining spore suspension on the upper surface of each wafer. For 
samples of group three, all wood wafers were first dipped in the mixed sapstaining spore suspension for 1 
minute, placed, two pieces per plate, on a W-shaped glass rod sitting on two layers of wet filter paper in 
Petri plates, and grown at 25°C for 3 days. Then, 10 wafers were surface-applied with 0.1 ml of 
Geotrichum sp. A solution, 10 wafers were surface applied with 0.1 ml of Geotrichum sp. B solution, and 
the remaining 10 wafers surface-applied with 0.1 ml of sterile water serving as controls.  All plates were 
placed at 25°C for incubation.  Wood wafers were examined after 4 weeks in incubation. In each 
inspection, wafers were evaluated for surface stain growth based on the visual rating scale of 0 to 5 
where: 0 = no growth, 1 = trace of growth, 2 = little growth, 3 = moderate growth, 4 = heavy growth, and 
5 = very heavy growth.   
 
5.7 Effects of environmental conditions on the selected wetwood control candidate, 

Geotrichum sp. 
 
Any fungal growth needs nutrient, water, oxygen, and a suitable temperature and pH range. These 
environmental conditions significantly affect fungal colonization and development. To understand how 
these factors can affect the growth of the selected wetwood control candidate, Geotrichum sp., the 
following tests were conducted in laboratory conditions. The isolate B of Geotrichum sp. (isolated from 
balsam fir logs) was used as a representative species in all tests of this section. 
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5.7.1 The effect of temperature on the growth of Geotrichum sp. 
 
The test was conducted in Petri dishes (8.5 cm in diameter) containing a 2% malt extract agar (MEA) 
medium. Seven-day old fresh culture of Geotrichum sp. was used in the test. One plug (5 mm in diameter) 
of the fungal culture was transferred in the middle of a plate, and 3 plates were incubated at each 
temperature level: 5, 10, 15, 20, 25, 30, 35 and 40°C. After culturing plates for 7 days, the diameter of 
fungal growth in each plate was measured.  The total plates used in this test were 3 replicate plates x 8 
temperature ranges = 24 agar plates. 
 
5.7.2 The effect of pH on the growth of Geotrichum sp. 
 
The test was conducted in Petri dishes (8.5 cm in diameter) containing a 2% MEA medium  The medium 
in different plates were adjusted to different pH levels (2, 3, 4, 5, 6, 7, 8, 9, 10 and 11) with 1N HCl or 
NaOH. Three plates were used for each pH level and a 7-day old fresh culture of Geotrichum sp. was 
used. One plug (5 mm in diameter) of the fungal culture was transferred in the middle of a plate, and 3 
plates were prepared at each pH level. The plates were placed at 25°C for culturing 7 days, and then the 
diameter of fungal growth in each plate was measured.  The total plates used in this test were 3 replicate 
plates x 10 pH levels = 30 agar plates. 
 
5.7.3 The effect of wood moisture content (water) on the growth of Geotrichum sp. 
 
The test was conducted on green balsam fir wood blocks (6 x 6 x 1 cm). Each wood block was weighed 
and moisture content in each block was determined by an oven-dry (105°C) method. The blocks were 
immerged in sterile water in a container for 0, 0.5, 1, 2, 4, 6, 8, 24, 32 and 48 hours, respectively.  At each 
time, 3 blocks were taken out from water, weighed and calculated for MC in each block based on weight 
gains. Each wood block was then placed in a sterile Petri dish and inoculated with 1 plug of a 7-day old 
fresh culture of Geotrichum sp. in the middle of the block. The plates were well sealed with a Parafilm 
and put at 25°C for culturing 10 days, and then the diameter of fungal growth on each wood block was 
measured.  The total wood blocks used in this test were 3 replicate wood blocks x 10 time intervals = 30 
wood blocks. 
   
5.7.4 The effect of wood species (nutrient) on the growth of Geotrichum sp. 
 
The test was conducted on green wood blocks (6 x 6 x 1 cm) of jack pine, black spruce, balsam fir, sub-
alpine fir, and aspen. Each wood block was weighed, and MCs of wood blocks were determined by the 
oven-dry (105°C) method. The MCs of all wood blocks were adjusted to approximately 50% with sterile 
water, and then sterilized at 121°C for 20 minutes.  After cooling, wood blocks were individually placed 
in Petri dishes; one block per plate. One plug of a 7-day old culture of Geotrichum sp. was transferred in 
the middle of each block, the plates were sealed with a Parafilm and put at 25°C for culturing 10 days. 
After incubation, the diameter of fungal growth on each wood block was measured.  The total wood 
blocks used in this test were 5 replicate wood blocks x 5 wood species = 25 wood blocks. 
 
5.7.5 Compatibility of Geotrichum sp. and an anti-sapstain fungus Gliocladium roseum  
 
The test was conducted in Petri dishes (8.5 cm in diameter) containing a 2% MEA medium.  Seven-day 
old cultures of Geotrichum sp. and Gliocladium roseum were used, and 2 experiments were conducted in 
this test. In the first experiment, a mycelia plug of Geotrichum sp. was transferred in one side of a plate (1 
cm away from one edge) and a mycelia plug of Gliocladium roseum was transferred to the other side of 
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the plate (1 cm away from the other edge), the plate was then sealed with a Parafilm, and 3 plates were  
inoculated.  All plates were put at 25°C for culturing 7 days, then, the size of colony growth of each 
fungal culture was measured, and the compatibility of the two cultures was observed. In the second 
experiment, the mycelia and spores of Geotrichum sp. and Gliocladium roseum cultures were scribbled 
off from the plates and mixed together in 100 ml of sterile water to make a spore suspension. An amount 
of 0.5 ml of the spore suspension was evenly applied on the whole surface of a plate, and 3 plates were 
inoculated. The plates were placed at 25°C for culturing 7 days, then the area (%) of each fungal growth 
on the plate was measured, and the compatibility of the two fungal growth was observed. 
 
5.8 Laboratory test of the selected wetwood control candidates on lumber  
 
Four fungal species were used for treatment of lumber in a laboratory test: 1) Gliocladium roseum 
(Forintek’s bioprotectant), 2) A white isolate of Ophiostoma piliferum (the fungus used for making 
Cartapip product), 3) Geotrichum sp. A (a white fungus isolated from jack pine logs in 1998), and 4) 
Geotrichum sp. B (a white fungus isolated from balsam fir logs in 1998).  The fungi were cultured in 1-L 
flasks containing 500 ml of 1.5% malt extract broth medium.  The flasks were incubated on a shaker (120 
rpm) at 25°C for 14 days, then, mycelia mass inside flask was ground into fungal suspension with a 
homogenizer. The fungal suspension was adjusted to 1 x 106 segments/ml. A total of 200 SPF boards 
(mostly balsam fir, 2 x 4 inch x 2 feet,) with heavy wetwood were labelled and weighed individually and 
put in 5 groups, 40 boards each.  Four groups of boards were treated with 4 fungi (each group was treated 
with 1 fungus); dipping boards 1 minute in a fungal suspension (Figure 5). The solution pick-up was 
measured as 1400ml/40 boards. After treatment, 20 boards in each test group were wrapped with a plastic 
sheet on its 4 sides without stickers between boards. Two bundles of boards in the same treatment group 
were piled together with stickers between bundles in an environmentally controlled chamber at 20°C and 
70% RH (Figure 6). One group of untreated boards was put in the same way as treated boards and served 
as controls.  The boards were inspected after 8 weeks in storage. The evaluation and measurements 
included: 1) evaluate the growth of molds, stain and decay on each board; 2) weigh each board; 3) seal 
ends of boards with a colorless wax; 4) load boards in a kiln; 5) run kiln; 6) weigh some movable samples 
from each treatment group at 7, 23, 30, 48, 72 and 96 hrs to determine MC of samples during drying; 7) 
after most boards were dried to around 10% MC, stop the kiln drying; 8) weigh each board again; 9) 
evaluate deformation (splits, checks, crook, bow, and twist) appeared in each board; and 10) cut some 
boards from each test group (cut 2 wood blocks from each board), oven dry and determine MC of wood 
blocks.  The program of the kiln drying schedule is described in Table 1. 
 
Table 1 Kiln drying schedule for bio-treated and untreated wetwood lumber 
 

Stage Time (h) Dry bulb temperature (ºC) Wet bulb temperature (ºC) 
Pre-heating 4 74 68 
Equilibrate 2 74 68 
> 30% TH  77 68 

30-25% TH  79 63 
25-20% TH  82 60 
<20% TH  82 54 
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Figure 5 Dip-treatment of lumber with biological products 
 

 
 
Figure 6 Incubation of lumber in  laboratory after bio-treatment 
 
5.9 Field test of the selected wetwood control candidates on lumber 
 
In the field test, a total of 600 SPF boards (mostly balsam fir, 2 x 4 inch x 2 feet,) with heavy wetwood 
were prepared in 6 groups, each contained 100 boards (Figure 7).  Four groups of boards were treated 
with: 1) Gliocladium roseum spore suspension; 2) Geotrichum sp. (isolate B; the fungus isolated from 
balsam fir logs) spore suspension; 3) Gliocladium roseum spore suspension + Geotrichum sp. spore 
suspension (1:1); and 4) Gliocladium roseum + Geotrichum sp. spore suspension in 4% sodium carbonate 
and 1% sodium bicarbonate solution. Boards were dipped 1 minute in a fungal suspension. The solution 
pick-up was measured as 35 ml/board. One group of boards served as untreated controls and another 
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group was stored at -20°C as fresh controls. After treatment, boards in each test group were piled in two 
bundles; each contained 50 boards with stickers between each layer of boards. Two bundles of boards in 
each treatment group were piled together in a Forintek’s yard and loosely covered with a plastic sheet 
over the top of each pile to prevent direct rain penetration (Figure 8). There was air circulation (wind) 
between boards. After 8 weeks of outdoor storage, treated and untreated boards, as well as fresh controls 
were evaluated, measured and dried in the same way as those boards in the laboratory test described 
above (Figure 9). The kiln drying schedule for this batch of boards was the same as the one described in 
Table 1. 
 

 
 
Figure 7 Bio-treated lumber for the field test  
 

 
 
Figure 8 Storage of bio-treated lumber in the yard 
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Figure 9 Lumber piles loaded for kiln drying after the bio-treatment and field storage  
 
5.10 CT detection of wetwood in lumber before and after bio-treatment 
 
Computed Tomography System for Multislice Spiral Scanning (CT) is more and more used in the wood 
and fibre science research as a new technology for non-destructive detection of various defects. The 
principle function of CT is based on the absorption of X-ray radiation by different materials. By 
measuring the transmitted X-ray beam through a sample, the density of the sample can be determined. 
Knowning that water can absorb considerably more radiation than other building materials, CT scan may 
allow to identify wetwood and locate the position inside a piece of lumber. For this purpose, 4 balsam 
boards with heavy wetwood used in the laboratory test described above (in section 5.8) were scanned with 
a CT machine (Somatom Plus 4 Volume Zoom) before and after the bio-treatment with Geotrichum sp. 
The sample boards were scanned by a 10 mm thickness space, and every 20 mm of a sample was used to 
reconstruct a picture.  
 
5.11 Data analysis 
 
All data were entered into Excel data sheets.  Average, standard deviation, minimum and maximum were 
calculated for each treatment group using the Excel Statistics Package.  Tables and graphs were drawn 
based on these calculations. 
 
5.12 Economical analysis 
 
A literature search on studies of wetwood was conducted, and 196 closely relevant references were 
reviewed. Based on these literatures, the value losses of lumber products caused by wetwood were 
summarized. Based on the current study and a previous research, the cost of the bio-product production 
and treatment were analyzed. At the last, the economical benefit for lumber treatment with the bio-
product was estimated.  
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6 Results and Discussion 
 
6.1 Micro-organisms isolated from wet pocket 
 
A total of 319 cultures were isolated from the wetwood of the 3 wood species. From aspen wetwood, a 
total of 108 cultures were obtained; 2 bacteria (A-a, A-b) and 1 yeast (A-c) were most frequently isolated 
(Table 2; Figure 10). On the PA medium, A-a was isolated at a rate of 60%, A-b at a rate of 26%, and A-c 
at a rate of 5%. On the MEA medium, the most frequently isolated micro-organism was a white 
filamentous fungus (at an isolation rate of 71%), followed by the bacterium A-a (at a rate of 25%).  
 
From balsam fir wetwood, 3 bacteria (B-a, B-b, B-c), 2 yeasts (Y-1, Y-2) and 3 filamentous fungi were 
isolated for a total of 112 cultures from 2 culture media (Table 3). The filamentous fungi are molds or 
decay fungi and are not considered as wetwood causal agents. Among the bacterium and yeast species 
(Figure 11), 3 bacteria (B-a, B-b and B-c) and 1 yeast (Y-2) were most frequently isolated on the peptone 
agar medium (PA), with isolation rates of 30%, 12%, 43% and 6.5%, respectively. On the malt extract 
agar medium (MEA), the most frequently isolated micro-organism was bacterium B-a, at an isolation rate 
of 57%.  
 
More species were isolated from the wetwood of sub-alpine fir, resulting in 99 cultures (Table 4). These 
micro-organisms consisted of 2 bacteria (SaB-1, SaB-2), 5 yeasts (SaY-1, SaY-2, SaY-3, SaY-4, SaY-5) 
and 1 filamentous fungus (Sporothrix sp.) (Figure 12). Among the bacteria, SaB-1 was isolated at a rate of 
37% on PA medium and 2% on MEA medium, whereas SaB-2 was isolated only on PA medium, at a rate 
of 8%. Among the yeast species, the most frequently isolated species was SaY-5, at a rate of 29% on PA 
medium and 56% on MEA medium. SaY-2 was isolated only on PA medium, at a rate of 8%, whereas 
SaY-3 was isolated only on MEA medium, at a rate of 16%. SaY-4 was isolated on the 2 media at a rate 
of 2% and 6%, respectively. SaY-1 was the least isolated yeast, with an isolation rate of 2% on PA 
medium. 
 
Table 2 List of micro-organisms isolated from wetwood of aspen 
 
Organism code  Type of  On PA medium On MEA medium 

  organism No. of isolates Isolation rate No. of isolates  Isolation rate 
A-a Bacterium 34 60% 13 25% 
A-b Bacterium 15 26% 2 4% 
A-c Yeast 3 5% 0 0% 

White fungus Filamentous fungus 5 9% 36 71% 
Total   57 100% 51 100% 
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Figure 10 Appearance of micro-organisms isolated from aspen wetwood 
 
Table 3 List of micro-organisms isolated from wetwood of balsam fir 
 
Organism code Organism type On PA medium On MEA medium 

  No. of isolates Isolation rate No. of isolates Isolation rate 
B-a Bacterium 23 30% 20 57% 
B-b Bacterium 9 12% 1 3% 
B-c Bacterium 33 43% 0 0% 
Y-1 Yeast 1 1% 0 0% 
Y-2 Yeast 5 6.5% 2 6% 

Penicillium sp. Filamentous fungus 0 0% 3 8% 
White fungus Filamentous fungus 5 6.5% 9 26% 
Brown fungus Filamentous fungus 1 1% 0 0% 

Total  77 100% 35 100% 
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Figure 11 Appearance of micro-organisms isolated from balsam fir wetwood 
 
Table 4 List of micro-organisms isolated from wetwood of sub-alpine fir 
 
Organism code Organism type On PA medium On MEA medium 

  No. of isolates Isolation rate No. of isolates Isolation rate 
SaB-1 Bacterium 18 37% 1 2% 
SaB-2 Bacterium 4 8% 0 0% 
SaY-1 Yeast 1 2% 0 0% 
SaY-2 Yeast 4 8% 0 0% 
SaY-3 Yeast 0 0% 8 16% 
SaY-4 Yeast 1 2% 3 6% 
SaY-5 Yeast 14 29% 28 56% 

Sporothrix sp. Filamentous fungus 7 14% 10 20% 
Total  49 100% 50 100% 
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Figure 12 Appearance of micro-organisms isolated from sub-alpine fir wetwood 
 
6.2 Characterization and Identification of micro-organisms isolated from wetwood 
 
The characteristics of the micro-organisms isolated from three wood species are described in Table 5. 
From aspen wetwood, 3 suspected causal micro-organisms were obtained, namely A-a, A-b, and A-c. On 
agar medium, the culture of A-a grew quickly and had an oily appearance (Figure 13). The shape of the 
A-a cells was short or long rod, as observed under a light microscope (Figure 14). This bacterium was 
identified as Shigella sonnei (Table 6). The culture of A-b grew slowly and had a pale appearance (Figure 
15). Under a microscope, the cells of this bacterium were uniformly tiny and rod-shaped (Figure 16). This 
bacterium was identified as Pseudomonas fluorescens. Similar to A-a, the culture of A-c grew quickly on 
agar medium, but had a creamy appearance (Figure 17). Under the light microscope, cells of A-c were 
ovoid-shaped with nucleus and were much larger than those of A-a and A-c; this indicated it was a yeast 
(Figure 18). This yeast was identified as Cryptococcus laurentii. 
 
From balsam fir wetwood, 3 bacteria (B-a, B-b, and B-c) and 2 yeasts (Y-1 and Y-2) were obtained 
(Table 5). The culture characteristics, cell morphology, and size of B-a were exactly the same as A-a; B-a 
was identified as Shigella sonnei (Table 6). The culture of B-b was exactly the same as A-b and was 
identified as Pseudomonas fluorescens. The culture and cell morphology of Y-2 were similar to A-c, but 
the chemical reactions profile of Y-2 was different from A-c. B-c was a mixture of 2 bacteria, Shigella 
sonnei and Aerococcus viridans, whereas Y-1 was a mixture of a yeast, Candida zeylanoides, and a 
bacterium, Chryseomonas luteola (Table 6). 
 
From sub-alpine fir wetwood, 2 bacteria were isolated: SaB-1 was the same as A-b and B-b, and was 
identified as Pseudomonas fluorescens; SaB-2 was the same as A-a and B-a and was identified as Shigella 
sonnei (Tables 5 and 6). Five yeasts were isolated: SaY-1 was identified as Rhodotorula mucileginosa; 
SaY-2 was identified as Cryptococcus albidus; SaY-3 was unable to be identified; SaY-5 was identified 
as Candida boidinli; and SaY-4 was identified as a mixture of a yeast, Cryptococcus terreus, and a 
bacterium, Chryseomonas luteola. 
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Table 5 Characteristics of micro-organisms isolated from wetwood of aspen, balsam fir, 
 and sub-alpine fir 
 
Organism Isolation Characters of culture 

code source  
A-a Aspen Colony grows quickly; oily; rod-shaped cells 
A-b Aspen Colony grows slowly; pale; small, short rod-shaped cells 
A-c Aspen Colony grows quickly; creamy; large ovoid-shaped cells 
B-a Balsam fir Colony grows quickly; oily; rod-shaped cells, similar to A-a 
B-b Balsam fir Colony grows slowly; pale; short rod-shaped cells, similar to A-b 
B-c Balsam fir Colony grows slowly; submerged; rod-shaped cells similar to A-a 
Y-1 Balsam fir Colony grows slowly; white; large elliptic-shaped cells with short mycelia 
Y-2 Balsam fir Colony grows quickly, creamy; large ovoid-shaped cells, similar to A-c 
SaB-1 Sub-alpine fir Colony grows slowly; pale; tiny, short rod-shaped cells, similar to A-b 
SaB-2 Sub-alpine fir Colony grows quickly; oily; rod-shaped cells, similar to A-a 
SaY-1 Sub-alpine fir Colony grows moderately; oily, pale to light pink; large lemon-shaped cells 
SaY-2 Sub-alpine fir Colony grows moderately; creamy white; cells various shapes and sizes with mycelia 
SaY-3 Sub-alpine fir Colony grows moderately; oily, pink; large, round cells with mycelia 
SaY-4 Sub-alpine fir Colony grows quickly; oily to creamy; large, round to ovoid-shaped cells; similar to A-c
SaY-5 Sub-alpine fir Colony grows quickly; creamy; oblong to ovoid-shaped cells with mycelia 
 
Table 6 Identification of micro-organisms isolated from wetwood of aspen, balsam fir, and 
 sub-alpine fir 
 

Organism code Isolation source Organism type Species name 
A-a Aspen Bacterium Shigella sonnei 
A-b Aspen Bacterium Pseudomonas fluorescens 
A-c Aspen Yeast Cryptococcus laurentii 
B-a Balsam fir Bacterium Shigella sonnei 
B-b Balsam fir Bacterium Pseudomonas fluorescens 
B-c Balsam fir Bacteria Shigella sonnei + Aerococcus viridans 
Y-1 Balsam fir Yeast + Bacterium Candida zeylanoides+ Chryseomonas luteola 
Y-2 Balsam fir Yeast Not identifiable 

SaB-1 Sub-alpine fir Bacterium Pseudomonas fluorescens 
SaB-2 Sub-alpine fir Bacterium Shigella sonnei 
SaY-1 Sub-alpine fir Yeast Rhodotorula mucileginosa 
SaY-2 Sub-alpine fir Yeast Cryptococcus albidus 
SaY-3 Sub-alpine fir Yeast Not identifiable 
SaY-4 Sub-alpine fir Yeast + Bacterium Cryptococcus terreus + Chryseomonas luteola 
SaY-5 Sub-alpine fir Yeast Candida boidinli 
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Figure 13 Appearance of bacterium A-a on MEA medium 
 

 
 
Figure 14 Appearance of bacterium A-a under a light microscope 
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Figure 15 Appearance of bacterium A-b on MEA medium 
 

 
 
Figure 16 Appearance of bacterium A-b under a light microscope 
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Figure 17 Appearance of yeast A-c on MEA medium 
 

 
 
Figure 18 Appearance of yeast A-c under a light microscope 
 
6.3 Confirmation of the causal agents of wetwood on wood blocks 
 
The test 1 conducted in Petri plates failed; no wetwood was formed in any normal wood blocks inoculated 
with the six micro-organisms during the 6-week period (Table 7), which indicates that this method was 
not suitable to use in this experiment.  The test 2 conducted in beakers was successful, and wetwood was 
formed in wood blocks in the second week of inoculation with the 6 micro-organisms (Table 7). In week 
4, all wood blocks inoculated had formed wetwood in at least some part of the sample (Figures 19 to 22). 
Among the 6 bacteria and yeasts used in this test, A-a, B-a, and SaB-2 were the same species, Shigella 
sonnei, but A-a was isolated from aspen, B-a was isolated from balsam fir, and SaB-2 was isolated from 
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sub-alpine fir. These 3 isolates grew well in balsam fir wood blocks and caused wetwood formation in the 
samples. This result indicates that Shigella sonnei is not a host-specific bacterium and that it can cause 
wetwood in all 3 wood species tested. Of the other 3 micro-organisms used in the test, A-c was a yeast 
isolated from aspen, Y-2 was another yeast isolated from balsam fir, and B-c was a mixture of 2 bacteria. 
Each of these 3 isolates caused wetwood formation equally in inoculated wood blocks. This result 
indicates that wetwood formation in trees is not caused by only one micro-organism but is more likely 
caused by several species (either bacteria or yeasts) that can colonize well in the wood of trees. 
 
The moisture contents (MC) of the wood blocks inoculated with the 6 potential wetwood causal agents 
are shown in Figure 23. The initial average MC of balsam fir wood blocks used for the test was measured 
as 41.2%. After 6 weeks of incubation, the MCs of wood samples inoculated with micro-organisms 
increased to 220-240%, whereas the average MC of control samples submerged in liquid culture medium 
without inoculation reached only 110%. When control samples were dried to a MC of 13%, which is the 
target MC for most dried lumber, the wood samples that formed wetwood still had MCs between 80% 
and 105%. This result indicates that the time required to dry lumber containing wetwood is likely to be 
double the length of what is necessary to dry lumber without wetwood. 
 
Table 7 Formation of wetwood on balsam fir wood blocks by reinoculation 
 

Organism  Number of wood blocks that developped wetwood 

inoculated 1 Test 1 in plates Test 2 in beakers 
  2 weeks 4 weeks 6 weeks 2 weeks 4 weeks 6 weeks 

A-a 0 0 0 9 9 9 
A-c 0 0 0 8 9 9 
B-a 0 0 0 8 9 9 
B-c 0 0 0 8 9 9 
Y-2 0 0 0 7 9 9 

SaB-2 0 0 0 9 9 9 
1 Each organism inoculated 9 wood blocks in each test. 
 

   
 
Figure 19 Wood blocks inoculated with bacterium A-a isolated from aspen wetwood 
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Figure 20 Wood blocks inoculated with bacterium B-a isolated from balsam fir wetwood 
 

 
 
Figure 21 Wood blocks inoculated with bacterium SaB-2 isolated from sub-alpine fir 
 wetwood  
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Figure 22 Wood blocks inoculated with yeast A-c isolated from aspen wetwood  
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Figure 23 Moisture contents of balsam fir wood blocks inoculated with various wetwood 
 causal agents 
 
6.4 Antagonist test on agar plates 
 
The antagonist test using fungal candidates against wetwood causal agents (WCA) on agar plates was 
conducted in three tests. In the test A (Tables 8a & 8b), when the fungi were first inoculated on the plates 
3 days before the WCA, Geotrichum sp.A grew the fastest, followed by Geotrichum sp.B; the colonies of 
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these two fungal isolates reached 8.5 cm in diameter (the maximum internal size of the plate) in 11 days. 
The colony growth of the white isolate of Ophiostoma piliferum and Gliocladium roseum was slower than 
Geotrichum sp.A & B, and the colony diameter reached 8.5 cm in 14 days. The colony growth of the 
white isolate of Ceratocystis resinifera was moderate, and the colony diameter reached 8.2 cm in 14 days. 
Phaeotheca dimorphospora grew the slowest among the six fungi tested, and the colony diameter only 
reached 3.8 cm in 14 days.  When the two colonies met, Geotrichum sp.A and Geotrichum sp.B grew 
over the colonies of WCA, which indicated that these two fungal isolates were able to parasite on WCA. 
Whereas, G. roseum, O. piliferum and C. resinifera principally grew under the colonies of WCA, but may 
partially grow over in some cases. The functional antagonistic reaction of these four fungi against WCA 
was principally competing for space and nutrients with weak parasitical ability.  P. dimorphospora only 
grew under the colonies of WCA, which indicated that this fungus had little or no antagonistic reaction 
with WCA. For the antagonistic efficacy against WCA, Geotrichum sp.A and Geotrichum sp.B were the 
most effective against all 6 WCA inoculated; they reduced growth of WCA in 7 days and completely 
absorbed colonies of WCA in 11 days. G. roseum and the white isolates of O. piliferum and C. resinifera 
were moderately effective against 5 WCA, but not effective to bacterium A-a that was isolated from 
aspen wetwood. P. dimorphospora was the least effective against any of these bacteria.  
 
In the test B (Tables 9a & 9b), when the fungi were inoculated on the plates at the same time as the WCA, 
all fungi were able to grow together with WCA.  Geotrichum sp.A and Geotrichum sp.B grew over WCA, 
and the other 4 fungi grew under WCA. For inhibition of WCA growth, Geotrichum sp.A and 
Geotrichum sp.B were the best, and completely absorbed colonies of the 6 WCA in 7 to 14 days (Figures 
24 to 29). G. roseum, O. piliferum and C. resinifera effectively controlled colony growth of 3 WCA, but 
were not effective against the other 3 WCA tested. P. dimorphospora inhibited colony growth of only 1 
WCA, but was not effective to the other 5 WCA. The A-a and A-c isolated from aspen were more 
difficult to be controlled than the other 4 WCA isolated from wetwood of balsam fir and sub-alpine fir.   
 
In the test C (Tables 10a & 10b), when the WCA were first inoculated on the plates 3 days before the 
fungi, Geotrichum sp.A and Geotrichum sp.B were also able to completely cover and absorb WCA 
colonies in 11 days (Figure 30). G. roseum inhibited colony growth of 5 WCA, O. piliferum and C. 
resinifera inhibited colony growth of 4 WCA, and P. dimorphospora inhibited colony growth of 3 WCA.  
  
Table 8a  Fungal and bacteria growth on agar plates in the antagonistic test A (inoculation of 
 fungi first) 
 

Fungal colony diameter (cm) 2 WCA colony diameter (cm) 3 Fungus - WCA1 
3 days 7 days 11 days 14 days 7 days 11 days 14 days 

G. roseum 2.4 (0.1) 5.1 (0.1) 8.0 (0.2) 8.5 (0.0)       
G. roseum - Say-4 2.3 (0.0) 5.0 (0.1) 7.8 (0.1) 8.5 (0.0) 1.0 (0.2) 1.0 (0.2) 1.9 (0.3)
G. roseum - Y-2 2.5 (0.2) 5.2 (0.0) 7.9 (0.3) 8.5 (0.0) 1.1 (0.1) 1.4 (0.1) 2.7 (0.2)
G. roseum - A-a 2.4 (0.0) 5.0 (0.1) 7.9 (0.1) 8.5 (0.0) 1.2 (0.1) 1.5 (0.1) 3.7 (0.3)
G. roseum - A-c 2.4 (0.1) 5.1 (0.1) 8.0 (0.0) 8.5 (0.0) 1.1 (0.1) 1.1 (0.2) 2.3 (0.4)
G. roseum - B-a 2.4 (0.0) 5.0 (0.0) 7.7 (0.2) 8.5 (0.0) 1.5 (0.5) 1.7 (0.5) 3.3 (1.1)

G. roseum - Sab-2 2.4 (0.0) 5.1 (0.1) 7.8 (0.1) 8.5 (0.0) 1.2 (0.1) 1.4 (0.3) 2.9 (0.5)
                

O. piliferum 2.5 (0.1) 5.5 (0.2) 8.3 (0.2) 8.5 (0.0)       
O. piliferum - Say-4 2.8 (0.3) 5.5 (0.3) 8.3 (0.2) 8.5 (0.0) 0.9 (0.2) 1.0 (0.2) 2.1 (0.5)
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Fungal colony diameter (cm) 2 WCA colony diameter (cm) 3 Fungus - WCA1 
3 days 7 days 11 days 14 days 7 days 11 days 14 days 

O. piliferum - Y-2 2.6 (0.1) 5.5 (0.1) 8.3 (0.2) 8.5 (0.0) 1.3 (0.2) 1.5 (0.2) 2.9 (0.5)
O. piliferum - A-a 2.7 (0.1) 5.4 (0.2) 8.0 (0.3) 8.5 (0.0) 1.1 (0.1) 1.4 (0.1) 2.9 (0.5)
O. piliferum - A-c 2.6 (0.1) 5.4 (0.1) 8.1 (0.1) 8.5 (0.0) 0.9 (0.1) 0.9 (0.1) 1.8 (0.2)
O. piliferum - B-a 2.7 (0.1) 5.3 (0.1) 8.3 (0.2) 8.5 (0.0) 1.1 (0.1) 1.5 (0.2) 2.9 (0.3)

O. piliferum - Sab-2 2.7 (0.1) 5.3 (0.1) 8.2 (0.1) 8.5 (0.0) 1.1 (0.1) 1.3 (0.1) 2.5 (0.2)
             

C. resinifera 2.1 (0.8) 7.1 (0.1) 7.6 (0.2) 8.2 (0.3)       
C. resinifera - Say-4 1.6 (0.8) 6.2 (1.7) 7.3 (0.8) 7.8 (0.8) 1.0 (0.2) 1.0 (0.2) 2.1 (0.4)
C. resinifera - Y-2 0.9 (0.1) 6.1 (0.7) 8.2 (0.4) 8.4 (0.2) 1.2 (0.2) 1.8 (0.6) 3.5 (1.3)
C. resinifera - A-a 1.2 (0.4) 5.9 (1.1) 7.2 (0.7) 7.6 (0.8) 1.2 (0.1) 1.3 (0.1) 3.2 (0.6)
C. resinifera - A-c 0.8 (0.1) 5.5 (0.7) 7.7 (0.3) 8.1 (0.3) 1.0 (0.1) 1.0 (0.1) 2.0 (0.0)
C. resinifera - B-a 1.6 (0.7) 5.3 (0.5) 6.5 (1.4) 8.2 (0.4) 1.2 (0.2) 1.5 (0.2) 3.0 (0.3)

C. resinifera - Sab-2 2.5 (0.6) 7.0 (0.3) 7.8 (0.3) 8.0 (0.5) 1.0 (0.1) 1.0 (0.1) 2.1 (0.2)
                

Geotrichum sp.A 1.5 (0.1) 8.1 (0.4) 8.5 (0.0) 8.5 (0.0)       
Geotrichum sp.A - Say-4 1.8 (0.0) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 1.0 (0.1) 1.0 (0.1) 1.9 (0.0)
Geotrichum sp.A - Y-2 1.6 (0.2) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 1.2 (0.2) 1.2 (0.2) 2.5 (0.4)
Geotrichum sp.A - A-a 1.9 (0.2) 8.4 (0.2) 8.5 (0.0) 8.5 (0.0) 1.2 (0.1) 1.2 (0.1) 2.3 (0.3)
Geotrichum sp.A - A-c 1.9 (0.4) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 1.2 (0.1) 1.2 (0.1) 2.3 (0.3)
Geotrichum sp.A - B-a 1.6 (0.2) 8.4 (0.1) 8.5 (0.0) 8.5 (0.0) 1.4 (0.3) 1.4 (0.3) 2.8 (0.6)

Geotrichum sp.A - Sab-2 1.4 (0.3) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 1.2 (0.1) 1.2 (0.1) 2.3 (0.2)
             

Geotrichum sp.B 1.1 (0.2) 6.0 (0.3) 8.5 (0.0) 8.5 (0.0)       
Geotrichum sp.B - Say-4 1.5 (0.1) 7.0 (0.3) 8.5 (0.0) 8.5 (0.0) 1.0 (0.1) 1.0 (0.1) 2.0 (0.2)
Geotrichum sp.B - Y-2 1.4 (0.2) 6.8 (0.6) 8.5 (0.0) 8.5 (0.0) 1.2 (0.3) 1.2 (0.3) 2.4 (0.5)
Geotrichum sp.B - A-a 1.4 (0.1) 6.0 (0.2) 8.5 (0.0) 8.5 (0.0) 1.1 (0.1) 1.1 (0.1) 2.2 (0.2)
Geotrichum sp.B - A-c 1.4 (0.0) 7.1 (0.4) 8.5 (0.0) 8.5 (0.0) 1.2 (0.4) 1.2 (0.4) 2.4 (0.8)
Geotrichum sp.B - B-a 1.7 (0.3) 7.4 (0.5) 8.5 (0.0) 8.5 (0.0) 1.2 (0.2) 1.2 (0.2) 1.2 (0.1)

Geotrichum sp.B - Sab-2 1.5 (0.1) 6.6 (0.2) 8.5 (0.0) 8.5 (0.0) 1.1 (0.2) 1.1 (0.2) 2.2 (0.3)
             

P. dimorphospora 1.3 (0.1) 2.2 (0.1) 3.1 (0.2) 3.8 (0.3)       
P. dimorphospora - Say-4 1.2 (0.3) 2.2 (0.1) 3.4 (0.0) 3.8 (0.5) 1.0 (0.1) 1.2 (0.1) 2.4 (0.2)
P. dimorphospora - Y-2 1.4 (0.0) 2.3 (0.0) 3.5 (0.1) 4.3 (0.1) 1.1 (0.1) 1.5 (0.3) 3.0 (0.6)
P. dimorphospora - A-a 1.1 (0.4) 2.3 (0.1) 3.5 (0.2) 4.1 (0.2) 1.2 (0.1) 1.5 (0.3) 3.8 (0.5)
P. dimorphospora - A-c 1.4 (0.1) 2.2 (0.1) 3.5 (0.3) 4.1 (0.1) 1.0 (0.1) 1.2 (0.1) 2.5 (0.2)
P. dimorphospora - B-a 1.4 (0.0) 2.2 (0.1) 3.1 (0.2) 3.8 (0.1) 1.3 (0.3) 1.8 (0.3) 3.5 (0.7)

P. dimorphospora - Sab-2 1.3 (0.1) 2.2 (0.1) 3.0 (0.2) 3.5 (0.1) 1.2 (0.2) 1.5 (0.2) 3.0 (0.4)
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Fungal colony diameter (cm) 2 WCA colony diameter (cm) 3 Fungus - WCA1 
3 days 7 days 11 days 14 days 7 days 11 days 14 days 

Say-4         1.0 (0.2) 1.2 (0.2) 2.5 (0.6)
Y-2         1.2 (0.1) 1.4 (0.3) 3.3 (0.4)
A-a         1.1 (0.1) 1.3 (0.2) 3.8 (0.4)
A-c         1.3 (0.2) 1.6 (0.2) 3.2 (0.4)
B-a         1.0 (0.3) 2.1 (0.8) 4.1 (1.7)

Sab-2         1.2 (0.1) 1.4 (0.2) 3.2 (0.5)
1  WCA = wetwood causal agent. 
2  Values are means of 3 replicates, and standard deviations are in parentheses. 
3  Values are means of 9 replicates, and standard deviations are in parentheses. 
 
Table 8b Antagonistic reaction between fungi and bacteria on agar plates in the test A 
 (inoculation of fungi first) 
 

Fungal growth over WCA2 WCA reduction3 Code Fungus - WCA1 
7 days 11 days 14 days 7 days 11 days 14 days

A-1 G. roseum - Say-4 U U U N Y Y 
A-2 G. roseum - Y-2 U U/O U/O N N Y 
A-3 G. roseum - A-a U U U N N N 
A-4 G. roseum - A-c U U U N Y Y 
A-5 G. roseum - B-a U U U N N Y 
A-6 G. roseum - Sab-2 U U U N N Y 

           
B-1 O. piliferum - Say-4 U U U N N Y 
B-2 O. piliferum - Y-2 U U U N N Y 
B-3 O. piliferum - A-a U U U N N N 
B-4 O. piliferum - A-c U/O U/O U N Y Y 
B-5 O. piliferum - B-a U/O U/O U N N Y 
B-6 O. piliferum - Sab-2 U/O U/O U/O N N Y 

           
C-1 C. resinifera - Say-4 U U U N N N 
C-2 C. resinifera - Y-2 U U/O U/O N N Y 
C-3 C. resinifera - A-a U U/O U/O N N N 
C-4 C. resinifera - A-c U U U N Y Y 
C-5 C. resinifera - B-a U U/O U/O N N Y 
C-6 C. resinifera - Sab-2 U U U N N Y 

           
D-1 Geotrichum sp.A - Say-4 O O O Y YC YC 
D-2 Geotrichum sp.A - Y-2 O O O Y YC YC 
D-3 Geotrichum sp.A - A-a O O O Y YC YC 
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Fungal growth over WCA2 WCA reduction3 Code Fungus - WCA1 
7 days 11 days 14 days 7 days 11 days 14 days

D-4 Geotrichum sp.A - A-c O O O Y Y YC 
D-5 Geotrichum sp.A - B-a O O O Y YC YC 
D-6 Geotrichum sp.A - Sab-2 O O O Y Y YC 

           
E-1 Geotrichum sp.B - Say-4 O O O Y YC YC 
E-2 Geotrichum sp.B - Y-2 O O O Y YC YC 
E-3 Geotrichum sp.B - A-a O O O Y Y YC 
E-4 Geotrichum sp.B - A-c O O O Y Y YC 
E-5 Geotrichum sp.B - B-a O O O Y YC YC 
E-6 Geotrichum sp.B - Sab-2 O O O Y Y YC 

           
F-1 P. dimorphospora - Say-4 NA U U N N Y 
F-2 P. dimorphospora - Y-2 NA U U N N Y 
F-3 P. dimorphospora - A-a NA U U N N N 
F-4 P. dimorphospora - A-c NA U U N N Y 
F-5 P. dimorphospora - B-a NA U U N N Y 
F-6 P. dimorphospora - Sab-2 NA U U N N Y 

1  WCA = wetwood causal agent. 
2  O = grew over; U = grew under; U/O = grew principally under, but part was over; NA = not available. 
3  N = colony size was not reduced; Y = colony size was reduced; YC = colony was completely absorbed. 
 
Table 9a Fungal and bacteria growth on agar plates in the antagonistic test B (inoculation 
 of  two organisms at the same time) 
 

Fungus - WCA1 Fungal colony diameter (cm) 2 
  3 days 7 days 11 days 14 days 

G. roseum 2.4 (0.0) 5.2 (0.0) 7.9 (0.0) 8.5 (0.0) 
G. roseum - Say-4 2.4 (0.0) 5.0 (0.1) 7.8 (0.1) 8.5 (0.0) 
G. roseum - Y-2 2.3 (0.1) 5.0 (0.1) 7.5 (0.1) 8.5 (0.0) 
G. roseum - A-a 2.4 (0.1) 5.2 (0.1) 8.0 (0.1) 8.5 (0.0) 
G. roseum - A-c 2.4 (0.1) 5.3 (0.1) 8.0 (0.0) 8.5 (0.0) 
G. roseum - B-a 2.2 (0.1) 5.1 (0.1) 7.6 (0.5) 8.5 (0.0) 

G. roseum - Sab-2 2.2 (0.1) 5.0 (0.1) 6.8 (0.2) 8.5 (0.0) 
       

O. piliferum 2.5 (0.1) 5.6 (0.1) 8.2 (0.1) 8.5 (0.0) 
O. piliferum - Say-4 2.5 (0.0) 5.6 (0.1) 8.3 (0.2) 8.5 (0.0) 
O. piliferum - Y-2 2.6 (0.1) 5.5 (0.1) 8.0 (0.2) 8.5 (0.0) 
O. piliferum - A-a 2.4 (0.1) 5.2 (0.1) 7.7 (0.1) 8.5 (0.0) 
O. piliferum - A-c 2.5 (0.1) 5.7 (0.0) 8.4 (0.2) 8.5 (0.0) 
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Fungus - WCA1 Fungal colony diameter (cm) 2 
  3 days 7 days 11 days 14 days 

O. piliferum - B-a 2.4 (0.1) 5.5 (0.1) 7.8 (0.7) 8.5 (0.0) 
O. piliferum - Sab-2 2.4 (0.1) 5.4 (0.2) 6.8 (0.2) 8.5 (0.0) 

      
C. resinifera 1.2 (0.3) 6.5 (0.3) 7.8 (0.3) 7.9 (0.4) 

C. resinifera - Say-4 2.0 (0.4) 7.4 (1.8) 8.3 (0.4) 8.3 (0.3) 
C. resinifera - Y-2 1.8 (0.2) 7.5 (0.4) 8.4 (0.2) 8.5 (0.0) 
C. resinifera - A-a 1.5 (0.3) 6.1 (1.1) 7.1 (1.0) 7.6 (0.7) 
C. resinifera - A-c 2.0 (0.1) 7.7 (0.3) 8.2 (0.3) 8.5 (0.1) 
C. resinifera - B-a 2.5 (0.3) 5.7 (0.7) 8.4 (0.1) 8.5 (0.0) 

C. resinifera - Sab-2 2.1 (0.1) 4.7 (0.3) 6.9 (0.2) 7.4 (0.4) 
       

Geotrichum sp.A 3.2 (0.4) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.A - Say-4 3.1 (0.1) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.A - Y-2 3.4 (0.2) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.A - A-a 3.1 (0.1) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.A - A-c 3.3 (0.2) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.A - B-a 2.4 (0.7) 7.9 (0.4) 8.5 (0.0) 8.5 (0.0) 

Geotrichum sp.A - Sab-2 2.2 (0.1) 7.8 (0.1) 8.5 (0.0) 8.5 (0.0) 
         

Geotrichum sp.B 2.3 (0.2) 7.5 (0.2) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.B - Say-4 3.0 (0.1) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.B - Y-2 2.9 (0.2) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.B - A-a 2.4 (0.2) 8.2 (0.3) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.B - A-c 2.8 (0.2) 8.5 (0.0) 8.5 (0.0) 8.5 (0.0) 
Geotrichum sp.B - B-a 2.0 (0.1) 7.4 (0.6) 8.5 (0.0) 8.5 (0.0) 

Geotrichum sp.B - Sab-2 2.3 (0.2) 7.2 (0.3) 8.5 (0.0) 8.5 (0.0) 
      

P. dimorphospora 1.2 (0.0) 2.2 (0.1) 3.2 (0.1) 4.4 (0.2) 
P. dimorphospora - Say-4 1.2 (0.1) 2.6 (0.1) 3.9 (0.1) 5.2 (0.1) 
P. dimorphospora - Y-2 1.2 (0.1) 2.5 (0.1) 3.6 (0.2) 4.6 (0.2) 
P. dimorphospora - A-a 1.1 (0.1) 2.1 (0.1) 2.9 (0.1) 3.8 (0.4) 
P. dimorphospora - A-c 1.3 (0.1) 2.5 (0.0) 3.6 (0.1) 4.6 (0.1) 
P. dimorphospora - B-a 1.2 (0.1) 2.4 (0.1) 3.3 (0.1) 4.1 (0.2) 

P. dimorphospora - Sab-2 1.0 (0.3) 2.0 (0.3) 2.6 (0.2) 3.4 (0.2) 
1  WCA = wetwood causal agent. 
2  Values are means of 3 replicates, and standard deviations are in parentheses. 
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Table 9b   Antagonistic reaction between fungi and bacteria on agar plates in the test B 
 (inoculation of two organisms at the same time) 
 

Fungal growth over WCA2 (days) WCA reduction3 (days) Code Fungus - WCA1 
3 7 11 14 3 7 11 14 

A-1 G. roseum - Say-4 NA U U U N Y Y Y 
A-2 G. roseum - Y-2 NA U U U N N N N 
A-3 G. roseum - A-a NA U U U N N N N 
A-4 G. roseum - A-c NA U U U N N N N 
A-5 G. roseum - B-a NA U U U N N Y Y 
A-6 G. roseum - Sab-2 NA U U U N Y Y Y 

                    
B-1 O. piliferum - Say-4 NA U U U N N Y Y 
B-2 O. piliferum - Y-2 NA U U U N N N N 
B-3 O. piliferum - A-a NA U U U N N N N 
B-4 O. piliferum - A-c NA U U U N N N N 
B-5 O. piliferum - B-a NA U U U N Y Y Y 
B-6 O. piliferum - Sab-2 NA U U U N Y Y Y 

                    
C-1 C. resinifera - Say-4 NA U U U N N N Y 
C-2 C. resinifera - Y-2 NA U U U N N N N 
C-3 C. resinifera - A-a NA U U U N N N N 
C-4 C. resinifera - A-c NA U U U N N N N 
C-5 C. resinifera - B-a NA U U U N N Y Y 
C-6 C. resinifera - Sab-2 NA U U U N N Y Y 

                    
D-1 Geotrichum sp.A - Say-4 NA O O O N YC YC YC 
D-2 Geotrichum sp.A - Y-2 NA O O O N YC YC YC 
D-3 Geotrichum sp.A - A-a NA O O O N Y Y YC 
D-4 Geotrichum sp.A - A-c NA O O O N Y Y YC 
D-5 Geotrichum sp.A - B-a NA O/U O O N Y YC YC 
D-6 Geotrichum sp.A - Sab-2 NA O/U O O N Y Y YC 

                    
E-1 Geotrichum sp.B - Say-4 NA O O O N YC YC YC 
E-2 Geotrichum sp.B - Y-2 NA O O O N YC YC YC 
E-3 Geotrichum sp.B - A-a NA O O O N Y Y YC 
E-4 Geotrichum sp.B - A-c NA O O O N Y Y YC 
E-5 Geotrichum sp.B - B-a NA O O O N Y Y YC 
E-6 Geotrichum sp.B - Sab-2 NA O/U O O N Y Y YC 
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Fungal growth over WCA2 (days) WCA reduction3 (days) Code Fungus - WCA1 
3 7 11 14 3 7 11 14 

F-1 P. dimorphospora - Say-4 NA NA U U N N N N 
F-2 P. dimorphospora - Y-2 NA NA U U N N N N 
F-3 P. dimorphospora - A-a NA NA U U N N N N 
F-4 P. dimorphospora - A-c NA NA U U N N N N 
F-5 P. dimorphospora - B-a NA NA U U N N N N 
F-6 P. dimorphospora - Sab-2 NA NA U U N N Y Y 

1  WCA = wetwood causal agent. 
2  O = grew over; U = grew under; U/O = grew principally under, but part was over; NA = not available. 
3  N = colony size was not reduced; Y = colony size was reduced; YC = colony was completely absorbed. 
 
Table 10a  Fungal and bacteria growth on agar plates in the antagonistic test C (inoculation 
 of wetwood agents first) 
 

Fungal colony diameter (cm) 2 WCA colony diameter (cm) 3 Fungus - WCA1 
7 days 11 days 14 days 3 days 7 days 11 days 14 days 

G. roseum 3.2 (0.1) 5.4 (0.1) 8.1 (0.2)         
G. roseum - Say-4 3.2 (0.1) 5.2 (0.1) 8.4 (0.2) 0.9 (0.1) 1.2 (0.3) 1.2 (0.3) 1.2 (0.3)
G. roseum - Y-2 3.1 (0.0) 5.3 (0.1) 8.1 (0.0) 1.0 (0.1) 1.6 (0.1) 1.8 (0.2) 1.9 (0.2)
G. roseum - A-a 3.0 (0.1) 5.0 (0.1) 7.4 (0.2) 1.0 (0.1) 1.6 (0.1) 1.8 (0.2) 1.9 (0.2)
G. roseum - A-c 3.4 (0.1) 5.7 (0.1) 8.3 (0.1) 0.9 (0.0) 1.1 (0.1) 1.2 (0.1) 1.2 (0.1)
G. roseum - B-a 3.2 (0.1) 5.4 (0.1) 8.2 (0.3) 1.0 (0.1) 1.5 (0.1) 1.6 (0.1) 1.7 (0.1)

G. roseum - Sab-2 3.4 (0.1) 5.5 (0.1) 8.3 (0.1) 1.0 (0.0) 1.3 (0.1) 1.4 (0.1) 1.4 (0.1)
              

O. piliferum 3.3 (0.1) 5.7 (0.1) 8.5 (0.0)         
O. piliferum - Say-4 3.3 (0.1) 5.8 (0.1) 8.5 (0.0) 1.0 (0.2) 1.8 (0.8) 1.9 (0.7) 1.9 (0.7)
O. piliferum - Y-2 3.3 (0.0) 5.7 (0.1) 8.5 (0.0) 1.1 (0.1) 1.8 (0.3) 1.9 (0.3) 1.9 (0.3)
O. piliferum - A-a 3.3 (0.3) 5.5 (0.2) 7.9 (0.2) 1.0 (0.1) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1)
O. piliferum - A-c 3.4 (0.1) 5.8 (0.1) 8.1 (0.2) 0.9 (0.1) 1.3 (0.1) 1.3 (0.1) 1.5 (0.2)
O. piliferum - B-a 3.5 (0.3) 5.8 (0.1) 8.3 (0.3) 1.0 (0.1) 1.7 (0.5) 1.7 (0.5) 1.8 (0.6)

O. piliferum - Sab-2 3.3 (0.0) 5.4 (0.0) 7.3 (0.0) 1.0 (0.1) 1.5 (0.3) 1.6 (0.2) 1.6 (0.2)
              

C. resinifera 1.7 (0.3) 6.5 (0.2) 8.5 (0.0)         
C. resinifera - Say-4 4. (0.4) 8.2 (0.4) 8.5 (0.0) 1.1 (0.2) 2.1 (0.5) 2.3 (0.8) 2.3 (0.8)
C. resinifera - Y-2 3.5 (0.5) 8.0 (0.5) 8.5 (0.0) 1.0 (0.1) 1.7 (0.4) 1.9 (0.5) 1.9 (0.6)
C. resinifera - A-a 2.1 (0.4) 4.1 (1.3) 7.6 (0.7) 1.0 (0.1) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1)
C. resinifera - A-c 4.4 (0.4) 8.2 (0.2) 8.5 (0.0) 0.9 (0.1) 1.3 (0.2) 1.4 (0.2) 1.7 (0.2)
C. resinifera - B-a 4.7 (1.0) 8.3 (0.3) 8.5 (0.0) 1.0 (0.1) 1.6 (0.4) 1.8 (0.5) 1.8 (0.5)

C. resinifera - Sab-2 3.4 (0.5) 6.0 (0.4) 6.7 (0.4) 1.0 (0.1) 1.4 (0.1) 1.4 (0.1) 1.4 (0.1)
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Fungal colony diameter (cm) 2 WCA colony diameter (cm) 3 Fungus - WCA1 
7 days 11 days 14 days 3 days 7 days 11 days 14 days 

Geotrichum sp.A 4.1 (0.2) 8.5 (0.0) 8.5 (0.0)         
Geotrichum sp.A - Say-4 6.1 (0.3) 8.5 (0.0) 8.5 (0.0) 0.9 (0.1) 1.1 (0.1) 1.1 (0.0) 1.1 (0.0)
Geotrichum sp.A - Y-2 6.1 (0.3) 8.5 (0.0) 8.5 (0.0) 1.1 (0.1) 1.7 (0.2) 1.7 (0.2) 1.7 (0.2)
Geotrichum sp.A - A-a 5.9 (0.1) 8.5 (0.0) 8.5 (0.0) 1.1 (0.1) 1.8 (0.2) 1.8 (0.2) 1.8 (0.2)
Geotrichum sp.A - A-c 6.4 (0.2) 8.5 (0.0) 8.5 (0.0) 1.0 (0.0) 1.4 (0.1) 1.4 (0.1) 1.4 (0.1)
Geotrichum sp.A - B-a 5.7 (0.3) 8.5 (0.0) 8.5 (0.0) 0.9 (0.1) 1.6 (0.3) 1.6 (0.3) 1.6 (0.3)

Geotrichum sp.A - Sab-2 5.0 (0.1) 8.5 (0.0) 8.5 (0.0) 1.1 (0.1) 1.5 (0.1) 1.5 (0.1) 1.5 (0.1)
                

Geotrichum sp.B 5.2 (0.2) 8.5 (0.0) 8.5 (0.0)         
Geotrichum sp.B - Say-4 5.7 (0.3) 8.5 (0.0) 8.5 (0.0) 1.0 (0.1) 1.2 (0.3) 1.2 (0.4) 1.2 (0.4)
Geotrichum sp.B - Y-2 5.5 (0.0) 8.5 (0.0) 8.5 (0.0) 0.9 (0.1) 2.0 (0.3) 2.3 (0.7) 2.3 (0.7)
Geotrichum sp.B - A-a 4.0 (1.4) 7.4 (1.6) 8.5 (0.0) 1.1 (0.1) 1.5 (0.2) 1.5 (0.2) 1.5 (0.2)
Geotrichum sp.B - A-c 3.8 (0.7) 8.5 (0.0) 8.5 (0.0) 0.9 (0.2) 1.4 (0.1) 1.4 (0.2) 1.4 (0.2)
Geotrichum sp.B - B-a 4.4 (1.3) 8.3 (0.4) 8.5 (0.0) 1.0 (0.1) 1.6 (0.3) 1.6 (0.3) 1.6 (0.3)

Geotrichum sp.B - Sab-2 4.1 (0.9) 8.5 (0.0) 8.5 (0.0) 1.1 (0.0) 1.4 (0.1) 1.4 (0.0) 1.4 (0.0)
               

P. dimorphospora 1.4 (0.1) 2.1 (0.1) 2.9 (0.1)         
P. dimorphospora - Say-4 1.7 (0.3) 2.5 (0.1) 3.9 (0.1) 1.1 (0.2) 2.0 (0.8) 2.1 (0.7) 2.1 (0.7)
P. dimorphospora - Y-2 1.6 (0.1) 2.5 (0.1) 4.0 (0.1) 1.1 (0.1) 1.8 (0.2) 1.8 (0.3) 2.1 (0.3)
P. dimorphospora - A-a 1.4 (0.2) 1.9 (0.1) 2.5 (0.3) 1.1 (0.1) 1.5 (0.2) 1.5 (0.2) 1.5 (0.2)
P. dimorphospora - A-c 1.6 (0.0) 2.6 (0.0) 3.5 (0.0) 1.1 (0.1) 1.6 (0.1) 1.7 (0.1) 2.3 (0.3)
P. dimorphospora - B-a 1.5 (0.0) 2.5 (0.1) 3.6 (0.1) 1.0 (0.1) 2.0 (1.1) 2.2 (1.0) 2.4 (1.1)

P. dimorphospora - Sab-2 1.4 (0.2) 2.1 (0.2) 2.9 (0.4) 1.1 (0.1) 1.4 (0.1) 1.6 (0.2) 1.6 (0.2)
              

Say-4       1.1 (0.1) 1.5 (0.4) 1.6 (0.5) 1.6 (0.4)
Y-2       1.0 (0.2) 1.3 (0.2) 1.6 (0.3) 1.7 (0.9)
A-a       1.1 (0.1) 1.3 (0.1) 1.5 (0.2) 1.5 (0.2)
A-c       1.1 (0.1) 1.4 (0.1) 1.6 (0.2) 1.9 (0.3)
B-a       1.0 (0.1) 1.7 (0.4) 2.0 (0.3) 2.0 (0.3)

Sab-2       1.2 (0.0) 1.5 (0.1) 1.6 (0.1) 1.7 (0.2)
1  WCA = wetwood causal agent. 
2  Values are means of 3 replicates, and standard deviations are in parentheses. 
3  Values are means of 9 replicates, and standard deviations are in parentheses. 
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Table 10b  Antagonistic reaction between fungi and bacteria on agar plates in the test C 
 (inoculation of wetwood agents first) 
 

Fungal growth over WCA2 Bacteria reduction 3 Code Fungus - WCA1 
7 days 11 days 14 days 7 days 11 days 14 days

A-1 G. roseum - Say-4 U U U N Y Y 
A-2 G. roseum - Y-2 U U U N N Y 
A-3 G. roseum - A-a U U U N N N 
A-4 G. roseum - A-c U U U N N Y 
A-5 G. roseum - B-a U U U N N Y 
A-6 G. roseum - Sab-2 U U U/O N Y Y 

                
B-1 O. piliferum - Say-4 U/O U U N N Y 
B-2 O. piliferum - Y-2 U/O U U N N Y 
B-3 O. piliferum - A-a U U U N N Y 
B-4 O. piliferum - A-c U U U N N N 
B-5 O. piliferum - B-a U U U N N N 
B-6 O. piliferum - Sab-2 U U U N N Y 

               
C-1 C. resinifera - Say-4 U U U N N Y 
C-2 C. resinifera - Y-2 U U U N N N 
C-3 C. resinifera - A-a U U U N Y Y 
C-4 C. resinifera - A-c U U U N N N 
C-5 C. resinifera - B-a U U U N N Y 
C-6 C. resinifera - Sab-2 U U U N Y Y 

                
D-1 Geotrichum sp.A - Say-4 O O O N YC YC 
D-2 Geotrichum sp.A - Y-2 O O O N YC YC 
D-3 Geotrichum sp.A - A-a O O O N YC YC 
D-4 Geotrichum sp.A - A-c O O O N YC YC 
D-5 Geotrichum sp.A - B-a O O O N YC YC 
D-6 Geotrichum sp.A - Sab-2 O O O N YC YC 

               
E-1 Geotrichum sp.B - Say-4 O O O N YC YC 
E-2 Geotrichum sp.B - Y-2 O O O N YC YC 
E-3 Geotrichum sp.B - A-a O O O N YC YC 
E-4 Geotrichum sp.B - A-c O O O N YC YC 
E-5 Geotrichum sp.B - B-a O O O N YC YC 
E-6 Geotrichum sp.B - Sab-2 O O O N YC YC 
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Fungal growth over WCA2 Bacteria reduction 3 Code Fungus - WCA1 
7 days 11 days 14 days 7 days 11 days 14 days

F-1 P. dimorphospora - Say-4 NA U U N N Y 
F-2 P. dimorphospora - Y-2 NA U U N N N 
F-3 P. dimorphospora - A-a NA U U N Y Y 
F-4 P. dimorphospora - A-c NA U U N N N 
F-5 P. dimorphospora - B-a NA U U N N N 
F-6 P. dimorphospora - Sab-2 NA U U N N Y 

1  WCA = wetwood causal agent; 
2  O = grew over; U = grew under; U/O = grew principally under, but part was over; NA = not available. 
3  N = colony size was not reduced; Y = colony size was reduced; YC = colony was completely absorbed. 
 

 
 
Figure 24 Antagonist test using fungal candidates against SaY-4 on agar plates  
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Figure 25 Antagonist test using fungal candidates against Y-2 on agar plates 
 

 
 
Figure 26 Antagonist test using fungal candidates against A-a on agar plates 
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Figure 27 Antagonist test using fungal candidates against A-c on agar plates 
 

 
 
Figure 28 Antagonist test using fungal candidates against B-a on agar plates 
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Figure 29 Antagonist test using fungal candidates against SaB-2 on agar plates 
 

 
 
Figure 30 Antagonist test  with the most promising candidates, Geotrichum sp.A (bottom left) 
 and Geotrichum sp.B (bottom right), against wetwood causal agent B-a (upper 
 plate) on agar plates 
 
6.5 Antagonist test on wood blocks 
 
At 20 ºC and 75% relative humidity (Table 11),  G. roseum and Geotrichum sp. colonized well on whole 
wood surfaces of balsam fir wetwood samples in 2 weeks, whereas O. piliferum colonized well only on 
the sapwood of samples with a coverage scale of 3 (Figure 31).  The mycelia of these three fungi were 
white on fresh wood surfaces but became transparent when the wood was dried. The untreated control 
samples were also colonized by various molds, such as Trichoderma spp., Aspergillus niger and 
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Cladosporium cladosporioides, on wood surfaces.  In the first 2 weeks, Geotrichum sp. was the most 
effective in reducing wetwood content in samples; it reduced sample average MC from 118% to 31%. G. 
roseum was the second most effective, and it reduced sample average MC from an initial 114% to 35%. 
O. piliferum reduced sample MC from 110% to 40%. Untreated control samples reduced their MC from 
120% to 43%, which was caused by contaminated molds.  In week 4 and after, all wood samples dropped 
their MC to approximately 20%. G. roseum and Geotrichum sp. treated samples kept their original wood 
colors, but untreated control samples were stained by green and black molds and staining fungi (Figure 
32). Comparing biological pre-dried and original wetwood samples, the wetwood in treated samples 
disappeared in two weeks, and the difference between treated and untreated samples was clearly seen 
(Figure 33). 
 
At 20ºC and 100% relative humidity (Table 12), G. roseum fully covered the whole wood surfaces of the 
samples in 2 weeks, whereas O. piliferum only colonized sapwood of samples. Geotrichum sp. treated 
samples were often contaminated with a green mold, Trichoderma harzianum, and the two fungi grew 
together on wood surfaces. The untreated control samples were colonized by various molds and staining 
fungi, including Aspergillus niger, Ophiostoma piceae, Rhizopus sp., Cladosporium cladosporioides and 
Trichoderma spp. (Figure 34).  At the end of the test, all untreated samples became black stained by these 
contaminated fungi.  Even if wood samples were well colonized by these fungi, the moisture contents of 
samples were not significantly reduced during the testing period. This is not an indication that these fungi 
are not effective in reducing wetwood in samples, but this might have been caused by continuous 
absorption of water from the air by wood samples, and the water consumption speed by the fungi was 
equal or less than the wood absorption speed.  This result indicates that biological pre-dry wetwood 
samples should not be done at this high relative humidity environment.   
 
Table 11 Balsam fir wetwood blocks treated with potential control agents at 20ºC and 75% 
 RH 
 

Fungal treatment Time 
(weeks) 

Initial MC % 
Average (SD) 

After MC % 
Average (SD) 

Colonization of 
inoculum (0-5)1 

Molds, stain2 
(0-5) 

Gliocladium roseum 2 114 (5.5) 35 (12.2) 5 (0.0) 0 (0.0) 
  4 128 (5.3) 20 (0.8) 5 (0.0) 0 (0.0) 
  6 90 (8.7) 19 (8.4) 5 (0.0) 0 (0.0) 
  8 125 (13.4) 19 (0.1) 5 (0.0) 0 (0.0) 

Ophiostoma piliferum 2 110 (5.6) 40 (15.5) 3 (0.9) 0 (0.0) 
  4 147 (12.3) 26 (6.1) 5 (0.0) 0 (0.0) 
  6 131 (34.6) 19 (0.2) 5 (0.0) 0 (0.0) 
  8 98 (10.6) 19 (0.3) 5 (0.0) 0 (0.0) 

Geotrichum sp.B 2 118 (7.1) 31 (9.3) 4.3 (0.5) 0 (0.0) 
  4 132 (9.6) 20 (0.5) 5 (0.0) 0 (0.0) 
  6 130 (21.1) 19 (0.3) 5 (0.0) 0 (0.0) 
  8 139 (5.2) 19 (0.1) 5 (0.0) 0 (0.0) 

Untreated 2 120 (30.3) 43 (24.6) 0 (0.0) 0.8 (0.4) 
  4 110 (24.3) 19 (0.6) 0 (0.0) 2.2 (1.2) 
  6 89 (28.5) 19 (0.4) 0 (0.0) 2.3 (0.8) 
  8 152 (16.1) 20 (0.1) 0 (0.0) 4 (0.0) 

1 Fungal colonization scale: 0 = no fungal growth; 1 = fungal growth on <5% of wood surface; 2 = fungal growth on 
5-25% of wood surface; 3 = fungal growth on 25-50% of wood surface; 4 = fungal growth on 50-75% of wood 
surface; 5 = fungal growth on >75% of wood surface. 
2 Mold and stain infection of untreated samples came from Aspergillus niger, Cladosporium cladosporioides, 
Ophiostoma piceae, Rhizopus sp., and Trichoderma harzianum. 
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Table 12 Balsam fir wetwood blocks treated with potential control agents at 20ºC and 100% 
 RH 
 

Treatment Time Initial MC %  After MC %  Colonization of Molds, stain2 
  (weeks) Average (SD) Average (SD) inoculum (0-5)1 (0-5) 

Gliocladium roseum 2 112 (13.9) 119 (14.3) 4.5 (0.8) 0 (0.0) 
  4 104 (4.2) 110 (6.5) 5 (0.0) 0 (0.0) 
  6 117 (24.7) 123 (24.4) 5 (0.0) 0 (0.0) 
  8 120 (11.3) 126 (12.7) 5 (0.0) 0 (0.0) 

Ophiostoma piliferum 2 113 (31.2) 112 (31.3) 1.5 (0.8) 0 (0.0) 
  4 133 (5.0) 136 (6.4) 4.7 (0.8) 0 (0.0) 
  6 151 (17.3) 156 (16.3) 5 (0.0) 0 (0.0) 
  8 122 (21.5) 127 (23.8) 3.5 (0.6) 1.5 (0.6) 

Geotrichum sp.B 2 116 (14.6) 120 (13.4) 2.5 (0.6) 2.2 (0.8)  
  4 143 (8.7) 146 (10.8) 2.3 (0.5) 2.7 (0.5) 
  6 133 (5.1) 132 (6.5) 3 (0.0) 2 (0.0) 
  8 149 (6.0) 146 (5.0) 3.3 (0.5) 1.7 (0.5) 

Untreated 2 118 (21.6) 119 (20.2) 0 (0.0) 1.3 (1.4)  
  4 82 (6.0) 80 (4.0) 0 (0.0) 2.3 (0.8) 
  6 120 (43.3) 115 (40.3) 0 (0.0) 3.7 (0.5) 
  8 143 (12.8) 133 (16.2) 0 (0.0) 5 (0.0) 

1 Fungal colonization scale: 0 = no fungal growth; 1 = fungal growth on <5% of wood surface; 2 = fungal growth on 
5-25% of wood surface; 3 = fungal growth on 25-50% of wood surface; 4 = fungal growth on 50-75% of wood 
surface; 5 = fungal growth on >75% of wood surface. 
2 Infection of Geotrichum sp. treated samples come from a mold, Trichoderma harzianum; however, mold and stain 
infection of untreated samples came from Aspergillus niger, Cladosporium cladosporioides, Ophiostoma piceae, 
Rhizopus sp., and Trichoderma harzianum. 
 

 
 
Figure 31 Fungal colonization on wood blocks by wetwood control candidates, Gliocladium 
 roseum (left) and Geotrichum sp.B (right) 
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Figure 32 Antagonist test using fungal candidates, Gliocladium roseum (upper left) and 
 Geotrichum sp.B (upper right),  against wetwood on wood blocks at 20ºC and 75% 
 RH 
 

 
 
Figure 33 Wetwood blocks before (right) and after (left) bio-drying 
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Figure 34 Antagonist test using fungal candidates, Gliocladium roseum (upper left) and 
 Geotrichum sp.B (upper right),  against wetwood on wood blocks at 20ºC and 
 100% RH 
 
6.6 Anti-sapstain test with the wetwood control candidate, Geotrichum sp.  
 
In this test, similar results were obtained by using two isolates of Geotrichum sp (Table 13). When balsam 
fir wood wafers were inoculated with Geotrichum sp. 3 days before the staining fungi, no staining fungi 
grew on these samples. Wood wafers were covered with mycelia of Geotrichum sp. and a contaminate 
mold, Trichoderma harzianum (Figure 35). When wood wafers were inoculated with Geotrichum sp. and 
staining fungi at the same time, samples were covered with Geotrichum sp. and the staining fungus, 
Ophiostoma piceae in an approximate ratio of 1:1. The average wood stain scale of these samples was 2. 
When wood wafers were inoculated with staining fungi 3 days before Geotrichum sp., samples were 
entirely covered with the staining fungus, O. piceae, with an average wood stain scale of 5. 
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Table 13 Antagonistic test between Geotrichum sp. and sapstain fungi on wood wafers 
 

Stain Evaluations (0-5)1 Treatment 
Average2 SD 

Fungal colonization 

Geotrichum sp.A + stain fungi at the 
same time 

2.1 
 

1.37 
 

Geotrichum sp.A + Ophiostoma 
piceae 

Geotrichum so.A first + stain fungi 3 
days later 

0.0 
 

0.00 
 

Geotrichum sp.A + Trichoderma 
harzianum  

Stain fungi first + Geotrichum sp.A 3 
days later 

4.5 
 

0.71 
 

Ophiostoma piceae 
 

Geotrichum sp.A alone 
 

0.0 
 

0.00 
 

Geotrichum sp.A + Trichoderma 
harzianum  

Geotrichum sp.B + stain fungi at the 
same time 

1.7 
 

1.42 
 

Geotrichum sp.B + Ophiostoma 
piceae 

Geotrichum sp.B first + stain fungi 3 
days later 

0.0 
 

0.00 
 

Geotrichum sp.B + Trichoderma 
harzianum  

Stain fungi first + Geotrichum sp.B 3 
days later 

4.7 
 

0.67 
 

Ophiostoma piceae 
 

Geotrichum sp.B alone 
 

0.0 
 

0.00 
 

Geotrichum sp.B + Trichoderma 
harzianum  

Stain fungal spores alone 5.0 0.00 Ophiostoma piceae 
1 Wood stain scale: 0 = no stain; 1= <5% wood surface area stained; 2 = 5-25% wood surface area stained; 3 = 25-
50% wood surface area stained; 4 = 50-75% wood surface area stained; 5 = 75-100% wood surface area stained. 
2 Values are means of 10 replicates. 
 

 
 
Figure 35 Anti-sapstain test on wood wafers using wetwood control candidates, Gliocladium 
 roseum (upper left) and Geotrichum sp.B (upper right) 
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6.7 Effect of environmental conditions on the selected wetwood control candidate, 
Geotrichum sp. 

 
6.7.1 Effect of temperature on fungal growth of Geotrichum sp. 
 
The effect of temperature on the growth of Geotrichum sp. is presented in Table 14a. The best 
temperature for the growth of Geotrichum sp. is 25°C; the fungal colony reached 7.7 cm in diameter on 
the agar plate in 7 days.  At 20°C, the growth of Geotrichum sp. reduced to 7.02 cm, and at 15°C, the 
growth of Geotrichum sp. further reduced to 4.05 cm. The growth of Geotrichum sp. was very poor at 
10°C, which was only 1.87 cm, and the minimal growth (0.23 cm) was detected at 5°C.  No growth of 
Geotrichum sp. was detected at a temperature over 30°C. However, after exposure to 5°C, 30°C, 35°C 
and 40°C, the plates were incubated again at 25°C for another 7 days, the growth of Geotrichum sp. in 
most plates was resumed, except for the plates exposed to 40°C where no fungal growth was resumed 
(Table 14b).  From these data, it can be summarized that Geotrichum sp. starts growth at 5°C, gets an 
optimal growth between 20-25°C, stops growth at 30°C, and dies at 40°C. 
 
Table 14a Effect of temperature on the growth of Geotrichum sp. 
 

Temperatures (°C)  Average fungal colony growth (cm) for 7 days SD 
5 0.23 0.40 

10 1.87 0.25 
15 4.05 0.57 
20 7.02 0.38 
25 7.70 0.38 
30 0.00 0.00 
35 0.00 0.00 
40 0.00 0.00 

 
Table 14b Resuming growth of Geotrichum sp. at 25°C after previous harsh temperature 
 exposure 
 

Harsh temperature exposure (°C)  Average fungal growth at 25°C(cm) for 7 days SD 
5 5.77 4.39 

30 5.42 4.69 
35 5.33 4.62 
40 0.00 0.00 

 
6.7.2 Effect of pH on fungal growth of Geotrichum sp. 
 
The results of the effect of pH on the growth of Geotrichum sp. are presented in Table 15. Geotrichum sp. 
grew best at pH 6 (8.42 cm), but little difference was detected between pHs 3 and 10.  The growth of 
Geotrichum sp. was significantly reduced at pHs 2 (4.97 cm) and 11 (5.80 cm). These results 
demonstrated that Geotrichum sp. has a wide range of pH requirement, and it can grow well in a medium 
at pHs between 3 and 10.    
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Table 15 Growth of Geotrichum sp. at different pH levels of a MEA medium 
 

pH Average fungal colony size (cm) for 7 days SD 
2 4.97 0.32 
3 7.13 1.18 
4 8.20 0.00 
5 7.43 0.82 
6 8.42 0.16 
7 8.25 0.05 
8 8.02 0.37 
9 7.92 0.71 

10 8.30 0.05 
11 5.80 0.74 

 
6.7.3 Effect of wood moisture content on fungal growth of Geotrichum sp. 
 
The wood moisture content (MC) significantly affects the growth of Geotrichum sp.  No growth of 
Geotrichum sp. was detected on balsam fir wood blocks at 26% MC or less (Table 16). The fungus started 
to grow at 29% MC, and the speed of the growth increased along with the increase of MC in wood. The 
best fungal growth of Geotrichum sp. in this test was on wood blocks containing 56% MC, where the 
fungal colony reached 4.55 cm diameter in 10 days. 
 
Table 16 Growth of Geotrichum sp. at different moisture contents of wood blocks 
 

Time of wood block in water 
(h) 

MC of wood blocks 
(%)  

Average fungal colony 
size (cm) for 10 days 

SD 
 

0.0 7 0.00 0.00 
0.5 20 0.00 0.00 
1.0 23 0.00 0.00 
2.0 26 0.00 0.00 
4.0 29 1.55 0.26 
6.0 34 1.25 1.25 
8.0 40 2.50 0.58 

24.0 46 2.93 2.54 
32.0 54 4.33 0.18 
48.0 56 4.55 0.13 

   
6.7.4 Effect of wood species on fungal growth of Geotrichum sp. 
 
Geotrichum sp. was able to grow on wood blocks of jack pine, black spruce, balsam fir, sub-alpine fir and 
aspen as white mycelia mass (Figure 36). The colonized wood did not change its original wood color, but 
the fungus was easier to see from the sides of the wood block (Figure 37) than from the surfaces. 
Geotrichum sp. grew better on wood blocks of jack pine (4.64 cm), balsam fir (4.60 cm) and black spruce 
(4.08 cm) than on sub-alpine fir (2.25 cm) and aspen (1.52 cm) (Table 17). 
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Figure 36 Growth of Geotrichum sp. on the surface of an aspen wood block 
 

 
 
Figure 37 Growth of Geotrichum sp. on the side of a jack pine wood block  
 
Table 17 Growth of Geotrichum sp. on wood blocks of different species 
 

Wood species 
 

Adjusted MC of wood blocks (%) 
  

Average fungal colony size (cm) 
for 10 days 

SD 
 

Jack pine 51 4.64 0.35 
Black spruce 50 4.08 0.14 

Balsam fir 50 4.60 0.20 
Sub-alpine fir 51 2.25 0.84 

Aspen 51 1.52 1.46 
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6.7.5 Compatibility of Geotrichum sp. and the anti-sapstain fungus Gliocladium roseum 
 
When culturing Geotrichum sp. and Gliocladium roseum mycelium plugs separately (2 locations) in a 
same agar plate, Geotrichum sp. grew faster than Gliocladium roseum did (Figure 38, left plate). In 7 days 
at 25ºC, the size of Geotrichum sp. colony was 6.52 cm in diameter, whereas the Gliocladium roseum 
colony was 4.87 cm (Table 18).  The 2 fungal colonies met in 9 days and no antibiotic or incompatible 
growth reaction was observed (Figure 38, left plate).  When mixing spores of Geotrichum sp. and 
Gliocladium roseum together and applied in a same agar plate, the 2 fungal grew together.  Geotrichum 
sp. appeared as white mycelia and Gliocladium roseum produced yellowing pigment in the medium 
(Figure 38, right plate). Again, no antibiotic or growth incompatible reaction of the 2 fungi was observed 
in this test.  However, in both tests, it was observed that growing Geotrichum sp. and Gliocladium roseum 
together stimulated spore production for both fungi. 
 
 

 
 
Figure 38 Growth competition of Geotrichum sp. and Gliocladium roseum on MEA medium 
 (left, the 2 fungi in 2 locations; right, mixing 2 fungi together)    
 
Table 18 Fungal growth competition of Geotrichum sp. and Gliocladium roseum 
 

Fungal species Average fungal colony growth (cm) for 7 days SD 
Geotrichum sp 6.52 0.03 

Gliocladium roseum 4.87 0.06 
 
6.8 Laboratory test of the selected wetwood control candidates on lumber  
 
After an 8-week storage period in the laboratory conditions (20°C and 70% RH), untreated boards were 
fully covered by molds and stain.  All boards were affected by more than 25% of board surface areas, 
which is usually considered as unacceptable for use (Figures 39 and 40; Table 19). Molds and stain also 
affected some of the biological treated boards, but the severity of the infection was lighter. Among the 4 
biological control agents used, Geotrichum sp.B treated boards got a minimal infection rate of 1.7, and 
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75% of boards was rated less than 2, which is considered as acceptable (Figure 40; Table 19). The 
infection rate of G. roseum treated boards was 1.9 which is much close to Geotrichum sp.B treated 
boards, and 63% of boards was acceptable. Compared with Geotrichum sp.B, Geotrichum sp.A was a 
little less effective to control molds and stain, and the boards treated with this fungus got an infection rate 
of 2.3, with 58% of the boards acceptable. The infection rate of the white O. piliferum treated boards were 
also reduced to 3, with 35% of acceptable pieces.  The temperature profile for kiln drying these boards is 
presented in Figure 41.  The dry temperature of the kiln was well controlled at 74ºC at the beginning and 
82ºC at the end of the program. The wet temperature of the kiln was 68ºC at the beginning and 54ºC at the 
end of the drying process. 
 

 
 
Figure 39 Geotrichum sp.B treated (upper pile) and untreated (bottom pile) boards after 
 laboratory storage    
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Figure 40 Stain infection rates of boards by different treatments in the laboratory test    
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Table 19 Stain development on boards after an 8-week storage period in the laboratory test 
 

Treatment Stain, mold growth (0-5) Lumber pieces (%) 
  Average SD Acceptable Not acceptable Clean 

G. roseum 1.9 1.2 63 38 18 
White O. piliferum 3.0 1.2 35 65 0 
Geotrichum sp.A 2.3 1.1 58 43 3 
Geotrichum sp.B 1.7 1.0 75 25 13 
Untreated control 4.2 0.8 0 100 0 
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Figure 41 Temperature profiles recorded by sensors during kiln drying    
 
After an 8-week storage period in the laboratory conditions, untreated boards had an average moisture 
content (MC) of 102% (Table 20, at 0 hour before drying), and all biological treated boards had a lower 
MC, compared with the untreated boards.  The boards treated with white O. piliferum, Geotrichum sp.A 
and Geotrichum sp.B had a similar average MC, ranging from 65-70%, whereas those treated with G. 
roseum had an average MC of 80%.  The 22-37% MC differences between biological treated and 
untreated boards could be considered as the reduction of wetwood contents in boards caused by the 
treatment. During kiln drying, the MCs of bio-treated and untreated boards were continually decreased 
with increasing drying time (Table 20; Figure 42). After 96 hours in the drying process, the MCs of 
biological treated boards were reduced to 9-10%, where MC of untreated boards was 15%.  To further dry 
the untreated boards to the same level of MC as the bio-treated boards, an increase of drying time by 10% 
(10.5 hours) is required. 
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Table 20  MC of boards at different kiln drying times in the laboratory test 
 

Treatment Value MC (%) at different hours of kiln drying 
    0 7 23 30 48 72 96 

G. roseum Average 79.5 76.5 53.5 47.0 35.1 25.2 9.7 
  SD 27.9 26.9 21.5 19.5 15.4 11.2 3.9

White O. piliferum Average 64.7 60.9 43.5 39.0 30.9 24.1 10.1 
  SD 22.4 21.1 16.1 14.5 11.4 7.7 2.7

Geotrichum sp.A Average 67.4 64.2 46.0 40.4 30.6 22.4 9.1 
  SD 24.7 24.9 18.7 16.8 13.2 9.4 2.9

Geotrichum sp.B Average 69.5 65.5 46.1 40.4 30.3 22.9 8.8 
  SD 21.9 21.0 17.1 15.4 12.0 9.7 2.4

Untreated control Average 101.7 97.7 67.6 58.6 43.3 30.5 15.0 
  SD 35.7 33.3 26.8 25.1 22.5 18.3 9.3

 

0

10

20

30

40

50

60

70

80

90

100

110

0 7 23 30 48 72 96

Drying Time (hours)

M
oi

st
ur

e 
C

on
te

nt
 (%

)

G. roseum
White Op
Geotrichum sp. A
Geotrichum sp.B
Untreated control

 
Figure 42 Moisture contents of bio-treated and untreated boards at different kiln drying 
 times after storage in the laboratory conditions     
 
After drying, 55% of untreated boards had crook, bow and twist, and 38% had splits and checks (Table 
21; Figure 43). The total deformation rate of untreated boards was 77%. Compared with untreated 
controls, the biological treated boards reduced the warping rate by 5-20%, but increased the checking rate 
by 5-12% (Table 21). The total drying deformation rate was reduced by 5% with the best biological 
treatment, G. roseum (Figure 43). Regarding lumber quality, untreated boards were either stained, 
checked or warped, none of the boards were sound (Table 22). For G. roseum treated lumber, 24% of the 
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boards were sound without any defects, whereas Geotrichum sp.B treated boards were 23%. For white O. 
piliferum treated boards, only 8% were sound. 
 
Table 21 Deformation development on kiln dried boards in the laboratory test 
 

Treatment Warping % Checking % Without deformation % 
G. roseum 35 50 38 

White O. piliferum 50 50 23 
Geotrichum sp.A 50 43 33 
Geotrichum sp.B 40 48 30 
Untreated control 55 38 33 
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Figure 43 Deformation rates of bio-treated and untreated boards after kiln drying in the 
 laboratory test    
 
Table 22 Summary of lumber quality for different treatments in the laboratory test 
 

Treatment Staining % Warping % Checking % Sound % 
G.  roseum 38 35 50 24 

White O. piliferum 65 50 50 8 
Geotrichum sp.A 43 50 43 19 
Geotrichum sp.B 25 40 48 23 
Untreated control 100 55 38 0 

 
6.9 Field test of the selected wetwood control candidates on lumber 
 
In the field conditions, after 8 weeks in storage, untreated boards were 100% affected by molds and stain, 
with an infection rate of 3.3 and 25% of acceptable boards (Table 23; Figures 44 & 45). The best 
treatment was with the combination of G. roseum and Geotrichum sp.B in an alkaline solution; boards 
treated with this solution were quite clear and only 6% of the boards was affected at an infection rate of 
0.1 (Figures 46 & 47; Table 23). The second most effective treatment was with the combination of 
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Geotrichum sp.B and G. roseum in water, which had an infection rate of 1.3, and 86% of boards was 
acceptable (Table 23; Figure 45). The infection rate of Geotrichum sp.B treated boards was 1.5, and 78% 
of boards was acceptable. Compared with other treatments, boards treated with G. roseum alone was the 
least effective to control molds and stain, with an infection rate of 2.3, and 58% of the boards acceptable.  
 
The temperature profile for the kiln drying of these boards was the same as the one in the laboratory test 
shown in Figure 41 above.  The dry temperature of the kiln was 74ºC at the beginning and 82ºC at the 
end, and the wet temperature of the kiln was 68ºC at the beginning and 54ºC at the end of the drying 
process. 
 

 
 
Figure 44 Side view of untreated  boards after field storage    
 
Table 23 Stain development on boards after storage in the field test 
 

Treatment Stain, mold Growth (0-5) Lumber Pieces (%) 
  Average SD Acceptable Not acceptable Clean

G. roseum 2.3 1.7 58 42 18 
Geotrichum sp. 1.5 1.3 78 22 28 

G. roseum+Geotrichum sp. 1.3 1.1 86 14 24 
G. roseum+Geotrichum sp. +alkaline 0.1 0.2 100 0 94 

Untreated control 3.3 1.1 25 75 0 
Fresh 0.0 0.0 100 0 100 
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Figure 45 Stain infection rates of boards by different treatments in the field test    
 

 
 
Figure 46 Side view of boards treated with G. roseum +Geotrichum sp.+alkaline after the 
 field storage    
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Figure 47 Surface view of boards treated with G. roseum +Geotrichum sp.+alkaline after the 
 field storage    
 
Fresh boards had an initial average MC of 125% (Table 24, at 0 hour before drying). After an 8-week 
storage period in the field conditions, untreated boards dried faster than bio-treated boards and had an 
average MC of 41% (Table 24, at 0 hour).  All biological treated boards, except for those treated with G. 
roseum alone, had similar MCs after the storage, between 47-56%.  The boards treated with G. roseum 
alone had the highest MC (70%) after the field storage.  During kiln drying, the MCs of all boards were 
continually decreased when the drying time increased (Table 24; Figure 48). After 90 hours of the drying 
process, the MCs of biological treated and untreated boards were reduced to a similar level, between 10-
13%, whereas fresh boards were still at 27% MC (Table 24; Figure 48).  To further dry fresh boards to the 
same level as the bio-treated or untreated boards, it would still take a further 2 days of the drying process.  
 
Table 24 MC of boards at different kiln drying times in the field test 
 

Treatment Value MC (%) at different hours of kiln drying 
    0 22 46 70 90 

G. roseum Average 69.9 49.5 32.6 19.4 12.4 
  SD 23.2 20.2 15.5 11.0 6.3

Geotrichum sp. Average 46.9 34.0 24.8 15.6 9.8 
  SD 16.5 13.2 9.8 6.5 4.5

G. roseum+Geotrichum sp. Average 52.8 41.3 30.9 20.4 12.8 
  SD 18.6 14.6 10.8 7.5 4.8

G. roseum+Geotrichum sp.+alkaline Average 56.4 44.9 34.5 23.1 11.6 
  SD 18.2 15.1 11.6 7.9 6.3

Untreated control Average 40.5 31.9 25.1 18.4 9.6 
  SD 18.3 14.8 11.7 9.4 3.8

Fresh Average 124.9 97.7 70.2 41.2 27.0 
  SD 31.3 26.7 23.5 19.0 12.3
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Figure 48 Moisture contents of bio-treated and untreated boards at different kiln drying 
 times after storage in the field conditions     
 
After kiln drying, untreated boards had the highest rates of warping (52%), checking (63%), and total 
deformation (81%) (Table 25; Figure 49). Compared with untreated controls, the biological treated boards 
reduced the rate of crook, bow and twist by 2-13%, and reduced the rate of split and check by 3-30%. The 
total drying deformation rate was reduced by 5-22%, depending on the treatments. For lumber quality, 
untreated lumber had the lowest rate (5%) of sound boards (Table 26). G. roseum treated lumber had 24% 
of sound boards, whereas Geotrichum sp. treated lumber had 19%. Mixing G. roseum and Geotrichum sp. 
improved the efficacy of the treatment with 26% of sound boards, whereas the best treatment was with G. 
roseum plus Geotrichum sp. in alkaline solution that resulted 30% of sound boards. By this best bio-
treatment, the wood quality was improved by 5% compared with freshly kiln dried wetwood lumber and 
by 25% compared with pre-air dried boards.   
 
Table 25 Deformation development on kiln dry boards in the field test 
 

Treatment Warping % Checking % Without deformation % 
G. roseum 39 33 41 

Geotrichum sp. 50 60 24 
G. roseum+Geotrichum sp. 39 55 30 

G. roseum+Geotrichum sp.+alkaline 50 40 30 
Untreated control 52 63 19 

Fresh 39 56 25 
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Figure 49 Deformation rates of bio-treated and untreated boards after kiln drying in the field 
 test    
 
Table 26 Summary of lumber quality for different treatments in the field test 
 

Treatment Staining % Warping % Checking % Sound % 
G. roseum 42 39 33 24 

Geotrichum sp. 22 50 60 19 
G. roseum+Geotrichum sp. 14 39 55 26 

G. roseum+Geotrichum sp.+alkaline 0 50 40 30 
Untreated control 75 52 63 5 

Fresh 0 39 56 25 
 
6.10 CT detection of wetwood in lumber before and after the bio-treatment 
 
Under the CT scanner, the latewood of a growth ring absorbed more X-ray radiation than the early wood, 
and knots absorbed more than the normal wood tissues. Therefore, the latewood and knots are whiter than 
the other tissues and are clearly seen on the picture (Figure 50). Water absorbed considerably more 
radiation than wood tissues, even more than later wood and knots, therefore, under the CT scanner the 
presence of water and its location was clearly identified inside a piece of lumber (Figures 51 to 54). In the 
study, wetwood was found in heartwood, in sapwood, or in both wood zones (Figures 51 and 52), 
appearing as white streaks or irregular shape and tending to be associated with knots and wounds. For 
balsam fir, the wetwood had a similar water content as the normal fresh sapwood of the trees and it 
appeared as a similar intensity of white color on CT pictures (Figures 52 and 53). However, the normal 
sapwood has regular shapes along tree annual rings (Figure 53), but wetwood does not (Figure 52). After 
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the bio-treatment of boards with the wetwood control agent, Geotrichum sp., the wetwood contents (white 
area) of the boards were significantly reduced (Figure 54). 
  

 
 
Figure 50 A CT picture of normal jack pine wood without wetwood present  
 

 
 
Figure 51 Wetwood present in heartwood of balsam fir  
 

 
 
Figure 52 Wetwood present in both heartwood and sapwood of balsam fir  
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Figure 53 Normal fresh sapwood of balsam fir  
 

 
 
Figure 54 Wetwood of balsam fir lumber after the bio-treatment 
 
6.11 Economical analysis 
 
6.11.1 Lumber volume and value losses caused by wetwood 
 
1) Occurrence of wetwood in different wood species   
 
Wetwood occurs in both softwood and hardwood species, but the severity and occurrence frequency are 
varies in different species. The occurrence of wetwood in major Canadian commercial wood species is 
listed in Table 27 (Ward and Pong 1980). In Canada, wetwood occurs prevalently in hemlock, true fir and 
poplar. It also presents frequently in pine, larch, elm, red oak and ash.  For other species, wetwood may 
be found in trees of one region but not in another region.  
 
Table 27 Occurrence of wetwood  in major commercial wood species in Canada 
 

Species Frequency1 
Softwood:  

Douglas-fir (Pseudotsuga menziesii) * 
Western hemlock (Tsuga heterophylla) *** 
Eastern hemlock (Tsuga canadensis) *** 

Balsam fir (Abies balsamea) *** 
Subalpine fir (Abies lasiocarpa) *** 

White spruce (Picea glauca) * 
Black spruce (Picea mariana) * 

Red spruce (Picea rubens) * 
Jack pine (Pinus banksiana) * 
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Species Frequency1 
Eastern white pine (Pinus strobus) ** 

Western white pine (Pinus monticola) ** 
Lodgepole pine (Pinus contorta) ** 

Red pine (Pinus resinosa) * 
Tamarack (Larix laricina) ** 

Western Larch (Larix occidentalis) ** 
Eastern white cedar (Thuja occidentalis) * 

Western red cedar (Thuja plicata) * 
Hardwood:  

Sugar maple (Acer saccharum) * 
Red maple (Acer rubrum) ** 

Silver maple (Acer saccharinum) * 
Black maple (Acer nigrum) * 

Yellow birch (Betula alleghaniensis)  ** 
Paper birch (Betula papyrifera) ** 

Trembling aspen (Populus tremuloides) ** 
Eastern cottonwood (Populus deltoides) *** 

Balsam poplar (Populus balsamifera) *** 
Black cottonwood (Populus trichocarpa) *** 

Largetooth aspen (Populus grandidentata) ** 
White oak (Quercus alba) * 

Bur oak (Quercus macrocarpa) * 
Swamp oak (Quercus bicolor) ** 

Chinquapin oak (Quercus muehlenbergii) * 
Chestnut oak (Quercus prinus) * 

Red oak (Quercus rubra) ** 
Black oak (Quercus velutina) ** 
Pin oak (Quercus palustris) ** 

White ash (Fraxinus americana) ** 
Black ash (Fraxinus nigra) ** 

Black walnut (Juglans cinerea) ** 
Butternut (Juglans nigra) * 

Black cherry (Prunus serotina) ** 
Bitternut hickory (Carya cordiformis) ** 

Shagbark hickory (Carya ovata) * 
Pignut hickory (Carya glabra) * 

American elm (Ulmus americana) ** 
Slippery elm (Ulmus rubra) ** 
Rock elm (Ulmus thomasii) * 

1  * = occasional; ** = frequent; *** = prevalent. The main information came from Ward and Pong 1980. 
 
2) Economical losses from lumber defects  
 
The invasion of bacteria in wood can cause weaker bonding between the wood cells, and then result in 
ring separation (shake) in radial or tangential directions. The same weakening of pectic substances of the 
middle lamella causes checking, honeycomb, warping, bow and twist of the products during kiln drying. 
Wood products with shakes and cracks are rejected for construction grade lumber, and those with checks 
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and honeycomb are sawn away. Losses in product volume and value associated with these defects are 
significant. The previous studies (Ward and Pong, 1980) showed that 8-25% of wood volume loss came 
from shake and honeycomb, and 7-48% of the total products were degraded in value as a result of defects 
in wetwood. For SPF kiln dried lumber, the downgrade from premium to No.3 will reduce average sell 
price approximately by $215 per Mbfm, and those from No. 2 & better downgrade to No.3 will reduce 
average price approximately by $125 per Mbfm in 2005; which represents an average sell price reduction 
by $170 per Mbfm for downgrading associated with wetwood (Garrahan, 2006). A recent study by 
Forintek (Trembley, 2003) showed that 6.2% of 2”x4” balsam fir lumber was degraded or ‘kiln wet’ after 
kiln drying to a MC of 19.2%, and the loss of lumber value was approximately $24 per Mbfm. However, 
the degrading level of lumber was dramatically affected by the final MC level, the more dried lumber, the 
more degrading happened. The study showed that when 2”x4” SPF lumber was dried to 12% MC, the 
value loss due to degradation was increased 47% compared to those lumber dried to 19% MC (Garrahan 
and Cane, 1988). Considering this factor, drying balsam fir lumber to 12% MC, the value loss will 
encounter to $35 per Mbfm. Studies from US showed the degrading losses with drying defects associated 
with wetwood was 38-40 $US per Mbfm for softwood (hem-fir) dimensional lumber and 34-139 $US per 
Mbfm for hardwood (red oak) (Ward and Pong, 1980). 
 
3) Economical losses from lumber uneven moisture content and energy consumption 
 
The economical losses can also result from uneven moisture content in wetwood lumber and extra energy 
consumption for kiln drying.  The kiln-dried softwood dimensional lumber is required 19% moisture 
content or less. In order to assure 95% of dried lumber is under this required MC point, the softwood 
lumber is commonly dried to 15% MC, but fir (balsam and sub-alpine) has to be dried as low as 12%. 
Lumber with wetwood may require double drying time in the kiln to reach the required MC.   
 
To reduce drying defects, lumber with wetwood needed to be dried by slow drying rates and a prolonged 
drying time, which in turn increases drying cost. Using typical 250 Mbfm kiln to dry 2”x4” normal SPF 
lumber (most spruce and pine) from 65% MC to 15% commonly requires 36 hours and energy (natural 
gas) consumption  will cost $4600 per kiln charge (Cai, 2006), and drying cost will be $18/Mbfm. 
To dry 2”x 4” wetwood contained fir (balsam and sub-alpine) lumber, the time will be required minimally 
doubled, and the energy cost will be over $40/Mbfm if using natural gas as energy. In the eastern Canada, 
most sawmills use wood residues as kiln drying energy; the drying cost may be reduced by 50%, 
compared with using natural gas as kiln energy (Garrahan, 2006).     
 
Air-drying or pre-air drying lumber prior kiln drying, which is the current method used for drying lumber 
with wetwood, can reduce a certain amount of wood moisture content and, thereby, reduce kiln dry time. 
However, during air-drying period, boards are often stained by various moulds and staining fungi, 
especially during raining periods. The appearance of lumber is not welcomed by customers, and the sell 
price is affected. In addition, air-dried lumber is more susceptible to mould infection than kiln dried 
products in the service.         
 
6.11.2 Bio-product and treatment cost  
 
A previous research (Yang and Gignac, 2003) showed that the bio-product (e.g. Gliocladium roseum) was 
able to produced by means of fermentation, lyophilization and formulation into a powder product.  The 
pilot trial showed that the production of the bio-product would cost $53/kg dried powder. The 
recommended effective sawmill dosage of this bio-product is 1 x 106 CFU/ml, which will take 2 g of 
product per liter of solution.  The bio-product treating solution will cost $0.11/liter. 
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A sawmill test on bio-product treating solution consumption by using a spraying booth application system 
and a dipping tank to treat lumber showed that 1 Mfbm boards will take 17 L of treating solution for the 
spraying system and 53 L for the dipping treatment. At this consumption rate, the product will cost 
$1.9/Mfbm by a spraying booth application system and $5.8/Mfbm by a dipping tank. Based on this 
estimation and considering other operation costs, such as equipment maintenance, labor cost, 
transportation, management, etc, using this bio-protect to treat wetwood lumber will cost $4-7/Mfbm. 
   
6.11.3 Treatment benefit  
 
This study showed that in the laboratory conditions, the biological treated boards reduced wood moisture 
content (MC) by 22-37% more than untreated boards. In the field test, the time required for drying 
biological treated boards was approximately reduced by 33% compared with drying untreated freshly-saw 
wetwood lumber. This indicated that approximately $6-13 per Mfbm of energy cost was reduced, 
depending on the type of kiln energy used.  However, inventory cost on the storage of biological treated 
lumber for 4-8 weeks has to be considered. Based on the field test, the total degradation of lumber treated 
with the bio-product was reduced by 5-22%, depending on the treatments, compared with untreated 
control lumber. If taking the average value reduction of $170 per Mbfm caused by degradation, the 
treatment will reduce lumber degrading loss by $8.5-37.4 per Mfbm. The treatment benefit is significant, 
but will be affected by pre-drying operation, kiln type, energy use and drying schedule. In addition, the 
biological treated lumber is resistant to fungal infection during pre-drying period, and the lumber products 
are clean and free of moulds and wood stain.     
 
 

7 Conclusions 
 
Wetwood is caused by bacteria and yeasts. These microorganisms were isolated and purified with peptone 
agar and malt extract agar media. From balsam fir wetwood, 3 bacteria and 2 yeasts were isolated; from 
sub-alpine fir, 2 bacteria and 5 yeasts were obtained; and from aspen, 2 bacteria and 1 yeast were 
cultured. Two bacteria, Shigella sonnei and Pseudomonas fluorescens, were isolated from the wetwood of 
all 3 wood species used. This result indicates that these 2 bacteria are not host-specific and can colonize 
both coniferous and angiospermous wood species.  
 
Six bacteria and yeast isolates were re-inoculated on normal wood of balsam fir, and all micro-organisms 
inoculated caused wetwood formation in 2 weeks. This indicates that wetwood formation in the wood of 
living trees is not caused by only one micro-organism but is more likely caused by several bacteria or 
yeasts that can grow in wood. 
 
The moisture contents of wood blocks inoculated with the 6 wetwood causal agents increased from an 
initial moisture content (MC) of 41.2% to 220-240%, while the average MC of control samples 
submerged in liquid culture medium without inoculation reached only 110%. When control samples were 
dried to a MC of 13%, the inoculated wood samples still had MCs between 80% and 105%. This result 
indicates that drying lumber containing wetwood will take much longer than drying lumber without 
wetwood. 
 
Six fungal antagonists were used against the wetwood causal agents (WCA) in agar plate tests. 
Geotrichum sp.A and Geotrichum sp.B were the most effective against all 6 WCA inoculated; they 
reduced growth of WCA in 7 days and completely absorbed colonies of WCAs in 11 days. Gliocladium 
roseum and white isolates of Ophiostoma piliferum and Ceratocystis resinifera were moderately effective 
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against 5 WCA, but not effective to one bacterium. Phaeotheca dimorphospora was the least effective 
against any of these WCA. 
 
On small balsam fir wood samples, Geotrichum sp. was the most effective to reduce wetwood content in 
samples, followed by G. roseum, and then by O. piliferum.  G. roseum and Geotrichum sp. not only 
reduced wetwood content, but also inhibited growth of molds and stain, compared with untreated control 
samples. 
 
Geotrichum sp. started growth at 5°C, had an optimal growth between 20-25°C, stopped growth at 30°C, 
and died at 40°C.  Geotrichum sp. had a wide range of pH requirement, and grew well in a agar medium 
at pHs between 3 and 10. Geotrichum sp. started to grow at 29% MC, and the speed of the growth 
increased along with the increase of MC in wood. The best fungal growth of Geotrichum sp. was 
observed on wood blocks containing 56% MC.  Geotrichum sp. was able to grow on wood of jack pine, 
black spruce, balsam fir, sub-alpine fir and aspen, but it grew better on wood of jack pine, balsam fir and 
black spruce than on sub-alpine fir and aspen. Geotrichum sp. was able to grow together with an anti-
sapstain fungus, Gliocladium roseum, without any antibiotic or growth incompatible reaction. 
 
In the laboratory conditions, the biological treated boards reduced 22-37% more moisture content than 
untreated boards. Untreated boards were fully covered by molds and stain after storage, and none of the 
boards was acceptable for use. The biological treated boards were less affected, with 35-75% of pieces 
acceptable. The time required for drying biological treated boards was estimated to be reduced by 10% 
compared with untreated controls. After drying, the biological treated boards reduced the rate of crook, 
bow and twist by 5-20%, but increased the rate of split and check by 5-12%, compared with untreated 
controls. The total degradation rate was reduced up to 5% by the best biological treatment. 
 
In the field conditions, untreated boards were 100% affected by molds and stain after 8 weeks in storage, 
whereas the best biologically treated boards were only affected by 6%. Drying biological treated and 
untreated boards took similar times, but it was estimated to reduce drying time by 33% when compared 
with drying fresh boards. Compared with untreated controls, the biological treated boards reduced the rate 
of crook, bow and twist by 2-13%, and reduced the rate of split and check by 3-30%. The total 
deformation rate was reduced by 5-22%, depending on the treatments. 
 
CT scanner was able to detect wetwood locations inside a piece of lumber, and wetwood was presente in 
heartwood, sapwood or both wood tissues.  After the bio-treatment, the wetwood contents of the boards 
were significantly reduced. 
 
Economical analysis showed that the biological treatment would cost $4-7/Mfbm depending on treating 
method used. Reduction of 33% of drying time by the treatment in this study could save energy cost by 
$6-13/Mfbm depending on kiln drying energy used. The treatment could reduce lumber degrading loss by 
$8.5-37.4/Mfbm base on this study. The benefit of the treatment is significant, but will be affected by pre-
drying operation, kiln type, energy use and drying schedule. The biological treated lumber is resistant to 
fungal infection during pre-drying period, and the lumber products are clean and free of moulds and stain 
infection. 
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8 Recommendations 
 
Wetwood causes a serious problem for lumber drying.  This problem has not been solved yet by any 
physical, chemical or mechanical methods. Pre-air drying lumber before kiln drying, which is the current 
method used for drying lumber with wetwood, can reduce certain amount of wood moisture content and, 
thereby, reduce kiln drying time. However, during pre-drying period, boards are often stained by various 
molds and staining fungi, and develop checks on them. The perception of customers on the products will 
be affected. This research project provides an innovative method to overcome these problems by using a 
suitable fungal species to treat freshly-saw lumber before the kiln drying. The growth of selected fungal 
species in wood consumes foetid liquid in wetwood, prevents wood stain infection by other fungi, and 
reduces checking and warping during storage. By using this method, the kiln drying time can be reduced, 
the final wood quality can be improved, and the economical benefit is significant. This technology should 
be patented as soon as possible and transferred to a company for commercial production. 
 
This study showed that the selected wetwood-control agent, Geotrichum sp., is an alkaline-tolerant 
species, and it is compatible with Gliocladium roseum.  Gliocladium roseum has been patented as a wood 
sapstain-control agent by Forintek, and a follow-up registration and commercial production of this bio-
protectant is pursuing. Combination of Geotrichum sp. and Gliocladium roseum into one product to 
control both wetwood and sapstain will open bigger market opportunity than producing each product 
individually. For pursuing such a product, further research on optimization of formulation of the bio-
product is necessary. 
 
The selected wetwood-control agents, Geotrichum sp.A and Geotrichum sp.B, were originally isolated 
from logs of jack pine and balsam fir, respectively. This finding indicates that Geotrichum sp. may 
naturally grow in trees, and the fact that wetwood appeared in some logs (70%) but absented in other logs 
(30%) from the same location may contribute to this naturally growth of Geotrichum sp. or other 
antagonists. If it is true, we can boost the natural colonization of these antagonists in trees and reduce 
wetwood content in logs without later application of the bio-product. A follow-up project is needed to 
locate natural distribution of Geotrichum sp. in balsam fir wood and to stimulate its natural growth in 
trees. 
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ABSTRACT 

 
The present invention relates to a method for reducing wetwood content in green lumber by a treatment 
with a selected fungal species, such as Geotrichum sp. or Gliocladium roseum, prior to kiln drying.  In the 
laboratory conditions, the biological treated boards reduced wood moisture content (MC) by 22-37% 
more than untreated boards. The time required for drying biological treated boards was approximately 
reduced by 10% compared with untreated controls, and by 33% compared with freshly-saw lumber. After 
drying, the biological treated boards reduced the total deformation with stain, warping and checking by 
14-25%. 
 

FIELD OF THE INVENTION 
 
This invention consists of a method and a treatment process for reducing wetwood content from freshly-
saw lumber with a suitable fungal species, such as Geotrichum sp. or Gliocladium roseum, prior to kiln 
drying. Consequently, the permeability of wetwood is increased, the drying time is reduced, and the 
lumber quality is improved 
 

BACKGROUND OF THE INVENTION 
 
Wetwood, or water pocket, has a water-soaked appearance that occurs in the wood of living trees, 
including many hardwood and softwood species (Lihra, 1999). Wetwood is caused by anaerobic bacteria 
that enter wood through wounds and lesions in trunk and root of young trees.  The affected wood is dead 
and changes to yellowish green or without any distinctive colour but can be recognized by its sour odour. 
Compared with normal sapwood, wetwood has less extractible carbohydrate content, such as sugars, but 
higher level of mineral and organic compounds. The zone of wetwood has a pH of 1-2 unite higher than 
unaffected areas, and contains gas under pressure.   
 
Cellulose, hemicellulose and lignin are the main components of wood cell walls, and the chemical 
structure and interrelationships of these components in wood cells are well known (Zabel and Morrell 
1992).  In addition to these main structural compounds, pectin is another polymer commonly located in 
the middle lamella and primary cell wall of trees, and acts as a cementing substance there (Schink et al. 
1981a).  Several anaerobic fermentative bacteria produce pectinolytic enzymes that destruct vessel and 
ray pit membranes of wood (Schink et al. 1981b).  The reproduction and metabolites of these bacteria 
form a foetid liquid in wood, which results in a high moisture content of the wetwood. Since moisture 
content of wetwood is much higher than the normal wood, it usually requires relatively long periods for 
adequate drying (Schneider and Zhou 1989).  Degradation of pectic substances of the middle lamella 
causes the weakness of chemical bonds between wood cells. Consequently, weak bonding causes a high 
risk for developing checks, splits, crook, bow and twist of lumber in kiln drying (Ward and Pong 1980, 
Verkasalo et al. 1993). Wetwood also has a lower permeability than normal wood; this, in turn, affects the 
wood’s treatability with preservatives. 
 
Wetwood causes serious problems for lumber drying and utilization. The economic losses resulting from 
this defect are enormous.  If wetwood problem can be solved, the value of lumber will be increased and 
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the benefit for sawmills will be significant. Based on a conservative estimate, if lumber grade recovery 
can be increased by 5% and drying times can be reduced by 15% with a defined method (Linares-
Hernandez and Wengert 1997), a sawmill producing 100 MMfbm per year with 20% lumber containing 
wetwood would save over $500,000 per year. 
 
Many studies have been conducted on wetwood using various physical, chemical, or mechanical methods, 
but the problem has yet to be solved. This invention describes a method to use a biological agent to treat 
lumber containing wetwood before kiln drying, and it is a new concept on wetwood drying. Wetwood 
causal bacteria secrete enzymes to degrade pectic substances into monomers, acetic acid, and fatty acids 
(Schink et al. 1981a). These substances can be utilised by certain fungal species. Some fungi are also able 
to produce antibiotics to kill bacteria. Because of the anti-bacterial activities of fungi, the foetid liquid in 
wood can be utilised, and wood vessels can be cleaned by fungal colonization. Consequently, the 
permeability of wetwood can be increased, the lumber drying time can be reduced and the lumber quality 
can be improved. 
 

SUMMARY OF THE INVENTION 
 
The present invention consists of an effective method for reducing wetwood content from freshly-saw 
lumber with a selected fungal species.  
 
In a preferred embodiment, the selected fungal species used in this invention are Geotrichum sp. (FTK 
DF3/1B-1b) isolated from balsam fir logs, and Gliocladium roseum (FTK 321U) isolated from root of 
carrot (deposited in Forintek Culture Collection of Wood-inhabiting Fungi).   
 
The invention also provides the method of producing treatment solution of Geotrichum sp.or G. roseum 
for using as the inoculums. 
 
Furthermore the invention provides a treating process of unseasoned softwood lumbers. 
 

BRIEF DESCRIPTION OF THE DRAWING 
 
The accompanying drawing which is incorporated in and form a part of the specification illustrate 
preferred embodiments of the present invention, and together with the description, serves to explain the 
principles of the invention.  In the drawing: 
 
Figure 1 is a photograph illustrating growth of a wetwood causal bacterium (B-a) and a promising fungal 
candidate (Geotrichum sp.) in 2% malt extract agar plates in an antagonistic test (Example 1). 
 

DETAILED DESCRIPTION OF THE INVENTION 
 
The following examples describe in detail on three major experiments conducted in this invention.  
Example 1 describes a test on selection of fungal candidates in agar plates; Example 2 describes a 
laboratory test of the selected wetwood control candidates on lumber; and Example 3 describes a field test 
of the selected wetwood control candidates. 
 

EXAMPLE 1 
 

The goal of this example was to find an antagonistic fungus that can kill causal agents of wetwood and 
utilize their metabolites to reduce the wetness of infected wood.  To realize this goal, various fungi 
species were used to against six wetwood causal agents (WCA): A-a (a bacterium isolated from wetwood 
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of aspen), A-c (a yeast isolated from wetwood of aspen), B-a (a bacterium isolated from wetwood of 
balsam fir), Y-2 (a yeast isolated from wetwood of balsam fir), SaB-2 (a bacterium isolated from 
wetwood of sub-alpine fir), and SaY-4 (a mixture of a yeast and a bacterium isolated from wetwood of 
sub-alpine fir). The tests were conducted in Petri plates holding a 2% malt extract agar medium (MEA).  
Each bacterium was inoculated at 3 points that were 2 cm away from the edge of the plate. All plates were 
incubated at 25°C for 3 days, and then a mycelium plug of the test fungus, either Geotrichum sp. or 
Gliocladium roseum, was placed in the center of each plate.  Three replicates were used for each 
combination. The plates were placed back in a growth chamber at 25°C, and the competition reaction 
between the two micro-organisms was observed at 3, 7, 11, and 15 days. 
 
Results showed that wetwood causal organisms grew well on MEA plates prior challenged with 
antagonistic fungi. In first 3 days, the colonies of the wetwood causal organisms grew 0.9-1.1 cm in 
diameters (Table 1). After inoculation with the antagonistic fungi, Geotrichum sp. or G. roseum, the 
growth of the wetwood causal organisms were much reduced. In most cases, the growth of the wetwood 
causal organisms were completely stopped and were overcome by the antagonistic fungi  in 11 days 
(Figure 1). 
 

EXAMPLE 2 
 
This example examined the efficacy of the treatments of wetwood lumber with the selected wetwood 
control candidates in the laboratory conditions.  The selected fungal species, Gliocladium roseum and 
Geotrichum sp., were cultured in 1-L flasks containing 500 ml of 1.5% malt extract broth medium.  The 
flasks were incubated on a shaker (120 rpm) at 25°C for 14 days, then, mycelia mass inside flask was 
ground into fungal suspension with a homogenizer. The fungal suspension was adjusted to 1 x 106 
segments/ml. A total of 120 boards of black spruce, jack pine and balsam fir (SPF, mostly balsam fir, 2 x 
4 inch x 2 feet,) with heavy wetwood were labeled and weighed individually and put in 3 groups, 40 
boards each.  Two groups of boards were treated with the 2 fungi (each group was treated with 1 fungus); 
dipping boards 1 minute in a fungal suspension. The solution pick-up was measured as 1400ml/40 boards. 
After treatment, 20 boards in each test group were wrapped with a plastic sheet on its 4 sides without 
stickers between boards. Two bundles of boards in the same treatment group were piled together with 
stickers between bundles in an environmentally controlled chamber at 20°C and 70% RH. One group of 
untreated boards was put in the same way as treated boards and served as controls.  The boards were 
inspected after 8 weeks in storage. The evaluation and measurements included: 1) evaluate the growth of 
molds, stain and decay on each board; 2) weigh each board; 3) seal ends of boards with a colorless wax; 
4) load boards in a kiln; 5) run kiln; 6) weigh some movable samples from each treatment group at 7, 23, 
30, 48, 72 and 96 hrs to determine wood moisture content (MC) of samples during drying; 7) after most 
boards were dried to around 10% MC, stop the kiln drying; 8) weigh each board again; 9) evaluate 
deformation (splits, checks, crook, bow, and twist) appeared in each board; and 10) cut some boards from 
each test group (cut 2 wood blocks from each board), oven drying and determine MC of wood blocks.  
The program of the kiln drying schedule is described in Table 2. 
 
After an 8-week storage period in the laboratory conditions (20°C and 70% RH), untreated boards had an 
average MC of 101.7% (Table 3), and 2 groups of biological treated boards reduced more MC, compared 
with the untreated boards.  The boards treated with Geotrichum sp. had a MC of 69.5%, whereas those 
treated with G. roseum had an MC of 79.5%.  The 22-32% MC differences between biological treated and 
untreated boards could be considered as the reduction of wetwood contents in boards caused by the 
treatment. During kiln drying, the MCs of bio-treated and untreated boards were continually decreased 
with increasing drying time. After 96 hours in the drying process, the MCs of Geotrichum sp. and G. 
roseum treated boards were 8.8% and 9.7%, respectively, whereas MC of untreated boards was 15%.  To 
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further dry untreated boards to the same level of MC as the bio-treated boards, an increase of drying time 
by 10% (10.5 hours) is required. 
 
After the storage, all untreated boards (100%) were fully covered by molds and stain, which is usually 
considered as unacceptable for use (Table 4). Molds and stain also affected some of the biological treated 
boards, but the severity of the infection was lighter. Geotrichum sp. treated boards got a stain rate of 25%, 
and G. roseum treated boards got 38%. 
 
After drying, 55% of untreated boards had crook, bow and twist, and 38% had splits and checks (Table 4).  
The total rate of sound boards without any deformation in untreated group was 0%. Compared with 
untreated controls, the biological treated boards reduced wood stain by 62-75% and warping by 5-20%, 
but increased checking by 10-12%. The total sound boards without any deformation were 24% and 23%, 
respectively, in the two biologically treated groups.  
 

EXAMPLE 3 
 
Field trail was performed on 600 SPF boards (mostly balsam fir, 2 x 4 inch x 2 feet,) with heavy wetwood 
in Forintek Eastern Laboratory at Quebec. The boards were divided into 6 groups, each contained 100 
boards.  Four groups of boards were treated with: 1) Gliocladium roseum water suspension; 2) 
Geotrichum sp. water suspension; 3) G. roseum + Geotrichum sp. (1:1) water suspension; and 4) G. 
roseum + Geotrichum sp. (1:1) in 4% sodium carbonate and 1% sodium bicarbonate solution. Boards 
were dipped 1 minute in a fungal suspension. The solution pick-up was measured as 35 ml/board. One 
group of boards served as untreated controls and another group conserved at -20°C as fresh controls. 
After treatment, boards in each test group were piled in two bundles; each contained 50 boards and with 
stickers between each layer of boards. Two bundles of boards in each treatment group were piled together 
in a Forintek’s yard and loosely covered with a plastic sheet over the top of each pile to prevent direct rain 
penetration. There was air circulation (wind) between boards. After 8 weeks of outdoor storage, treated 
and untreated boards, as well as fresh controls were evaluated, measured and dried in the same way as 
those boards in the laboratory test described in Example 2. The kiln drying schedule for this batch of 
boards was the same as the one described in Table 2.  
 
Fresh boards had an initial average MC of 125% (Table 5, at 0 hour before kiln drying). After an 8-week 
storage period in the field conditions, untreated boards dried faster than bio-treated boards and had an 
average MC of 41% (Table 5, at 0 hour).  All biological treated boards, except for those treated with G. 
roseum alone, had similar MCs after the storage, between 47-56%.  The boards treated with G. roseum 
alone had the highest MC (70%) after the field storage.  During kiln drying, the MCs of all boards were 
continually decreased when the drying time increased (Table 5). After 90 hours of the drying process, the 
MCs of biological treated and untreated boards were reduced to a similar level, between 10-13%, whereas 
fresh boards were still at 27% MC.  To further dry fresh boards to the same level of MC as the bio-treated 
boards, an increase of drying time by 33% (48 hours) is required. 
 
In the field conditions, after 8 weeks in storage, 75% of untreated boards were heavily affected by molds 
and stain at a level of unacceptable (Table 6). The best treatment was with the combination of G. roseum 
and Geotrichum sp. in an alkaline solution; all boards treated with this solution were clear or with a trace 
of infection. The second most effective treatment was with the combination of Geotrichum sp. and G. 
roseum in water, which had 14% of boards affected. The stain infection of Geotrichum sp. treated boards 
was 22%, whereas stain on G. roseum treated boards was 42%. 
 
After kiln drying, untreated boards had the highest rates of warping (52%) and checking (63%), and only 
5% of boards were sound without any deformation (Table 6). Compared with untreated controls, the 
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biological treated boards reduced wood stain by 33-75%, warping by 2-13% and checking by 3-30%. The 
total deformation was reduced by 14-25%, depending on the treatments. 
 
Table 1. Growth of wetwood causal organisms on agar plates challenged with the two most effective  
fungal species 
 

Growth of wetwood causal organisms (cm in diameter)  Fungus vs. wetwood causal 
organisms 3 days 7 days 11 days 14 days 

Gliocladium roseum vs. Say-4 0.9  0.3 0.0 0.0 
Gliocladium roseum vs.Y-2 1.0 0.6 0.2 0.1 
Gliocladium roseum vs. A-a 1.0 0.6 0.2 0.1 
Gliocladium roseum vs. A-c 0.9  0.2 0.1 0.0 
Gliocladium roseum vs. B-a 1.0  0.5 0.1 0.1 

Gliocladium roseum vs. Sab-2 1.0  0.3 0.1 0.0 
         

Geotrichum sp. vs. Say-4 0.9  0.2 0.0 0.0 
Geotrichum sp. vs. Y-2 1.1 0.6 0.0 0.0 
Geotrichum sp. vs. A-a 1.1 0.7 0.0 0.0 
Geotrichum sp. vs. A-c 1.0  0.4 0.0 0.0 
Geotrichum sp. vs. B-a 0.9  0.7 0.0 0.0 

Geotrichum sp. vs. Sab-2 1.1  0.4 0.0 0.0 
 
Table 2 .  Kiln drying schedule for bio-treated and untreated wetwood lumber 
 

Stage Time (h) Db temperature (ºC) Wb temperature (ºC) 
Pre-heating 4 74 68 
Equilibrate 2 74 68 
> 30% TH  77 68 

30-25% TH  79 63 
25-20% TH  82 60 
<20% TH  82 54 

 
Table 3.  MC of boards at different kiln drying times in the laboratory test 
 

Treatment MC (%) at different hours of kiln drying 
  0 7 23 30 48 72 96 

Gliocladium  roseum 79.5 76.5 53.5 47.0 35.1 25.2 9.7 
Geotrichum sp. 69.5 65.5 46.1 40.4 30.3 22.9 8.8 

Untreated control 101.7 97.7 67.6 58.6 43.3 30.5 15.0 
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Table 4.  Deformation development on boards after kiln dry in the laboratory test 
 

Treatment Staining % Warping % Checking % Sound % 
Gliocladium  roseum 38 35 50 24 

Geotrichum sp. 25 40 48 23 
Untreated control 100 55 38 0 

 
Table 5.   MC of boards at different times of kiln drying in the field test 
 

Treatment MC (%) at different hours of kiln drying 
  0 22 46 70 90 

G. roseum 69.9 49.5 32.6 19.4 12.4 
Geotrichum sp. 46.9 34.0 24.8 15.6 9.8 

G. roseum+Geotrichum sp. 52.8 41.3 30.9 20.4 12.8 
G. roseum+Geotrichum sp.+alkaline 56.4 44.9 34.5 23.1 11.6 

Untreated control 40.5 31.9 25.1 18.4 9.6 
Fresh 124.9 97.7 70.2 41.2 27.0 

 
Table 6.  Deformation development on boards after kiln dry in the field test 
 

Treatment Staining % Warping % Checking % Sound % 
G. roseum 42 39 33 24 

Geotrichum sp. 22 50 60 19 
G. roseum+Geotrichum sp. 14 39 55 26 

G. roseum+Geotrichum sp.+alkaline 0 50 40 30 
Untreated control 75 52 63 5 

Fresh 0 39 56 25 
 

 
Figure 1.  Antagonist test with the most promising candidate Geotrichum sp. (bottom 2 plates) 
against wetwood causal agent B-a (upper plate) in agar plates 
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PATENT CLAIMS 
 

1. A method of reducing wetwood content in green lumber comprising treating the wood or wood 
product with a fungal suspension containing one or two selected fungal species in water or in an 
alkaline solution. 

 
2. The method according to claim 1 wherein said the selected fungal species are Gliocladium 

roseum (FTK 321U) and Geotrichum sp. (FTK DF3/1B-1b). 
 

3. The method according to claim 1 wherein said alkaline solution contains sodium carbonate and 
sodium bicarbonate. 

  
4. The method according to claim 1 wherein said wood or wood product is fleshly-saw lumber of 

softwood. 
 

5. The method according to claim 4 wherein said softwood is balsam fir, jack pine or black spruce. 
 

6. A wood or wood product treated according to the method of any one of claims 1 to 5. 
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Abstract 

 
Wetwood has higher moisture content and lower permeability than normal wood and causes serious 
problems for lumber drying. Wetwood is caused by anaerobic bacteria and occurs in many softwood and 
hardwood species. The reproduction and metabolites of these bacteria form a foetid liquid in wood, which 
results in a high moisture content (MC) of the wetwood. Degradation of pectic substances of the middle 
lamella causes weakness in the chemical bonds between wood cells. Consequently, weak bonding 
increases the risk of warping and checking in lumber during drying process. To reduce MC of wetwood, a 
biological method was used in this study to pre-treat lumber before kiln drying. Causal agents of wetwood 
were isolated from balsam fir, sub-alpine fir and aspen. The selected biological control agent was tested 
on balsam fir wetwood blocks and demonstrated promising results. A further field test showed that pre-
treating wetwood contained lumber with the selected biological candidates resulted in significant 
reduction of warping and checking rates, as well as drying time compared with untreated controls. 
Because of a patent application is currently involved in this technology, the name of the biocontrol agent 
used in the treatment and the data of the field test are not presented in this paper.  
 

Introduction 
 
Wetwood, or water pocket, occurs in the wood of living trees, including many hardwood and coniferous 
species, and causes serious problems for lumber drying and utilization (Lihra 1999). Wetwood is caused 
by several anaerobic fermentative bacteria that produce pectinolytic enzymes, which destroy the vessel 
and ray pit membranes of wood (Schink et al. 1981a). The reproduction and metabolites of these bacteria 
form a foetid liquid in wood, which results in a high moisture content of the wetwood. Because the 
moisture content of wetwood is much higher than average, wetwood usually requires relatively long 
periods for adequate drying (Schneider and Zhou 1989). Degradation of pectic substances of the middle 
lamella causes weakness in the chemical bonds between wood cells. Consequently, weak bonding 
increases the risk of checks, splits, crook, bow, and twist developing in lumber during kiln drying (Ward 
and Pong 1980, Verkasalo et al. 1993). Wetwood also has a lower permeability than normal wood; this, in 
turn, affects the wood’s treatability with preservatives. 
 
The economic losses resulting from these defects are enormous. Based on the conservative estimate 
(Linares-Hernandez and Wengert 1997) that, due to wetwood, lumber products are downgraded 5% and 
drying times are increased 15%, a sawmill producing 100 MM fbm per year with 20% lumber containing 
wetwood would lose over $500,000 per year. 
 
Many studies have been conducted on wetwood using various physical, chemical, or mechanical methods, 
but the problem has yet to be solved. The goal of this study was to use a biological method to treat lumber 
containing wetwood—a new concept in the treatment of this type of lumber. Bacteria secrete enzymes to 
degrade pectic substances into monomers, acetic acid, and fatty acids (Schink et al. 1981b). These 
substances can be utilised by certain fungal species. Some fungi are also able to produce antibiotics to kill 
bacteria. Because of the anti-bacterial activities of fungi, the foetid liquid in wood can be utilised, and 
wood vessels can be cleaned by fungal colonization. Consequently, the permeability of wetwood can be 
increased, and the lumber drying rate can be improved. 
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Materials and Methods 

 
Isolation of Micro-organisms from Wetwood 
In Canada, wetwood infection is serious in balsam fir, sub-alpine fir, and aspen (Fig.1). Therefore, this 
research targeted these 3 wood species. Trees were felled in summer and cut into 4-foot-long logs. The 
logs were immediately transported to Forintek’s Eastern Laboratory and sawn into 2” x 4” boards. The 
wetwood in each board was traced with a marker after sawing.  
 
Causal agents were isolated in these wetwood boards. Two media were used for isolation: peptone agar 
medium (PA) for isolation of bacteria, and malt extract agar (MEA) for isolation of yeasts. The peptone 
agar medium contained (per litre of water - pH. 7.2-7.4) peptone, 5 g; glucose, 20 g; dibasic potassium 
phosphate, 0.5 g; magnesium sulphate, 0.25 g; and agar, 15 g. The malt extract agar contained (per litre of 
water - pH. 5.5) malt extracts, 20 g; and agar, 20 g. These media were sterilized and poured into Petri 
plates. 
 
Boards used for isolation were cut from 3 logs of each wood species. Wood chips (3 x 5 x 1 mm) were 
taken from the wetwood of each board and antiseptically transferred to Petri plates containing the 2 media 
described above, 4 pieces per plate. Wood samples were taken from each board at 3 different locations. 
From each location, 8 samples were taken and placed in 2 plates for isolation of bacteria, and 8 samples 
were taken and placed in 2 other plates for isolation of yeasts. From each wood species, a total of 72 
isolations were made for bacteria, and another 72 isolations were made for yeasts. The plates were 
incubated at 25 °C for 3-7 days; any colony formed on the plates was examined.  
 
Purification, Identification, and Comparison of Micro-organisms Isolated from Different Wood 
Species 
The bacteria and yeasts isolated from the wetwood of balsam fir, sub-alpine fir, and aspen (Fig. 2) were 
purified by transferring each colony to a separate new plate holding new medium. New plates were 
further incubated at 25°C for 1 week; micro-organisms that grew inside the plates were examined under a 
microscope for purity and morphological characters. Purified cultures were grouped based on their colony 
and morphological similarity, and typical cultures were sent to a microbiology research laboratory 
(Bodycote Inc, Quebec, Canada) for identification. 
 
Confirmation of the Causal Agents of Wetwood 
In order to confirm which of the micro-organisms isolated from the 3 wood species were the main causal 
agents of wetwood, a test was conducted in which some of these micro-organisms were re-inoculated on 
normal balsam fir. Four bacteria and 2 yeasts isolated from the 3 wood species were selected for 
inoculation.  
 
Freshly cut balsam fir lumber without any wetwood was obtained from a local sawmill in Quebec and cut 
into 3 cm x 3 cm x 3 cm wood blocks. The wood blocks were sterilized in a beaker at 121 °C for 
15 minutes. Four bacteria and 2 yeasts isolated from wetwood were individually cultured in 1-L beakers, 
each containing 400 ml of a liquid culture medium (either peptone broth or 1.5% malt extract broth) and 
tightly covered with aluminum paper. These micro-organisms were grown for 3 days in the beakers, and 
then wood samples were put in the cultures (9 wood blocks in each beaker). Wood samples in the beaker 
containing only a liquid culture medium without micro-organisms served as controls. The beakers were 
then incubated on a shaker with agitation (100 rpm) in an environmentally controlled chamber set at 
25 °C and 75% RH. Wood samples inside the beakers were examined individually for wetwood formation 
after 2, 4, and 6 weeks. After being inspected for wetwood formation at 6 weeks, the wood samples were 
taken out of the beakers and weighed individually. After weighing, the samples were dried in an oven at 
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105 °C. These wood samples were weighed every 2 hours until they reached constant moisture contents 
(MC); the MC in each wood block was determined in this way.  
 
Antagonistic Test on Wood Blocks with a Fungal Candidate in Laboratory Conditions 
The antagonistic test with a pre-selected fungal candidate was conducted on balsam fir wetwood blocks in 
laboratory conditions. The fungus was cultured on 2% malt extract agar plates for 7 days at 25 °C. 
Mycelial plugs were cut from actively growing fungal colonies and transferred to a 500-ml flask 
containing 300 ml of 1.5% malt extract broth medium. The flask was incubated on a shaker (120 rpm) at 
25 °C for 14 days, and then the mycelia mass in the flask was ground into fungal suspension with a 
homogenizer. 
 
Balsam fir lumber (2 x 4 inches) with heavy wetwood was cut to 1-inch-long wood blocks. After being 
cut, they were immediately placed in plastic bags and sealed to prevent water evaporation. At the time of 
testing, each sample was labeled and immediately weighed. A total of 32 wood samples were prepared. 
Wood samples were divided into 2 end-matched groups, each with 16 samples. One group of samples was 
dipped in the fungal suspension for 1 minute. The remaining group of wood samples served as untreated 
controls. Treated and untreated wood samples were put in a container maintained at 25 °C and 95% RH. 
Wood samples were examined at 2, 4, 6 and 8 weeks incubation. At each inspection, 4 samples were 
taken from each test group. Each sample was weighed and dried in an oven at 105 °C for 24-48 hours 
until a constant weight was reached. The MC of each wood block was then determined. 
 

Results and Discussion  
 
Micro-organisms Isolated from Wetwood 
A total of 319 cultures were isolated from the wetwood of the 3 wood species. From aspen wetwood, a 
total of 108 cultures were obtained; 2 bacteria (A-a, A-b) and 1 yeast (A-c) were most frequently isolated 
(Table 1). On the PA medium, A-a was isolated at a rate of 60%, A-b at a rate of 26%, and A-c at a rate 
of 5%. On the MEA medium, the most frequently isolated micro-organism was a white filamentous 
fungus (at an isolation rate of 71%), followed by the bacterium A-a (at rate of 25%).  
 
From balsam fir wetwood, 3 bacteria (B-a, B-b, B-c), 2 yeasts (Y-1, Y-2), and 3 filamentous fungi were 
isolated in a total of 112 cultures from 2 culture media (Table 2). The filamentous fungi are molds or 
decay fungi and are not considered wetwood causal agents. Among the bacterium and yeast species, 
2 bacteria (B-a, B-c) and 1 yeast (Y-2) were most frequently isolated on the peptone agar medium (PA), 
with isolation rates of 30%, 43%, and 6.5%, respectively. On the malt extract agar medium (MEA), the 
most frequently isolated micro-organism was bacterium B-a, at an isolation rate of 57%.  
 
More species were isolated from the wetwood of sub-alpine fir in a total of 99 cultures (Table 3). These 
micro-organisms consisted of 2 bacteria (SaB-1, SaB-2), 5 yeasts (SaY-1, SaY-2, SaY-3, SaY-4, SaY-5), 
and 1 filamentous fungus (Sporothrix sp.). Among the bacteria, SaB-1 was isolated at a rate of 37% on 
PA medium and 2% on MEA medium, whereas SaB-2 was isolated only on PA medium, at a rate of 8%. 
Among the yeast species, the most frequently isolated species was SaY-5, at a rate of 29% on PA medium 
and 56% on MEA medium. SaY-2 was isolated only on PA medium, at a rate of 8%, whereas SaY-3 was 
isolated only on MEA medium, at a rate of 16%. SaY-4 was isolated on the 2 media at a rate of 2% 
and 6%, respectively. SaY-1 was the least isolated yeast, with an isolation rate of 2% on PA medium. 
 
Characterization and Identification of Micro-organisms Isolated from Wetwood 
The characteristics of the micro-organisms isolated from three wood species are described in Table 4. 
From aspen wetwood, 3 suspected causal micro-organisms were obtained, namely A-a, A-b, and A-c. On 
agar medium, the culture of A-a grew quickly and had an oily appearance (Fig. 3). The shape of the A-a 



Biological Method to Pre-dry Lumber with Wetwood  

 
 

 
 
  75 of 83 

 

cells was short or long rod, as observed under a light microscope. This bacterium was identified as 
Shigella sonnei (Table 5). The culture of A-b grew slowly and had a pale appearance. Under a 
microscope, the cells of this bacterium were uniformly tiny and rod-shaped. This bacterium was identified 
as Pseudomonas fluorescens. Similar to A-a, the culture of A-c grew quickly on agar medium, but had a 
creamy appearance (Fig. 4). Under the light microscope, cells of A-c were ovoid-shaped with nucleus and 
were much larger than those of A-a and A-c; this indicated it was a yeast. This yeast was identified as 
Cryptococcus laurentii. 
 
From balsam fir wetwood, 3 bacteria (B-a, B-b, B-c) and 2 yeasts (Y-1, Y-2) were obtained (Table 4). 
The culture characteristics, cell morphology, and size of B-a were exactly the same as A-a; B-a was 
identified as Shigella sonnei (Table 5). The culture of B-b was exactly the same as A-b and was identified 
as Pseudomonas fluorescens. The culture and cell morphology of Y-2 were similar to A-c, but the 
chemical reactions profile of Y-2 was different from A-c. B-c was a mixture of 2 bacteria, Shigella sonnei 
and Aerococcus viridans, whereas Y-1 was a mixture of a yeast, Candida zeylanoides, and a bacterium, 
Chryseomonas luteola (Table 5). 
 
From sub-alpine fir wetwood, 2 bacteria were isolated: SaB-1 was the same as A-b and B-b, and was 
identified as Pseudomonas fluorescens; SaB-2 was the same as A-a and B-a and was identified as Shigella 
sonnei (Tables 4 and 5). Five yeasts were isolated: SaY-1 was identified as Rhodotorula mucileginosa; 
SaY-2 was identified as Cryptococcus albidus; SaY-3 was unable to be identified; SaY-5 was identified 
as Candida boidinli; and SaY-4 was identified as a mixture of a yeast, Cryptococcus terreus, and a 
bacterium, Chryseomonas luteola. 
 
Confirmation of the Causal Agents of Wetwood on Wood Blocks 
The results of this test showed that wetwood was formed in wood blocks in the second week of 
inoculation with the 6 micro-organisms (Table 6). In week 4, all wood blocks inoculated had formed 
wetwood in at least part of the sample (Fig. 5). Among the 6 bacteria and yeasts used in this test, A-a, B-
a, and SaB-2 were the same species, Shigella sonnei, but A-a was isolated from aspen, B-a was isolated 
from balsam fir, and SaB-2 was isolated from sub-alpine fir. These 3 isolates grew well in balsam fir 
wood blocks and caused wetwood formation in the samples. This result indicates that Shigella sonnei is 
not a host-specific bacterium and that it can cause wetwood in all 3 wood species tested. Of the other 
3 micro-organisms used in the test, A-c was a yeast isolated from aspen, Y-2 was another yeast isolated 
from balsam fir, and B-c was a mixture of 2 bacteria. Each of these 3 isolates caused wetwood formation 
equally in inoculated wood blocks. This result indicates that wetwood formation in trees is not caused by 
only 1 micro-organism but is more likely caused by several species (either bacteria or yeasts) that can 
colonize well in the wood of trees. 
 
The moisture contents (MC) of the wood blocks inoculated with the 6 potential wetwood causal agents 
are shown in Figure 6. The initial average MC of balsam fir wood blocks used for the test was measured 
as 41.2%. After 6 weeks of incubation, the MCs of wood samples inoculated with micro-organisms 
increased to 220-240%, whereas the average MC of control samples submerged in liquid culture medium 
without inoculation reached only 110%. When control samples were dried to a MC of 13%, which is the 
target MC for most dried lumber, the wood samples that formed wetwood still had MCs between 80% 
and 105%. This result indicates that double the length of time is required in order to dry lumber 
containing wetwood than is necessary to dry lumber without wetwood. 
 
Antagonistic Test on Wood Blocks 
At 25 ºC and 95% relative humidity, the biocontrol agent colonized well on whole wood surfaces of 
balsam fir wetwood samples in 2 weeks. The mycelia of this fungus were white on fresh wood surfaces 
but become transparent when wood was dried. The initial average moisture content of wetwood used in 
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the test was around 200%. In the first 2 weeks, the biocontrol agent was able to reduce wetwood moisture 
content to 165% (Fig. 7). In the remaining weeks of the test, the biocontrol agent had reduced the MC of 
wetwood approximately 30% less than the untreated control, at each inspection time. At the end of the 
test period (8 weeks), the average MC of treated wetwood blocks was 89%, whereas it was 119% in 
untreated blocks. This result indicates that biological treatment of wetwood is effective to increase wood 
permeability and reduce the wetness of affected wood (Fig. 8).  
 

Conclusions 
 
Wetwood is caused by bacteria and yeasts. These bacteria and yeasts can be isolated using peptone agar 
and malt extract agar media. From balsam fir wetwood, 3 bacteria and 2 yeasts were isolated; from sub-
alpine fir, 2 bacteria and 5 yeasts were obtained; and from aspen, 2 bacteria and 1 yeast were cultured. 
Two bacteria, Shigella sonnei and Pseudomonas fluorescens, were isolated from the wetwood of all 3 
wood species used. This result indicates that these 2 bacteria are not host-specific and can colonize both 
coniferous and angiospermous wood species.  
 
All micro-organisms inoculated on normal wood of balsam fir caused wetwood formation in 2 weeks. 
This indicates that wetwood formation in the wood of living trees is not caused by only one micro-
organism but is more likely caused by several bacteria or yeasts that can grow in wood. The moisture 
contents of wood blocks inoculated with the 6 wetwood causal agents increased from the an initial 
moisture content (MC) of 41.2% to 220-240%; however, the average MC of control samples submerged 
in liquid culture medium without inoculation reached only 110%. When control samples were dried to a 
MC of 13%, the inoculated wood samples still had MCs between 80% and 105%. This result indicates 
that drying lumber containing wetwood will take much longer than drying lumber without wetwood. 
 
The biocontrol agent reduced the MC of wetwood 30% less than untreated controls in the laboratory 
conditions. This result indicates that biological treatment of wetwood is effective to increase permeability 
and reduce the wetness of the affected wetwood. 
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Table 1 .  Micro-organisms isolated from wetwood of aspen 
 

Organism code Organism type On PA medium On MEA medium 
  No. of isolates Isolation rate No. of isolates Isolation rate 

A-a Bacterium 34 60% 13 25% 
A-b Bacterium 15 26% 2 4% 
A-c Yeast 3 5% 0 0% 

White fungus Filamentous fungus 5 9% 36 71% 
Total  57 100% 51 100% 

 
Table 2 .  Micro-organisms isolated from wetwood of balsam fir 
 
Organism code Organism type On PA medium On MEA medium 

  No. of isolates Isolation rate No. of isolates Isolation rate 
B-a Bacterium 23 30% 20 57% 
B-b Bacterium 9 12% 1 3% 
B-c Bacterium 33 43% 0 0% 
Y-1 Yeast 1 1% 0 0% 
Y-2 Yeast 5 6.5% 2 6% 

Penicillium sp. Filamentous fungus 0 0% 3 8% 
White fungus Filamentous fungus 5 6.5% 9 26% 
Brown fungus Filamentous fungus 1 1% 0 0% 

Total  77 100% 35 100% 
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Table 3.  Micro-organisms isolated from wetwood of sub-alpine fir 
 
Organism code Organism type On PA medium On MEA medium 

  No. of isolates Isolation rate No. of isolates Isolation rate 
SaB-1 Bacterium 18 37% 1 2% 
SaB-2 Bacterium 4 8% 0 0% 
SaY-1 Yeast 1 2% 0 0% 
SaY-2 Yeast 4 8% 0 0% 
SaY-3 Yeast 0 0% 8 16% 
SaY-4 Yeast 1 2% 3 6% 
SaY-5 Yeast 14 29% 28 56% 

Sporothrix sp. Filamentous fungus 7 14% 10 20% 
Total  49 100% 50 100% 

 
Table 4 .  Characteristics of micro-organisms isolated from wetwood of aspen, balsam fir, and sub-
alpine fir 
 
Organism Isolation Characters of culture 

code source  
A-a Aspen Colony grows quickly; oily; rod-shaped cells 
A-b Aspen Colony grows slowly; pale; small, short rod-shaped cells 
A-c Aspen Colony grows quickly; creamy; large ovoid-shaped cells 
B-a Balsam fir Colony grows quickly; oily; rod-shaped cells, similar to A-a 
B-b Balsam fir Colony grows slowly; pale; short rod-shaped cells, similar to A-b 
B-c Balsam fir Colony grows slowly; submerged; rod-shaped cells similar to A-a 
Y-1 Balsam fir Colony grows slowly; white; large elliptic-shaped cells with short mycelia 
Y-2 Balsam fir Colony grows quickly, creamy; large ovoid-shaped cells, similar to A-c 
SaB-1 Sub-alpine fir Colony grows slowly; pale; tiny, short rod-shaped cells, similar to A-b 
SaB-2 Sub-alpine fir Colony grows quickly; oily; rod-shaped cells, similar to A-a 
SaY-1 Sub-alpine fir Colony grows moderately; oily, pale to light pink; large lemon-shaped cells 
SaY-2 Sub-alpine fir Colony grows moderately; creamy white; cells various shapes and sizes with mycelia 
SaY-3 Sub-alpine fir Colony grows moderately; oily, pink; large, round cells with mycelia 
SaY-4 Sub-alpine fir Colony grows quickly; oily to creamy; large, round to ovoid-shaped cells; similar to A-c
SaY-5 Sub-alpine fir Colony grows quickly; creamy; oblong to ovoid-shaped cells with mycelia 
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Table 5 .  Identification of micro-organisms isolated from wetwood of aspen, balsam fir, and sub-
alpine fir 
 
Organism code Isolation source Organism type Species name 

A-a Aspen Bacterium Shigella sonnei 
A-b Aspen Bacterium Pseudomonas fluorescens 
A-c Aspen Yeast Cryptococcus laurentii 
B-a Balsam fir Bacterium Shigella sonnei 
B-b Balsam fir Bacterium Pseudomonas fluorescens 
B-c Balsam fir Bacteria Shigella sonnei + Aerococcus viridans 
Y-1 Balsam fir Yeast + Bacterium Candida zeylanoides+ Chryseomonas luteola 
Y-2 Balsam fir Yeast Not identifiable 

SaB-1 Sub-alpine fir Bacterium Pseudomonas fluorescens 
SaB-2 Sub-alpine fir Bacterium Shigella sonnei 
SaY-1 Sub-alpine fir Yeast Rhodotorula mucileginosa 
SaY-2 Sub-alpine fir Yeast Cryptococcus albidus 
SaY-3 Sub-alpine fir Yeast Not identifiable 
SaY-4 Sub-alpine fir Yeast + Bacterium Cryptococcus terreus + Chryseomonas luteola 
SaY-5 Sub-alpine fir Yeast Candida boidinli 

 
Table 6 .  Formation of wetwood on balsam fir wood blocks by re-inoculation 
 

Organism inoculated  Number of wood blocks formed wetwood 
 2 weeks 4 weeks 6 weeks 

A-a 9 9 9 
A-c 8 9 9 
B-a 8 9 9 
B-c 8 9 9 
Y-2 7 9 9 

SaB-2 9 9 9 
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Figure 1.  Cross-sections of wetwood in balsam fir lumber  
 

  
 
Figure 2.  Growth of micro-organisms from wetwood in an isolation plate 
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Figure 3.  Appearance of bacterium A-a on agar medium 
 

 
 
Figure 4.  Appearance of yeast A-c on agar medium 
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Figure 5.  Wood blocks inoculated with bacterium B-a isolated from balsam fir wetwood 
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Figure 6.  Moisture contents of balsam fir wood blocks inoculated with various wetwood causal 
agents 
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Figure 7.  Moisture contents of balsam fir wetwood blocks inoculated with the biocontrol agent  
 

 
 
Figure 8.  Appearance of biologically treated (left) and untreated (right) wetwood blocks 
 
 
 
 


