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Abstract 

Wood is an environmentally friendly material that can absorb carbon dioxide from the 

atmosphere and is relatively low in acquisition cost compared to other building materials. 

However, one of the challenges of using wood materials is that it is susceptible to wood-

degrading fungi, bacteria and termites, under humid conditions. Epsilon-Poly-L-lysine (EPL) 

is a secondary metabolite biosynthesized by specific fungi through fermentation. It has been 

successfully utilized as a natural antimicrobial agent for food preservation. The objective of 

this study is to test the feasibility of EPL for wood protection. Four common wood-decaying 

fungi, two wood species, and different treatments were used to test antifungal resistance. 

Two experiments were conducted in this study: in vitro and in vivo antifungal activity of 

EPL against wood-decaying fungi. The results of the in vitro antifungal experiment showed 

that EPL treatment affected fungal hyphae from a smooth structure to a twisted structure and 

the minimal inhibition concentration of EPL for fungal species ranges from 3 to 5 mg/ml.  

The results of the wood protection experiment showed that applying 1% of EPL in wood 

cubes significantly reduced the mass losses in the decay test and also increased the thermal 

stability of the wood samples. These results indicate a novel approach to wood protection by 

EPL.  

Key words: Epsilon-Poly-L-lysine (EPL), wood protection, secondary metabolite 
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Chapter 1: Introduction  

1.1 Objective and motivation 

Eco-friendly products as alternatives will reduce the impact of introducing the 

traditional chemical preservatives in the environment. These products have led to the 

development of new biological control agents in the field of wood deterioration (Chittenden 

& Singh, 2009). Traditional chemical preservative is a quick method to fight against the 

effects of wood-decaying fungi in wood industry. However, the chemical compounds used in 

preservatives are typically toxic and often affect human health and cause environmental 

pollution (AWPA Technical Committee P-6, 2017). Several problems with chemical 

preservatives for wood protection have been identified (Zagury, et al., 2008; Freeman & 

Mcintyre, 2008). Using bio-based compounds as wood preservatives would benefit not only 

human health but also our environment.   

A promising bio-based compound as a wood preservative is epsilon-poly-l-lysine 

(EPL). It is naturally secreted by various Streptomycetaceae bacteria and some filamentous 

fungi (Shima & Sakai, 1977). EPL can be considered as an alternative of what based on its 

specific properties such as high-temperature resistance, high water solubility, nontoxicity, 

and antimicrobial activity (Shih, et al., 2006). Based on these promising properties of EPL, 

we hypothesized that EPL can contribute to the treatment efficacy of wood.  

The overall goal of this project is to conduct an investigation regarding the feasibility 

of evaluating EPL as an effective antifungal intervention strategy for wood products, 

focusing on the efficacy of EPL against wood-decaying fungi and evaluate the durability of 

EPL on the wood cubes against wood-decaying fungi.  
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For the efficacy of EPL against wood-decaying fungi experiments: five different 

concentrations of EPL will be exposed to four different fungal species to determine if the 

EPL can inhibit common wood-decaying fungi. If so, what is the minimum concentration to 

inhibit the growth of each fungus? For evaluation of the durability of EPL treated wood 

cubes against wood-decaying fungi: Wood cubes treated with four different EPL 

concentrations will be incubated with three different fungi in a conditioning environmental 

chamber for eight weeks to evaluate the changes of wood mass. The inhibitory effect will be 

evaluated by less wood mass loss. 

1.2 Thesis organization 

In this thesis, chapter 2 reviewed wood, wood-decaying fungi, wood preservatives, 

and EPL application. Chapters 3 and 4 are the major experiments of this project. Chapter 3 is 

the first experiment to determine the efficacy of EPL against wood-decaying fungi on agar 

substrates. Chapter 4 is the second experiment to evaluate the durability of EPL-treated wood 

against common wood-decaying fungi. The conclusion will be presented in chapter 5.  
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Chapter 2: Literature Review 

2.1 Wood 

Wood consists of various cell types and chemistries. In general, wood can be divided 

into hardwoods (deciduous) and softwoods (conifers). In the macroscopic view of wood, 

there are distinctive areas during the developing process; sapwood and heartwood that are 

present in both hardwoods and softwoods species. The sapwood and heartwood can be 

differentiated by the color threshold and served significantly from the other  (Domec & 

Gartner, 2002). Understanding the composition of wood and wood properties inside the wood 

cells will help to apply wood preservatives in a proper method further and improve wood 

protection from fungi or insect decomposition. 

2.1.1 Chemical composition of wood 

2.1.1.1 Cellulose 

Cellulose is a linear- chain (Figure 1) polymer that can be found in plant materials, 

such as leaves, seeds, and wood. Wood consists of approximately 40 to 50% cellulose. 

Payen, 1838 found that cellulose is the primary polymer of plant cell walls ( Payen, 1838; 

Mondal & Ahmed, 2020). This compound consists of numerous ß-D-glucose linked to each 

other by ß-1, 4-glycosidic bond (Sjostrom & Westermark, 1999). The molecular formula of 

cellulose was determined as C6H10O5. Typically, the number of glucose units in cellulose 

molecules is referred to as the degree of polymerization. The cellulose chains in wood have a 

degree of polymerization (DP) of around 100,000 (O’Sullvian, 1997). Glucose can be treated 

as nutrient sources for fungi to consume (Costa & Nahas, 2012).  
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Cellulose consists of fibrils with crystalline and amorphous regions. The chain length 

of cellulose and hydrogen-bonding pattern are two factors determine crystalline and 

amorphous (non-crystalline) regions (Williams, et al., 2005; Agarwal, et al., 2021). The 

crystalline cellulose comprises of well- packed long cellulose chains via hydrogen bonds, 

whereas the amorphous cellulose has a short and segment length of cellulose chains (Leng et 

al., 2018). Furthermore, the amorphous cellulose chains are twisted, and the molecules are in 

a random coil conformation while crystalline cellulose chains are in well-orientation (Fink, et 

al., 1987). Thus, these are the reasons why they have different behaviors during cellulose 

hydrolysis.  

2.1.1.2 Hemicellulose 

Hemicellulose is a kind of cross-linked polysaccharide (Figure 1) that strengthens the 

cell wall and binds cellulose microfibrils, but cellulose and hemicellulose have distinct 

compositions and structures. Hemicellulose consists of shorter chains around 500 to 3000 

sugar units (B. Esteves, et al., 2013). It composes around 20 to 30 % of the mass of the dry 

wood but varies by different species and cells. There are five kinds of carbon 

monosaccharides in hemicellulose: (1) D-glucose, (2) D-mannose, (3) D-galactose, (4) L-

arabinose, and (5) L-rhamnose (McKendry, 2002). These monosaccharides can be extracted 

by water and temperature is important for this process. For example, increasing the water 

temperature above 1800C, will dissolve hemicellulose (Lloyd & Wyman, 2003). At 

temperatures between 200 to 230 °C,  90% of sugars and oligomers from hemicellulose will 

be recovered (Mok & Antal, 1992).  Besides regular sugars, the acidified form sugar, such as 

galacturonic acid and glucuronic acid can also be found in hemicelluloses (Ebringerová & 
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Thomas, 2005). They embedded in the cell walls of trees and bound with pectin to cellulose 

to form a network of cross-linked fibers(B. Esteves et al., 2013).  

2.1.1.3 Lignin 

Lignin is located in the middle lamella and within the cell wall by strengthening the 

wood structure (Donaldson, 2001). Lignin accounts for 20 to 33% of the wood mass. The 

high-molecular-weight of lignin combined with a stable structure leads to its resistance to 

biochemical and chemical degradation (Sjostrom & Westermark, 1999).  

Lignin fills the spaces in the cell wall between cellulose, hemicellulose and pectin 

components (Donohoe, et al., 2008). The crosslinking of polysaccharides by lignin creates an 

obstacle for water absorption to the cell wall (Moreira, et al., 2013). Thus, the polysaccharide 

components of cell walls are hydrophilic whereas lignin is more hydrophobic. Lignin is 

present in vascular plants. It links to hemicellulose and therefore cross-links different plant 

polysaccharides, enhancing mechanical strength to the cell wall and helping with the stems’ 

growth so that they can have stronger strength to extend (Chabannes et al., 2001).  

 The complex structure of lignin makes decomposition slower and should be targeted 

when developing a new biomaterial. During the wood recovery process, different species of 

wood materials should be collected separately because the composition and modification of 

lignin methods are different (Zhang, et al., 2008). Applying hydrothermal degradation is a 

common method for removing native lignin (Srokol, 2009).   
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Figure 1. The chemical structure of cellulose, hemicellulose, and lignin (Muktham, et al., 2016). 

2.1.1.4 Extractives 

Extractives comprise a large number of compounds that are prevalent at the xylem. 

The conversion of sapwood to heartwood happens only when wood vessels accumulate with 

secondary compounds, which means the heartwood no longer involves living cells 

(Maldonado, et. al., 1996 ; Stewart, 1966). The sapwood in living trees is responsible for 

conducting water, synthesizing biochemicals and storing the carbon in the parenchyma cells 

to generate needles or leaves. When sapwood gradually transforms to heartwood, the water 

conducting vessels of heartwood breakdown due to freezing, insects, tension, wind vibration, 

etc (Yang, 2004).  Under these conditions, the adjacent wood parenchyma cells undergo 

metabolic changes to produce heartwood extractives, such as phenolic compounds and 

aromatic substances (Yang, 2004). These substances are stored in the heartwood and known 

as extractives.  The extractives are synthesized in parenchyma cells at the boundary of 

heartwood and sapwood, then infiltrate through pits into adjacent cells (Colin-Belgrand, et. 

al.,1996) and provide natural protection against decay fungi (Fernández-Costas, et. al., 2017).  
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2.1.2 Microscopic structure of softwood and hardwood 

Wood has a highly diverse microstructure and typically looks like a honeycomb-like 

structure oriented in the stem direction. The major components of a wood cell for hardwoods 

are vessels (figure 2) and fibers, whereas the softwoods are tracheids (figure 2). Typically, 

hardwood vessels are greater than 100 µm in diameter while the tracheid cells of softwood 

have diameters of 30 to 40 µm (Lichtenegger, et. al., 1999). The water movement inside the 

wood cells is through tracheids or vessels from one side to another and in transverse direction 

is controlled by the pit (Choat, et. al., 2006).  

 

Figure 2. The components of wood cell for tracheid (softwoods) and vessel (hardwoods). The black arrows 

showed water movement inside the wood cells (Chopite, 2016).  

2.1.2.1 Softwood 

Softwoods are most commonly known as coniferous trees and they have a relatively 

simple wood structure comprising axial tracheids and ray parenchyma cells. In softwoods, 

tracheids occupy a majority of wood structure, accounting for 90% of the wood volume for 

water transport and mechanical support. From the cross-sectional anatomy, wood cells with 

rectangular and square shapes are observed. Earlywood typically has thin walls (light color) 

while latewood (Figure 3) has thicker walls (darker color) (Crivellaro, et al., 2015). Bordered 
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pits between the tracheids play a role in water flow, which each tracheid overlaps with 

adjacent cells across both the top and bottom (Yang, et al., 2020). 

 

Figure 3. The cross-section of tracheids in softwood (southern pine, Pinus taeda L.). 

2.1.2.2 Hardwood 

Hardwoods have more complicated structure (Figure 4) than softwoods and are 

composed of vessels and fibers with greater variety of cell shapes and sizes. In hardwood 

species, vessels are specialized in water-conducting (Mbarga, et al., 2020). The typical range 

of vessels’ diameter is 50 to 200 um and much shorter than the tracheid. It can also form in 

different patterns where the whole growth ring is scattered with the same size and described 

as diffuse-porous which means the pores are randomly distributed. In contrast, if the 

earlywood vessels are much larger than the latewood vessels, then describing as ring-porous 

(Crivellaro et al., 2015). Fiber is another main component of hardwoods. It is two to ten 

times longer than vessel elements but shorter than softwood tracheids and about half the 

width of softwood tracheids (Crivellaro et al., 2015). The role of fiber in hardwood is to 

provide strength.  
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Figure 4. The cross-section of vessels in hardwood (poplar, Populous tremuloides Michx.). 

2.1.3 Wood properties 

Diverse manufacturing procedures need to be considered when producing wood 

products. Wood density and moisture content are the two most important factors that require 

monitoring. These two factors will directly affect the shipping costs while calculating cost by 

weight (Larjavaara, et al., 2016). Besides that, the wood's physical and mechanical properties 

are decreased by amounts of water absorption and further changes in lumber-drying time, 

dimensional change, and bond performance (Leblon et al., 2013).  

2.1.3.1 Moisture-water relation 

The hygroscopic nature of wood means that it can absorb moisture from the air. The 

moisture content is roughly around 30 to 200% in greenwood (Service & Simpson, 1993). 

When comparing sapwood and heartwood, the sapwood has typically greater moisture 

content than heartwood in green softwood. However, the moisture content of green hardwood 

depends on the species (Altgen, et al., 2016). The relative humidity and temperature are used 

to determine moisture content inside the wood (Altgen, et al., 2016). The cell lumen and cell 

wall fully saturated with water refer to maximum moisture content (Popescu & Hill, 2013). 

The fiber saturation point denotes the point in the drying process that only water bound in the 
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cell walls and the free water in the cell lumen has been removed from the cell cavities 

(Almeida & Hernández, 2006). 

When wood is saturated with water, the air is replaced by water inside the cell lumen. 

The water absorption mechanism is called capillary, whereby the air-water creates a curved 

surface tension inside the cell lumen for water to be taken up (Rowell & Banks, 1985; 

Khazaei, 2008 ). During the drying process, to meet an adequate fiber saturated point ( 

around 28 to 30%) is a key for wood to maintain dimensionally stable (Rowell & Banks, 

1985). On the other hand, the change in wood dimension happens when moisture below fiber 

saturated point (Rowell & Banks, 1985). These situations result in the splitting and warping 

of wood products. Thus, it is crucial to consider the moisture and water relation while 

exposing wood products in an environment where the moisture content of wood fluctuates a 

lot. 

2.1.3.2 Density 

Wood Density is defined as the ratio of mass to volume and is expressed as kilograms 

per cubic meter (kg /m
–3

). In wood materials, the volume and mass vary and are dependent 

on tree species, sapwood or heartwood, age of the tree, and wood moisture content. 

Therefore, a change in any of these wood properties will alter wood density measurements 

(Fromm et al., 2001).  

2.1.3.3 Bordered pit  

 The quality of treated wood was determined by how deeply and uniformly of 

preservatives were penetrated inside the wood cells. Water diffusion through the cell walls 

and water flow in the cell lumens are the two methods how liquid movement in wood 

(Watanabe, 1998). Pits are located on transverse and longitudinal sides of the cells which 
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allow liquid to move across cells and along cells. The components of the bordered pit include 

torus, margo, and pit aperture ( Jansen et al., 2012). The aspiration of the pit aperture by the 

torus is not only stopping air entry into neighboring tracheids but also affecting the 

permeability of liquids and wood preservatives when pit aperture closed by a torus (Delzon, 

et al., 2010; Jansen et al., 2012).  

2.2 Wood-decaying fungi   

Wood-decaying fungi can decrease the service life of wooden products by secreting 

enzymes which act to decompose many parts of the wood structure so they can absorb  

mono-sugars by their hyphae for continuing growth (Isikhuemhen, Mikiashvili, Senwo, & 

Ohimain, 2014). When fungi digest lumbers or other wood products that built into a house or 

used as a utility pole will cause a negative economic effect due to the high replacement cost 

(Rayner & Boddy, 1988).  Five factors impact fungal growth: 1) temperature, 2) light, 3) 

water, 4) nutrient, and 5) oxygen. Controlling these five factors can reduce fungal 

colonization on wooden products. Therefore, when discussing wood-decaying fungi, it is 

necessary to understand how these conditions affect fungal growth.  

2.2.1 The conditions for fungal growth 

2.2.1.1 Temperature 

Numerous fungi are responsible for wood decomposition and their optimal growing 

conditions can vary depending on ecosystem climate regime and vegetation.  Typically, 

fungal metabolism and growth rates are temperature-dependent, which means fungi exist in 

an extensive range of temperature, but the high peak of performance of growth rate only 

happens while the temperature reaches the optimal point (Abdel-Hadi & Magan, 2009). The 

optimal temperature for each fungal species will help them synthesize extracellular enzymes 
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(M. Rosfarizan & Karim, 2000). If the temperature is lower or higher than the optimal 

temperature, enzyme activity will be significantly affected (Wills, et al., 2017). Most fungi 

are mesophilic, which means they are most active at a temperature range from 20 and 35 °C  

which allows them to expand their fungal hyphae and generate spores (Elmsly & Dixon, 

2008). For example,  the optimal temperature for Isaria sp. growth was ranged from  30  to 

40°C (Cabanillas & Jones, 2009) while in another study optimal temperature for L. curvula 

and H. submerses growth occurred within a temperature range of 21 to 27°C (Duarte, et al., 

2013).  

2.2.1.2 Light 

 Light is a signal factor for reminding the fungal growth to metabolize (Idnurm & 

Heitman, 2005). In the field, fungi tolerate changing soil conditions. When fungi are exposed 

to the upper layers in the soil profile, they are closer to a light source and organic horizons of 

fungi quickly lose moisture. In this case, increased light is an alerting system for the fungi to 

produce solutes to prevent desiccation (Duran, Cary, & Calvo, 2010). In addition, light can 

also alter the fungi to diurnal environmental changes (Montenegro-Montero, et al., 2015).  

2.2.1.3 Water (moisture) 

Fungal growth significantly correlates with the atmospheric moisture in the natural 

environment (Burdon, 1991 ).The optimal environment for fungal growth is when the 

relevant humidity is within the range of  70 to 90 % (Viitanen, 1997). Fungal spores rapidly 

produce when in a high moisture condition. In contrast, when in an extremely lower moisture 

condition, the fungal species will lose activity and lead to fungal degradation (Chang, et 

al.,1995).  
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2.2.1.4 Nutrient 

When the fungi grow, nutrients such as carbon and nitrogen need to be consumed 

during this process. The decaying fungi use organic materials only when they are easy to 

digest. Therefore, the cellulose, hemicellulose, lignin, and woody cell walls are becoming the 

sources for fungi to obtain carbon and nitrogen (Terziev & Nilsson, 1999) (Liverpool, 1987). 

The mixture of amino acids from nitrogen in malt extract provides a good condition for 

fungal growth on agar. Fungi uptake the nutrients mainly from the hyphal tips and then 

diffuse or transport the nutrients inside the fungal mycelium by water (Robson, 1999). The 

richness of nutrients are critical to support fungal expansion at the early stage of growth. As 

they grow, the nutrients are depleted over time, and the growth is restricted (Robson, 1999).   

2.2.1.5 Air (oxygen) 

 In the aerobic environment, fungi consume air and oxygen to produce energy, CO2, 

and water. When the wood’s oxygen content increases, more oxygen is available for 

decaying fungi (Lindberg, 1992). Therefore, in this living condition, oxygen becomes a 

beneficial factor for fungal accumulation, which leads to wood degradation. The lowest 

requirement of oxygen content for wood-decaying fungi to decompose the wood material is 

approximately 10% (H. annosum) to 20% (S. commune) (Kreisel, 1961). Thus, spreading 

water for round timber until the water is saturated in wood cells can effectively reduce the 

cells' oxygen content and protect wood from the attack of aerobic microorganisms.  
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2.2.2 Wood-decaying fungus types 

2.2.2.1 White-rot fungi 

 White-rot fungi prefer to dominate the hardwood species and consume the major 

components of wood, including cellulose, hemicellulose and  lignin (Messner et al., 2003). 

From the macroscopic view, the white-rot fungi can be distinguished by the following 

features: white-stringy mycelia, white-pockets, or white-mottled wood (Messner et al., 2003). 

From a microscopic perspective, the white-rot fungi can be classified into either 

simultaneous or selective white-rot fungi. The difference between these two types of white-

rot fungi is that the simultaneous white-rot fungi decompose cellulose, hemicellulose, and 

lignin at the same time, while the selective white-rot fungi selectively remove or alter lignin 

(Otjen & Blanchette, 1985). For the selective white-rot fungi, lignin is the priority for decay 

and this leaves pockets of white. They can remove large quantities of lignin from the cell 

wall without collapsing the cellulose. One study found that the cellulose were not collapsed 

while lignin were degraded when observed under polarized light (Anagnost, 1998).  

2.2.2.2 Brown-rot fungi 

Brown-rot fungi mainly degrade wood polysaccharides, cellulose and hemicelluloses, 

leaving modified lignin behind (Highley & Murmanis, 1987). In other words, brown-rot 

fungi have a higher ability to depolymerize cellulose and hemicellulose than lignin. Brown-

rot fungi get their name from the brownish color they exhibit after decaying (Highley & 

Dashek, 2020). Most brown-rot fungi affect softwoods (conifers), particularly in living trees, 

timbers and wood products in service, whereas white-rot fungi damage hardwoods more 

frequently (Mali, et al., 2017). After decaying, significant losses in wood strength happen in 

the early stage of decay and can easily be visualized.  



15 

2.3 Wood preservative development history and wood modification review   

The use of treated wood as building materials can considerably lower maintenance 

costs, mitigate climate change, and facilitate sustainable healthy forests (Ritter, et al., 2011). 

Despite these benefits, wood preservatives may pose a problem due to the loss of chemicals 

during their service life (Schultz & Nicholas, 2010) and the disposal of wooden products 

after their serve life (Preston, 2000). The wood preservatives which affect environment and 

health were reviewed by the United States Environmental Protection Agency (EPA) 

registration program. In this report, three wood preservatives were identified as high risk of 

concern associated with the treatment of wood workers, which are creosote, 

pentachlorophenol (PCP), and chromated copper arsenate (CCA) (Agency et al., 1988).  

2.3.1 Wood preservatives 

Wood preservatives have traditionally been divided into two general classes: (1) 

water-borne preservatives, such as arsenicals, chromated copper arsenate (CCA),  and (2) oil-

born preservatives, such as pentachlorophenol (PCP), and creosote (Schultz & Nicholas, 

2010). Creosote is a byproduct composed of a complex chemical while coking coal tar 

(Schultz & Nicholas, 2010). This preservative accompanies a high risk of creosote leachates, 

which release into soil and water and move to groundwater when accidental spillage or 

improper disposal of creosote treated wood occur (Schmitz, 1929). It is primarily used in 

utility poles, marine pilings, railroad ties, and non-residential applications and accounts for 

15% of the wood industry in North America (Schultz & Nicholas, 2010).  

 PCP is an oil-born preservative that can be easily dissolved in oil. In 1930, PCP was 

generated in a lower cost of generation processes when compared to creosote, it use to 

replace the creosote in real wood industrial applications and accounts for 5% in North 
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America (Schultz & Nicholas, 2010). After PCP, the water-born preservative CCA was 

introduced during the 20th century. However, in 2003 this preservative was restricted in the 

U.S. and Canadian wood industries due to the leaching of harmful substances, such as 

chromium, and arsenic (Zagury, et al., 2008). Several studies determined that the soil near 

the CCA-treated wood typically has a higher concentration of metal (CrO3 and CuO) content 

and hazard index (Guney, et al., 2010; Chirenje, et al., 2003; Stilwell & Gorny, 1997). 

Additionally, copper-based wood preservatives, such as copper naphthenate and copper-8-

quinolinolate, were effective alternatives to PCP due to the leach resistance against decaying 

fungi and low mammal toxicity during WWII (Freeman, et al., 2006). Since the 1990s, 

roughly 3% of utility poles and fence posts have been treated with copper-based wood 

preservatives in the industrial application (Freeman, et al., 2006). 

The second-generation, water-born copper-rich systems, such as alkaline copper quat 

(ACQ), and copper azole (CA) have the same functional performance as CCA, but they have 

been used more in residential constructions (M. H. Freeman & McIntyre, 2008). However, 

wood preservatives involved metal hazards (copper) which might affect the corrosion of 

metal fasteners, aquatic systems, and shorten the service life, thus contaminating entire 

ecosystems (M. H. Freeman & McIntyre, 2008).       

The third-generation systems also known as organic wood preservatives, was 

developed to enhance the efficacy of the organic chemicals used to protect wood (Schultz & 

Nicholas, 2008). Developing a new acceptable organic wood preservative has become a 

major trend to protect not only the wood but also for human health. Several tests need to be 

evaluated when introducing a new organic biocide to the wood industry. For example, the 

stability of chemical compounds  needs to be tested when exposing it to extreme 
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environmental conditions, such as high humidity, high radiation, (Freeman, et al., 2006). 

Secondly, most organic biocides are insoluble in water and might affect the retention 

variation inside the wood cells (Freeman, et al., 2006). The last consideration is to test the 

reactions of the combination of other biocides or additives to see if the organic biocides only 

uses against certain fungi (Wang, et al., 2009). Although developing a new preservative is 

complicated, the use of organic wood preservatives is a great start to eco-friendly living.  

2.3.2 Wood Modification 

 Wood modification is used to describe a method that application of mechanical, 

physical, biological and chemical to change the properties of the wood materials, obtaining a 

better performance of wood dimensional stability, weathering resistance, and decay 

resistance (Sandberg, et al., 2017). The promising modification of wood methods and widely 

used in the wood industry are acetylation and furfurylation. The acetylation method involves 

replacing hydroxyl groups with acetyl groups of acetic anhydride (Dong et al., 2016). The 

furfurylation wood modification method is realized by the use of furfuryl alcohol (FA) 

solutions in the catalyst at rising temperature (Lande, et al., 2010). Chemical modification 

has been applied to modify solid wood properties for specialized applications in the Japanese, 

European, and North American markets (Johansson, 2017). 

The heat-treated wood method was investigated for about a half-century in Europe 

(Preston, 2003). This method was used to modify the chemical compositions and physical 

properties of wood. The dimensional stability and decaying fungi resistance of heat-treated 

wood has been greatly improved (Źivković, et al., 2008). The last method was coating 

wooden product surfaces with various monomers or polymers to increase utilization of 
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service lifetime and to prevent damage from microorganisms or natural environmental 

conditions, such as UV, precipitation, and snow (Rowell, 2006). 

2.4 Epsilon Poly-L-lysine (EPL) as a Potential Wood Preservative  

EPL is a secondary metabolites generated by isolating Streptomyces albulus strain 

346 substance from soil (Shima & Sakai, 1977) and has been widely used for a variety of 

purposes (Zou, et al., 2010). Shima and Shoji reported that the EPL is highly active against a 

broad large of microorganisms, including fungi, bacteria, and specific viruses (Shoji, et al., 

1984). EPL is also been considered a safe food preservative in many countries, such as Japan, 

Korea, and the United States due to its low impact on living animals (Yasuhiro et al., 2003).  

2.4.1  Epsilon Poly-L-lysine 

EPL is a high molecular weight compound with 25 to 35 identical l-lysine residues 

linked by ε-amino and α-carboxyl groups (Shima & Sakai, 1981; Shih, Shen, & Van, 2006). 

It can resist high temperature, dissolve in water, and has low toxicity to mammals. It also 

possesses prominent antimicrobial activity against a wide spectrum of microorganisms. The 

chemical structure of EPL is shown in Figure 5.  

 

Figure 5. Chemical structure of Epsilon-L-lysine (Amato et al., 2021). 
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Specifically, the high-temperature resistance of EPL has been demonstrated by its lack 

of structural change when the solution is autoclaved under 120 °C for 20 minutes or under 

100 °C for 30 (Yoshida & Nagasawa, 2003; Shih et al., 2006). The high-water solubility of 

EPL is another advantage in terms of wood protection. Because water is a low cost solvent 

and the preservatives carried by water can be easily diffused into wood structures (Thybring, 

Kymäläinen, & Rautkari, 2018).   

For safety  and antifungal purposes, EPL has  been applied in a moderate concentration 

to prevent the growth of pathogen in dry meat products (Sofos, 2002) and to avoid infection 

of disease in crops, such as sprouts and seeds (Sivapalasingam, et. al., 2004). Recently, EPL 

also used to ease the generation of new hyphae , the synthesis of protein, DNA, and RNA in 

different fungal species (Rocha, et. al., 2005). For example, the latest research by Rodrigues 

et al., reported the EPL were used to fight against four phytobacterial species with negatively 

impacted crop growth. The results showed the plants treated with EPL foliar sprays could  

effectively suppress plant diseases (Rodrigues et al., 2020).   

2.4.2 Antimicrobial method of Epsilon Poly-L-lysine 

 EPL is a peptide generated by fungi. The peptides also known as antimicrobial 

peptides (Rodrigues et al., 2020) which collaborated with electrostatic absorption mechanism 

(Yoshida & Nagasawa, 2003) to inhibit grams, bacteria, and molds.  The peptides are found 

in the immune system of some reptiles, mammals, insects, plants, and fungi to fight against 

the infection from the outer environment (Blin,et al., 2011). The peptides interact with 

microbials, causing membrane rupture, and they inhibit intracellular functions, which lead to 

microbial death (Figure 6).  
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Figure 6. The process of antimicrobial peptides interacts with microbes. 

The electrostatic absorption is a mechanism for EPL (peptides) effectively adsorbing 

the negatively charged surface of microorganisms. The presence of NH2+ groups along EPL’s 

backbone provides EPL with a high isoelectric point (pI-9), making EPL has positive charges 

(Yoshida & Nagasawa, 2003). This positive charge of NH2+ groups is a key how this 

mechanism works. Once the positive charge of NH2+ absorbs the microorganisms with 

negatively charged, the EPL penetrates and distributes inside the cells to create pores, which 

destroys the membrane. After this, the outer membrane of cells is gradually removed until the 

cells die (Figure 7). This removed abnormal distribution of cytoplasm is known as 

fragmentation (Blin,et al., 2011; Shima, et al., 1984).  
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Figure 7. The inhibitions of microbial growth by electrostatic absorption. 

 

 

2.4.3 Application of Epsilon Poly-L-lysine 

  In the late 1980s, EPL was approved by the Japanese Ministry of Health Labor and 

Welfare as a food preservative because of its high antimicrobial properties and low toxicity 

(Chheda & Vernekar, 2015). For example, the EPL was used to extend the service lifetime in 

potato salad, noodles, and steamed rice (Yasuhiro et al., 2003). Muto reported that adding 2-3 

% of EPL to hamburger patties increased the service lifetime by 20 days (Muto, 2009). In 

another study by Hiraki (2000), food ingredients can be preserved with EPL at concentration 

ranging from 1000 to 1500 ppm without cooking them (J Hiraki, 2000).  

The antimicrobial properties of EPL can be greatly improved by combining it with 

other food additives (J Hiraki, 2000). Mixing it with food additives, such as ethanol, organic 

vinegar, glycine, and emulsifying agents, (Lau, et al., 2006) allows for reduced  EPL usage 
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while maintaining desired protection purposes and the original food taste (Lau, et al., 2006). 

For example, the service lifetime of raw chicken can be increased threefold longer by 

submerging a raw chicken in a solution containing EPL of 450 ppm, organic acid of 0.9% 

and sodium acetate of 1.4% (Muto, 2009).  

Research effort has been devoted to the inhibition of food-borne pathogens. In the 

United States, around 76 million cases of sickness are caused by microbe-contaminated food 

sources (Mead et al., 1999). EPL can effectively inhibit the growth of the food-borne 

pathogens Escherichia coli O157:H7, Salmonella typhimurium, and Listeria 

monocytogenes  (Geornaras & Sofos, 2005). In this study, 200 to 400 ug/ml of EPL, tryptic 

soy broth, and 0.6% of yeast extract were used to incubate these three pathogens: 

Escherichia coli O157:H7, Salmonella typhimurium, and Listeria 

monocytogenes.  Additionally, for the gram-negative pathogen Escherichia coli O157:H7 

and Salmonella typhimurium, the 0.025% sodium diacetate or 0.1% acetic acid could 

enhance the antimicrobial ability (Geornaras & Sofos, 2005). Geornaras and Sofos noted that 

the combination of additives can be an effective food preservative for controlling food-borne 

pathogens (Geornaras & Sofos, 2005).  

In addition to antimicrobial ability, EPL has been used as dietary fat absorption 

compound due to its inhibition of pancreatic lipase activity. This means EPL can reduce the 

absorbing rate of lipids that cause obesity. Another study indicated that when mixing EPL 

with bentonite, it can prevent periodontal disease (Lion, 2006). Because of the versatility of 

EPL, there is high interest in expanding the application of EPL to a diverse field, such as 

agriculture and environmental science. This thesis will test the antifungal efficacy of EPL 

against wood-decaying fungi. 
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Chapter 3: In Vitro Antifungal Activity of Epsilon Poly L-lysine against 

Wood-decaying Fungi  

Abstract 

There has been a growing interest in seeking natural and bio-based preservatives to 

prevent wood from deterioration during its service life and to prolong carbon storage in 

buildings. This study aims to assess the antifungal properties of Epsilon Poly L-lysine (EPL), 

a secondary metabolite from actinomyces, against four common wood-inhabiting fungi, 

including two brown-rot fungi, Gloeophyllum trabeum (G.t.) and Rhodonia placenta (R.p), 

and two white-rot fungi, Trametes versicolor (T.v.) and Irpex lacteus (I.l.). EPL was 

amended with malt-agar media at different concentrations of 1, 2, 3, and 4 mg/ml. Our results 

indicate that these fungi responded differently to the EPL treatments. The minimal inhibitory 

concentration of EPL against G.t., T.v. and I.l. was determined to be 3 mg/ml, while that of 

R.p. was 5 mg/ml. EPL treatment also affected hyphal morphology by changing them from a 

smooth surface with a tubular structure to twisted and deformed shapes. Although only being 

tested on agar media, EPL has demonstrated high antimicrobial activities against common 

wood-decaying fungi.  

3.1 Introduction 

Wood-decaying fungi are important in natural environments and in wood industry. 

They are unique because of certain fungal species are of special interest in selectively 

decompose holocellulose or lignin within the cell walls of wood. Wood-inhibiting fungi are 

the important drivers in the carbon cycle of the earth by decomposing various organic matters 

into carbon dioxide and water (Li et al., 2019; Treseder, et al., 2016) but also wood decay 
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processes that cause significant economic losses by facilitating decomposition of living and 

dead trees as well as wood products (Oliva et al., 2014; Riquelme et al. 2018). Wood-

decaying fungi are typically characterized into three types: white-rot (which degrades all 

components of plant cell walls), brown-rot (leaves lignin intact), and soft-rot (attack higher 

moisture condition of wood). White and brown-rot fungi are basidiomycetes (Blanchette, 

1983) and are commonly found associated with wood decay (Goodell, 2003).     

It is important to find approaches to reduce wood decay on structural lumber products 

that are both economically feasible and environmentally sound. A huge economic loss when 

buildings have to be replaced due to deterioration in wood strength by wood-decaying fungi. 

Approaches to protecting wood from various fungal damage include non-fungicidal, 

fungicidal and biological methods. In particular, the chemicals used in the fungicidal 

formulations have been challenged by the ever-increasing antimicrobial resistance of the 

organisms, the rigorous regulations due to the associated environmental pollution and 

hazards, and the growing awareness of seeking sustainable alternatives (Schmitz, 1929; 

AWPA Technical Committee P-6, 2017; Buzón-Durán et al., 2019). These issues have led to 

the exploration of new antimicrobial agents to reduce or eliminate fungal degradation of 

wood products. 

EPL is a secondary metabolite biosynthesized by Streptomyces albulus through 

industrial fermentation (Bankar & Singhal, 2013). It is a linear homopolymer consisting of 

25 to 35 L-lysine units, one of the essential amino acids, and is linked by peptide bonds (ε-

amino bond) formed by an α-carboxylic acid group of L-lysine and an ε-amino group of 

another L-lysine (Shima & Sakai, 1981; Shih et al., 2006). As a naturally produced 

polycationic peptide, EPL has excellent antimicrobial properties against a broad spectrum of 
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microorganisms, including bacteria, yeast, molds and fungi, under a wide pH range of 2 to 9 

(Jun Hiraki, 1999). The biocidal activities are not affected due to high temperature and could 

last for 20 min at 120oC. EPL is also readily soluble in water, editable and biodegradable 

(Yoshida & Nagasawa, 2003). It is recognized as safe (GRAS Notice No. GRN 000135) by 

the Food and Drug Administration (FDA) in 2003. Based on its strong antimicrobial 

properties and low toxicity, EPL has been extensively used in food preserving and 

biomedical industries (Hyde et al., 2019). However, the antifungal activity of EPL against 

wood-rotting fungi has not been reported.   

The objective of this study was to evaluate the antifungal activity of EPL against four 

wood decaying fungi, including two brown-rot fungi, G.t. and R.p., and two white-rot fungi, 

T.v. and I.l. using malt-agar as substrate. The effect of EPL on the fungal growth rates was 

monitored for 2-weeks. In addition, changes in fungal morphology are presented. 

3.2 Methods and Materials 

3.2.1 Materials  

Epsilon Poly L-lysine (EPL, >95%, MW is between 3600 and 4300) was purchased 

from MarkNature (Qingdao, China). Agar, yeast extract powder, malt extract, and potassium 

hydroxide were obtained from Fisher Scientific. 

Two brown-rot fungi, Gloeophyllum trabeum (G.t.) and Rhodonia placenta (R.p) and 

two white-rot fungi, Trametes versicolor (T.v.) and Irpex lacteus (I.l.), were donated by Dr. 

Juliet D. Tang at the USDA Forest Service Forest Products Laboratory, Starkville, MS and 

were used throughout the study.  
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DAPI (4’, 6-diamidino-2-phenylindole dihydrochloride), Calcofluor White M2R (1 

g/L) and potassium hydroxide were purchased from Millipore Sigma. The calcofluor white 

was used directly without diluting.  

3.2.2 Antifungal assay of EPL-amended malt-agar substrate  

The antifungal activity of EPL against the wood-decaying fungi was assessed using malt-

agar as a substrate. Briefly, the malt-agar solution was formulated consisting of malt extract, 

agar and yeast extract at a concentration of 2, 1.5 and 0.2%, respectively, using DI water as a 

solvent, followed by autoclaving at 120oC for 20 minutes. Then part of the autoclaved malt-

agar solution was fully mixed with EPL powder to obtain EPL amended malt-agar solutions 

of four different concentrations at 1, 2, 3 and 4 mg/ml in a biosafety hood. These concentrations 

were selected based on a preliminary study (unpublished) that evaluated appropriate EPL 

concentrations to effectively reduce fungal activity. Both the unamended and EPL amended 

solutions were further transferred to the Petri dishes (diameter of 90 mm) using sterilized 

syringes, of which 12.5 ml were cast per plate. After the malt-agar solution solidified, an active 

growing fungus plug with an area of 100 mm2 was placed in the middle of each Petri dish. 

Then the Petri dishes were sealed with parafilm and kept in a controlled chamber in the dark 

at a temperature of 25oC and relative humidity of 75%.  

Fungal growth on the agar substrate was monitored daily for 14 days; as it takes different 

fungi, about 7 to 14 days to fully cover the whole Petri dish, depending on the fungal strains  

(Barbero-López, et al., 2020). Photos of each Petri dish from each EPL treatment, fungal 

species, and replicates were taken every day using a customized box to minimize the stray light 

in the photos and to obtain clear pictures (Figure 8). The area covered by a fungus was 

measured using Image J software (National Institutes of Health, Bethesda, Maryland ). All the 



27 

treatments are in five replicates. A total number of 100 Petri dishes were prepared (5 replicates 

per treatment x 5 treatments (4 EPL treatments and one control) x 4 fungi (G.t., R.p., T.v. and 

I.l.)). The daily fungal growth rate was calculated using the flowing equation: 

Daily	fungal	growth	rate	(%) = 	
5!"## − 5%&'(

5)"*
× 100% 

Where Aday#, represents the area of the fungus covered on the Petri dish on each day, 

Aflug means the area of the plug used to inoculate the plate and Amax denotes the theoretical 

maximum area that could be covered by the fungus. In this study, the diameter of the plate is 

90 mm and the maximum area is 6358.5 mm2.  

 

Figure 8. Schematic drawing of the customized box (left), the layout of a Petri dish, ruler and sample ID card 
inside the box (middle) and light source (right) for photo taking. 

3.2.3 Microscopic observation of fungal growth in EPL-amended agar Substrates 

The morphological changes due to the effect of EPL were observed using an 

Olympus microscope (BX51, Tokyo, Japan) under the magnification of 600X. Nuclei 

observation was evaluated under the blue light excitation. The fungal slide culture was 

prepared as below (Figure 9). The microscope slides, cover slides and filter papers were 

autoclaved at 120oC for 20 minutes before further use. Briefly, a filter paper was placed in a 
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Petri dish (bottom) and wetted with 2 ml of sterilized DI water. Then two spacers were 

arranged between the filter paper and a microscope slide to create airflow, followed by 

placing a 5 mm2 of solidified EPL-amended malt agar square in the middle of the slide. The 

EPL-amended malt-agar substrate includes 1 mg/ml for G.t., 3 mg/ml for R.p., and 2 mg/ml 

for both T.v. and I.l.. while the control malt-agar substrate was prepared without adding EPL, 

as previously stated. The four corners of the malt agar plug were then inoculated with the 

active growing fungal tips (without control malt-agar substrate) and were further adhered to a 

covering slide. The complete Petri dish set covered by a top plate was then sealed with 

parafilm and incubated at a temperature of 25 oC and relative humidity of 75% in an 

environmental chamber in dark for 2 days. The cover slides attaching with the newly grown 

fungal hyphae were then laid on another plain microscope slide and fixed by a drop of DI 

water.  For fluorescence microscopic observation, the solutions, 10 μg/ml of DAPI, 5 μg/ml 

of calcofluor white and 10% of potassium hydroxide, were used to fix and stain the mycelia. 

The excess water and solutions were removed using Kimber paper.  

 

Figure 9. The expanded view of the fungal slide culture.  
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3.3 Results and Discussion 

3.3.1 Wood-decaying fungi growth in EPL-amended agar substrate 

Figure 10 shows the effects of different EPL concentrations on the average fungal 

growth rates of two brown-rot fungi, G.t. and R.p., and two white-rot fungi, T.v. and I.l., in 

the malt-agar substrate over a 14-day incubation period and their macro-view was shown in 

Figure 4. For control, it takes G.t. and R.p. about 14 and 12 days, respectively, to fully cover 

the malt-agar substrate. In comparison, the mycelia of the two white-rot fungi, T.v. and I.l., 

completely colonize the agar control substrates on day 6 and 5, respectively, indicating that 

these two white-rot fungi are more aggressive growers than the brown-rot fungi based on 

current lab conditions.  

 

Figure 10. The average fungal growth rates of two brown rot fungi: (a) G.t. and (b) R.p., and two white rot fungi 
(c) T.v., and (d) I.l, against different concentrations of EPL in malt-agar substrates over a 14-day incubation 
period. 
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Figure 11. Photographs of four wood-decaying fungi grew on malt-agar substrates amended with 0, 1, 2, 3 and 
4 mg/ml of EPL on day 14. The arrows in the Petri dishes represent mycelia colonization. 

Upon EPL treatment, the four fungal strains responded differently in EPL-amended 

agar substrates, with T.v. being the most affected, while R.p. the least sensitive to EPL at the 

concentration of 1 mg/ml. For example, at this concentration, the average fungal growth rates 

for G.t., R.p., T.v. and I.l. are 19%, 100%,15%, and 59%, respectively, on day 14. 

Furthermore, mycelial color changed with EPL concentration and became darker in Gt. T.v. 

and I.l. in 1mg/ml (Figure 11).   

As the concentration of EPL increases to 2 mg/ml, growth of G.t. is completely 

suppressed while the growth of both T.v. and I.l. had initial growth at early stage and then 

towards regression at a growth rate of less than 0.5% on day 14 (Figure 12) . For example, 

T.v. and I.l. stopped growing on day 9 (Figure 12a) and 4 (Figure 12b), respectively, and at 

this stage the hyphal tips of both fungi appear normal. However, on day 14, a condensation 

of protoplasm were observed, which could be related to retroversion of the growth (Riquelme 
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et al., 2018). In contrast, R.p. was very aggressive at EPL of 2 mg/ml and its growth was not 

completely contained until EPL concentration reach to 4 mg/ml. Although EPL of 2 mg/ml 

completely or almost retard the growth of G.t., T.v. and I.l., some replicates from these fungi 

continued growing after two-month check-up of the Petri dishes (i.e. for G.t. 2 out of 5 

continue growing, for T.v. all the five replicates continue growing and for I.l., 4 out of 5 

grows). Similar phenomenon was also observed in R.p. (2/5 continue growing) under EPL of 

4 mg/ml. It is worth noted that no obvious hyphal expansion was seen in G.t., T.v. and I.l.  at 

3 mg/ml and R.p. at 5 mg/ml after two-month follow up examination. Based on our 

preliminary study (un-published), the minimal inhibitory concentration of EPL against all the 

fungi was determined to be 3 mg/ml, except for R.p., which is 5 mg/ml. Similar research has 

been reported that Rhodonia placenta is least sensitive to different organic acid (Barbero-

López et al., 2020). 

 

Figure 12. The growing curve and performance of T.v. (a) and I.l. (b) fungal hyphae after exposing 2mg/ml of EPL 
concentration under light microscopy. The T.v. (a) and I.l. (b) have highest growth rate at day 9 and day 4. 
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3.3.2 Microscopic Observations of Fungi Morphology due to the Effects of EPL   

The morphology changes due to the effect of EPL were observed by microscopic 

observations, as shown in Figure 13. Significant differences of the hyphae growth between 

the control and EPL-amended malt agar were observed on all the fungal strains. In the 

control group, the hyphae display a smooth surface with tubular structure. On contrast, the 

hyphae of all the fungi grew on EPL-amended malt-agar substrates show twisted or distorted 

shape. The exposure of R.p. to EPL also triggers cell leakages. Similar research has been 

reported that when a fungus exposed to a fungicide, it will induce apoptotic-like, such as 

shrank, leakage, and rough surface (Chaves-Lopez et al., 2018; Hou et al. 2020).  

 

Figure 13. Optical micrographs showed morphological changes of the hyphae before and after the EPL 
treatments. The actively growing fungal tips were exposed to the control malt-agar substrate or amended with 
1 mg/ml EPL for G.t., 3 mg/ml EPL for R.p., and 2 mg/ml EPL for both T.v. and I.l.. 
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Figure 14 shows that the fluorescence micrographs of the fungi exposed to control 

and EPL-amended malt-agar substrate on day 9. In the control group, intact nuclei were 

detected for the four fungi. In contrast, different fungi responded different to EPL treatment 

and led to various changes of nuclear. For example, in G.t., the nuclei or debris of nuclei 

were not observed and were likely dissolved in the cytoplasm,  indicating the high 

vulnerability of this specie exposure to chemicals (Thulasidas and Bhat, 2007). This 

observation is also consistent with the low growth rate of G.t. at EPL concentration of 1 mg/ 

ml. In comparison, part of the nuclei fragmented in the rest three fungal stains upon EPL 

treatment (Q. Gao et al., 2019) and some of them remains unchanged. These results could 

explain why R.p. and I.l. were less sensitive to EPL treatment at 1 mg/ ml. Although T.v. is 

very sensitive at 1 mg/ ml EPL treatment, the undamaged nuclear remained in the hyphal tips 

allow it to regrow more easily at EPL of 2 mg/ml after two-month check-in.  

 

Figure 14. Fluorescent micrographs of four fungi, G.t., R.p., T.v. and I.l., grew on EPL-amended malt-agar 
substrate at 1, 3, 2 and 2 mg/ml on day 9, respectively; un-amended malt-agar substrate was used as control. 
Intact nuclei were indicated by arrowheads (­) while fragmented nuclei were indicated by *. 
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3.4 Conclusion 

This study demonstrated the effectiveness of EPL against the common wood 

inhibiting fungal species on an agar substrate. Fungal species responses differed with 

different treatment amounts. The minimal inhibitory concentration of EPL against G.t., T.v. 

and I.l. was determined to be 3 mg/ml while that of R.p. was 5 mg/ml. EPL treatments also 

affect the morphology of the hyphae by twisting and deforming their shapes. Future research 

will focus on testing the efficacy of EPL against wood-decaying fungi on and in wood.  
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Chapter 4: Epsilon Poly L-lysine (EPL) for Wood Protection 

Abstract 

Epsilon-Poly-L-Lysine (EPL) is produced by Streptomyces albulus strain 346 

substance as a secondary metabolite. It has been used as an antimicrobial agent in food and 

medical fields. However, the application of EPL in the wood industry is currently 

unexamined. In this study, the decay resistance of EPL-treated wood at four different 

concentrations (1%, 10%, 15%, and 0% control) was studied by exposing to three fungal 

species, including one brown-rot fungus, Rhodonia placenta (R.p.), and two white-rot fungi, 

Trametes versicolor (T.v.) and Irpex lacteus (I.l.)., The 1% EPL treatment reported the 

highest efficacy yielding low or negligible mass losses in decay test. The wood mass lost 

following an increase in treatment concentrations. The reason is because when the 

concentration of EPL increased, there was increased leaching from the wood, which resulted 

in higher mass loss. Additionally, EPL- treated wood had a high heat resistance. This study 

reports that the EPL could be an antifungal preservative and with thermal stability to improve 

wood durability. 

4.1 Introduction 

Wood preservation has been under development for many years (Ramage et al., 

2017). The increasing needs of wood products, such as saw logs, cross-laminated timber, or 

veneers, triggered the development of methods for protecting wood against fungi, insects, 

radiation, fire, and moisture. Besides these considerations, if people can consider 

environmentally friendly purposes when producing wood preservatives for extending the 

wood service life, that will greatly decrease environmental hazards.  The organic wood 
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preservatives are produced by organic chemicals which will lead to a clean environment 

(Binbuga, Ruhs, Hasty, Henry, & Schultz, 2008).  

Epsilon-Poly-L-Lysine (EPL) is a nontoxic food preservative and was found around 30 

years ago as the by-product of a Dragendorff-positive substance generated by isolating 

Streptomyces albulus strain 346 substance from soil (Shoji Shima & Sakai, 1977; Bankar and 

Singhal 2013). It is a high molecular weight compound with 25 to 35 identical l-lysine 

residues connected by ε-amino and α-carboxyl groups (Shima & Sakai, 1981; Shih, Shen, & 

Van, 2006). Shima and Shoji reported that the EPL is highly active against a broad spectrum 

of microorganisms, including fungi, bacteria, and specific viruses due to the electrostatic 

absorption mechanism (Shoji Shima, et al., 1984; Yoshida & Nagasawa, 2003). The NH2 is a 

major amine group in EPL’s backbone and can bind with negatively charged membranes 

from the microorganisms, thus disrupting the surface and cytoplasmic membrane (Yoshida & 

Nagasawa, 2003).  

Currently, it has also been reported that the EPL has high-temperature resistance and 

can tolerance 20 minutes of autoclaving under 120°C or 30 minutes of boiling the solution 

under 100 °C (Yoshida & Nagasawa, 2003; Shih et al., 2006). It is also considered as a safe 

food preservative in many countries, such as Japan, Korea, and the United States (Yasuhiro et 

al., 2003). The US Food and Drug Administration has approved to use of it as a natural food 

preservative (USFDA, 2004). Because of these beneficial chemical properties, EPL has been 

widely applied in the medical and food preservation industries (Hyde et al., 2019). However, 

the application of EPL for wood protection has not been reported.  

In this study, the antifungal activity of EPL against three wood-decaying fungi, 

including one brown-rot fungus, Rhodonia placenta (R.p.) and two white-rot fungi, Trametes 
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versicolor (T.v.) and Irpex lacteus (I.l.), were investigated in vivo. The retention of EPL in 

wood was measured and the mass loss to due fungal decay was also reported. 

4.2 Methods and Materials 

4.2.1 Materials  

Epsilon Poly L-lysine (EPL, >95%, MW is between 3600 and 4300) was purchased 

from MarkNature (Qingdao, China). Agar, yeast-extract powder and malt extract were 

obtained from Fisher Chemical. 

One brown-rot fungus, R.p. and two white-rot fungi, T.v. and I.l., were donated by Dr. 

Juliet D. Tang at the USDA Forest Service Forest Products Laboratory, Starkville, MS and 

were used throughout the study.  

Clear sapwood of southern pine (Pinus spp.)  and poplar (Populous tremuloides 

Michx.) were used for brown-rot fungi for white-rot fungi decay tests, respectively.  They 

were cut into 14 mm x 14 mm x 14 mm blocks for wood treatment and 3 mm x 28 mm x 34 

mm as fungal feeder strips. Wood density was determined by a conventional method to 

calculate the ratio between oven-dry mass divide by the green volume of the same sample.  

The density of the wood samples after oven-drying were 491 kg/m3 (SD 17, n=96) and 474 

kg/m3 (SD 38, n=48) for poplar and pine, respectively.  

4.2.2 Characterization of Epsilon Poly L-Lysine (EPL) and EPL-treated wood  

Three samples, EPL, untreated wood and EPL-treated wood (15 % EPL treatment on 

southern pine), were analyzed by using Fourier Transform Infrared Spectroscopy (FTIR, 

Nicolet IS 10, Thermo Scientific, Waltham, MA ) and thermogravimetric analysis (TGA 7, 

Perkin Elmer, Waltham, MA). The pure EPL were directly used for the analysis. Untreated 
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wood and EPL-treated wood samples were treated with deionized water and 15% EPL 

treatment, respectively. After treating, EPL-treated wood samples were dipped into deionized 

water three times to remove free EPL on the surface of the wood. Both untreated wood and 

EPL-treated wood samples were oven-dried (60 0C, 48 H) and scratched into pellets from the 

surface of wood samples and placed in the 15ml centrifuge tubes. Centrifuge tubes were 

sealed with parafilm and drilled three tiny holes for moisture evaporation. After then all the 

samples (EPL, untreated wood, EPL-treated wood) were freeze-dried using a freeze drier 

(Labconco, USA) for another 48 h.  

Specifically, to understand the changes associated with adding EPL to wood samples, 

the chemical changes of EPL treated wood were measured using FTIR The samples were 

collected in the wavenumber range of 400 to 4000 cm+, at a resolution of 4	cm+,. The 

obtained spectra were baseline corrected and normalized by using Omnic software.  

The thermal stability of EPL treated wood (southern pine) was studied by using TGA 

instrument under nitrogen. 5 mg of EPL, untreated wood, and EPL-treated wood samples 

were placed on the platinum crucible and heated from room temperature to 800 oC at a 

heating rate of 20 oC/min, respectively (Lin, et al., 2018). Each sample was analyzed twice to 

collect the average for further analysis.  

4.2.3 Preservatives treatment by impregnation of wood in EPL solutions 

All the treatments are in 6 replicates. The total number of wood samples were 6 

replicates x 4 EPL concentrations (3 treatments and one control) x 3 fungi ( R.p., T.v. and I.l.) 

x 2 ( w/ leaching and w/o leaching) = 144 replicates. All wood samples were immersed in the 

treating solutions and were subjected to vacuum (1000 mbar) for 20 min, followed with 
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atmospheric pressure for 30 min. This procedure was repeated for three times to ensure fully 

impregnation of EPL in wood. EPL concentrations of 1%, 10%, and 15% were included. The 

control cubes were impregnated with deionized water.  

4.2.4 Quantification of EPL in wood by retention and mass gain  

After impregnating process, the wet mass of the wood cube was recorded. The 

surplus solution was wiped from the surface of the cubes, and cubes were oven-dried at 60-= 

for 48 h. EPL retention and mass gain were calculated according to the equations below: 

Retention	(?@/B.) = 	
C=
D
× 10 

Where G represents mass difference between the wet mass of the samples after 

impregnation and their oven-dried before treatment (g), C means concentration of 

preservative solution (%), and V is volume of wood cubes in (EB.).  

Mass	Gain	(%) = 	
(I/+0120	 −	I4+0120		)

I4+0120		
× 10 

Where I4+0120	and I/+0120	 are the oven-dried mass of wood samples before and after 

treatment, respectively.  

4.2.5  Fluorescence microscopic analysis of treated wood  

The micro-slides of wood samples in cross-sections were cut by a microtome (AO 

Spencer No. 860) (Patel et al., 2013). The angle of the blade (knife) was adjusted to 30o to 

avoid distorting the wood structure during the cutting process (Richards, 1942). The 

thickness of these samples was 30	JB. The wood slices were mounted on the microscope 

slide with deionized water and were examined using fluorescence microscopy (BX 51/52 

Olympus) under the blue (BA 420 nm), red (BA 515 nm), and green (BA 590 nm) light to 
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observe the distribution of EPL inside the wood. Then the three images were composited into 

one by using ImageJ software (Bankhead, 2014). 

4.2.6 Leaching of impregnated wood samples 

Before the wood durability test, wood cubes were subjected to a leaching test according 

to AWPA E11 standard to determine the leachability of wood preservatives. It can be used to 

predict potential environmental impacts of treated wood in service. Wood samples in the 

beakers were shaked at room condition with a speed of 100 rpm. The leachates were replaced 

with new deionized water after the time intervals of 1, 6, 24, and 48 h, thereafter every 48 h 

until a total leachate collection of nine were obtained. After leaching test, the wood cubes 

were removed from the beaker and the excess water on the cubes was wiped off. Finally. the 

wet mass and oven-dried mass after leaching test were recorded. 

The amount of water needed for leaching test was calculated at the 1:2.5 (cube to water) 

ratio using the following equation: 

Water	needed	for	impregnation	(ml) = 	D × N 

Where D represents the volume of wood samples, N represents the total number of cubes 

in each beaker for the leaching test. In this study, the volume of the cubes was 14*14*14 

mm, and 12 cubes needed for leaching test. The total amount of water needed was 81 ml for 

leaching test.  

4.2.7 Fungal resistance of treated wood 

4.2.7.1 Preparation of feeder stripes 

Wood feeder strips were pre-inoculated with either brown rot or white rot in the malt-

agar substrate before durability test. Briefly, the malt-agar solution was formulated to consist 
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of malt extract, agar and yeast extract at a concentration of 2, 1.5 and 0.2%, respectively, 

using DI water as a solvent, followed by autoclaving at 120 oC for 20 min. The molten malt-

agar solution was transferred to the petri dishes (diameter of 90 mm) with sterilized syringes, 

of which 12.5 ml were cast per plate. After the malt-agar solution solidified, two pieces of 

same wood species feeder strips were placed on the malt agar separately. The total number of 

feeder strips were 6 replicates x 4 EPL concentration (3 treatments and one control) x 3 fungi 

( R.p., T.v. and I.l.) x 2 ( w/ leaching and w/o leaching) = 144 replicates.. Then an active 

growing fungus plug with 20 mm in length were laid half on the feeder strip and half on the 

malt agar to confirm the fungi captured the nutrient from the feeder strips with active status. 

Finally, the petri dishes were sealed with parafilm and kept in a controlled chamber in the 

dark at a temperature of 25oC and relative humidity of 75% until the fungal mycelium had 

fully covered on the surface of feeder strips.   

4.2.7.2 Wood decay test 

The antifungal efficacy of EPL treatments was determined by two-month exposure of 

southern pine and poplar to brown-rot and white-rot fungi, respectively, per AWPA E-10 

standard. The feeder strips with active fungal growth were transferred to new culture bottle 

(malt-agar substrate). All wood cubes (144 pieces) with and without leaching test were 

sterilized by 70% of alcohol in the bio-safety hood for 30 minutes before inoculating to the 

culture bottles. The petri-dishes were sealed with parafilm and maintained at the conditioning 

chamber at the temperature of 25oC and relative humidity of 75% for eight weeks.  

After eight-week incubation, the samples were removed and the fungal mycelium on 

the surface of the wood cubes was brushed to obtain wet mass and oven-dried mass. These 

two numbers were used to calculate wood mass loss by fungi degradation. The equation was: 
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Moisture	content	(%) = 	
(O/+ −O4)

I4
× 100 

Where O/ represents wet mass after being exposed to fungi, and I4 denotes oven-dried mass 

after being exposed to fungi. 

Mass	loss	(%) = 	
(I4+5 −I/+5)

I4+5
× 100 

Where I4+5 and I/+5 are the oven-dried mass before and after being exposed to the wood-

decaying fungi, respectively. 

4.2.8 Statistical analysis  

The data of retention, mass gain and mass loss were subjected to statistical analysis 

using SAS software (version 9.4; SAS Institute, Cary, North Carolina, USA). These include 

normality test, homogeneity of variance test and appropriate analysis of variance (ANOVA) 

method. For all our data, the homogeneity of variance is unequal, so Games-Howell test were 

used to compare all of group difference. The confidence level was set at 95%. 

4.3. Results and Discussion 

4.3.1 Fourier transform infrared spectroscopy (FTIR) and thermogravimetric 

analysis (TGA) of EPL  

The FTIR spectra of EPL, wood, and EPL-treated wood are shown in Figure 15. In 

the ATR-FTIR spectrum of EPL, the band at 3206 	cm+, was determined as asymmetric 

stretching vibration of primary compound NH2 (Maeda, et al., 2011). The band at 2859	cm+, 

was characteristic of the C-H stretching vibration (Mathew & Abraham, 2008) . The band at 

1553 	cm+, was the NH bending (amide II), and a band at 1657	cm+, was described to the 
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carbonyl groups (C=O) stretching vibration (amide I). The C-N stretching of amide bands 

was observed at 1250	cm+, (Hong, et al., 2011). 

The spectra of wood specimen showed a broad band at 3337 cm+, corresponding to 

the O-H bond in cellulose and hemicellulose (3000-3560cm+,) (Esteves, et al., 2011)  and a 

C-H stretching absorption at 2873 cm+,. The 1732 cm+, band was assigned to C=O in 

hemicelluloses, and C=C at 1505 cm+, for aromatic in lignin. Whereas, the band at 1026 

cm+,  assigned for C-O stretching in cellulose and hemicellulose(Pandey & Theagarajan, 

1997).  

After EPL treatment with wood, the NH2 bending bands from EPL were overlapped 

with wood and decreased from wood at 3337	cm+, to EPL-treated wood at 3324	cm+,. The 

absorbance  band of C=O at 1657	cm+, from the EPL shifted to 1663	cm+, in EPL-treated 

wood, which attributed to the formation of hydrogen bonds on carbonyl groups after 

crosslinking (C. Gao et al., 2014). Additionally, the C-H stretching vibration of wood at 

2873	cm+, shifted to 2866	cm+,in EPL- treated wood, indicating there were interactions 

between the hydroxyl groups of wood (2873	cm+,) and EPL's amino groups (3206	cm+,). 
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Figure 15. Infrared spectra of EPL, wood, and EPL-treated wood. 

4.3.2  Thermogravimetric analysis 

Figure 16 represented the thermogravimetric analysis (TGA) and derivative 

thermogravimetry (DTG) curves of EPL, wood, and EPL-treated wood in southern pine 

species. Overall, the degradation of mass loss were observed in EPL and EPL-treated wood 

while two were found in wood at room temperature to 800oC. At first stage (40 to 1000C), the 

weight loss of EPL, wood, and EPL-treated wood were 3.8%, 4.9% and 7.0%, respectively. 

All the three treatments were decreased gradually at temperature from 40 to 1000C, which is 

related to the release of moisture (Zhang et al., 2015).  

The EPL sample showed good thermal stability from room temperature to 2000C with a 

weight loss of  3.8% (Lin et al., 2018). It further decomposed dramatically at 200 to 5000C 
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with peak at 3280C and 4480C due to stage 2 and 3, respectively (Yuan et al., 2019). The 

weight loss for stage 2 (200 to 4300C) and stage 3 (430 to 5000C) are 55.5% and 30.0%, 

respectively. Additionally, the temperature from 100 to 2000C for three samples were 

presented more steady due to the release of noncombustible gases and liquids such as, acetic 

acid, CO2, and H2O (Dietenberger & Hasburgh, 2016).  

The maximum weight loss (74.8%) of wood was found at second degradation stage 

(2000C to 4500C) with the highest degradation rate at 3800C. In comparison, the EPL-treated 

wood showed lower thermal stability at beginning of thermal process than wood and EPL. At 

second stage of maximum mass loss point of EPL-treated wood (3560C) was even lower than 

wood (3800C) (Cruz et al., 2013). However, the huge change of curve was found in third 

stage. At this stage, the maximum mass loss point of EPL (448°C) was higher than wood 

(380°C), indicated EPL could tolerance higher thermal temperature. Therefore, the treatment 

of wood with EPL increase the thermal stability. 
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Figure 16. TGA and DTG thermograms of EPL, wood, and EPL-treated wood 

4.3.3  EPL in wood 

Retention and mass loss are two main factors used to quantify the amount of 

chemicals in wood after preservatives treatment. Specifically, retention is the one of the most 

convenient indicators to estimate the amount of preservatives in wood by calculating the 

differences between the mass of the untreated samples at room condition and the wet mass 

after treatment (Svedberg & Lindström, 2012). Mass gain can accurately quantify the amount 

of preservative absorbed by the wood after preservative treatment. It is obtained by 

calculating the oven-dried mass differences before and after treatment. This process is more 

tedious and could lead to the mitigation of the chemicals from inner part of the samples to the 

outer layer of samples (Dubey, Pang, & Walker, 2012).  
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Thus, retention is wide used in the wood industry (Svedberg & Lindström, 2012). In 

this study, both retentions and mass gain were used to quantify the EPL treatment effects 

(Figure 17) and end-matched samples were used throughout this study. Generally, retention 

and mass gain increased as a function of EPL concentration. For example, the retentions of 

EPL in hardwood at 1%, 10% and 15% were 8.75, 86.1, and 102.4 kg/m3, respectively while  

in softwood at 1%, 10% and 15% were 7.54, 80.7, and 99.0 kg/m3, respectively. Similar 

results were obtained in terms of mass gain.  Also, based on the retention and mass gain 

(Figure 17) results, there were no significant differences between softwood and hardwood.  

 

Figure 17. The Retention and mass gain of hardwood and softwood under different treatments. 

The distribution of EPL along the cross-section of the wood samples under 

fluorescence microscopy is shown in Figure 18. The fluorescence microscopy images were 

presented in RGB format to maintain the original quality (Bankhead, 2014). Upon 

compositing, blue and purple colors was observed in the untreated wood (Echard et al., 2015) 

whereas red color was seen in the treated wood. This observation could be related to the 

different chemical molecules’ energy states, emitting different light colors under 
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fluorescence microscopy (Vasileva et al., 2017; Drummen, 2012), indicating the existence of 

EPL in wood.   

 

 

Figure 18. The composition of RGB (filter: BA 515 nm, BA 590 nm, BA 420 nm) light emitted on southern pine 
and poplar, treated with control and EPL treated under fluorescence microscopy.  

 

4.3.4 Decay resistance of EPL against wood-decaying fungi 

The photographs of all the samples before and after durability test are listed in Figure 

19. As compared to control samples before fungal exposure and EPL treated samples after 

decay, significant damages were observed in the control groups after brown-rot decay. 

Whereas the appearance of white-rot decay cannot be easily visualized.   
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Figure 19. Photographs showing the wood cubes after eight weeks fungal exposure with different treatments. 

Figure 21 shows a box and whisker plot of mass loss against different treatments.  As 

can be seen, mass losses of the samples caused by fungal decay are significantly affected by 

EPL treatment. Especially, at EPL concentration of 1% and regardless of leaching test, the 

treated sample showed a significantly decreased mass loss for all the fungi tested, except for 

T.v., as compared to the water-treated cubes. This means part of EPL has been removed 

during the leaching test and EPL remaining in wood was still effective against R.p. and I.l. 

but not against T.v.. The high mass loss of T.v.- exposed samples after leaching (28%) is 

possibly related to its partially undamaged nuclei, which allow T.v. to continue attacking 

wood, as shown in Figure 10 in Chapter 3. On the other hand, R.p. and I.l. may be more 

sensitive at a higher concentration of EPL exposure, even after leaching test.  

As the concentration of EPL increased to 10% and 15 %, significantly higher mass 

losses were observed in all the fungal species in un-leached samples, which is related to the 

leaching of EPL (the yellowish color) during the durability test, as shown in Figure 20. 
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However, significantly lower mass losses were observed in the leached samples at high EPL 

concentrations as compared to those in the un-leached samples. This observation indicates 

that the remaining EPL in wood after leaching test can still provide adequate fungal 

resistance to these decaying fungi. The negative mass loss here is unknown and could be 

related to the residual hyphae mass in the wood after the durability test. 

 

 

Figure 20. The culture containers showed un-leached poplar wood samples under wood durability test at 
different EPL treatments percentage. The red arrow indicated the EPL solution leached out at the EPL treatment 
at 10% and 15%. 

Our 1% EPL treatment on wood (retention level of 7 kg/m3) is comparable to current 

research findings by using ACQ and tannin-boron formulations (Tondi et al., 2012; Ung & 

Cooper, 2005). Upon further refinement of the formulation, it could be used for Use 

Category 4C: Ground contact or fresh water (American Wood Protection Association - 

AWPA, 2017).   
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Figure 21. The mass loss percentage of three fungi performed at 1%, 10%, 15% and control (water treated) 
treatments. 

4.4 Conclusion 

This study has shown that the EPL as a wood preservative is an effective alternative 

for wood protection. The results suggest that the application of EPL should reach adequate-

proportional quantity for preventing the leaching that causes high mass loss. The optimal 

percentage of EPL treatment for fighting against common wood-decaying fungi was 

determined to be 1%. Additionally, through TGA analysis, the EPL could resist heat when it 

is used to treat wood. Therefore, based on this preliminary-experimental result, the EPL 

could be proposed for broad application in wood preservatives. 
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Chapter 5: Conclusion 

 In North America, wood is a popular commodity with an important economic value. 

Unfortunately, they have a short service life when exposed to favorable environmental 

conditions of high relative humidity and temperature. The objective of  this study was to test 

the feasibility of EPL for  wood protection.  

 In the first part of the study, in-vitro tests of assessing the minimum inhibitory 

concentration of EPL to fight against R.p. were determined at 5 mg/ml and for G.t., T.v. and 

I.l. were determined at 3 mg/ml. Initially, all fungi hyphae were suppressed under the 

concentration at 4 mg/ml for R.p, while 2 mg/ml for G.t., T.v., and I.l.. However, after a two-

month checkup, the four fungal hyphae were slightly expanded at these concentrations (2 

mg/ml and 4mg/ml), but not at 3 mg/ml for G.t., T.v., and I.l., and 5mg/ml for R.p.. The 

morphology of the fungal hyphae was modified upon EPL treatments, for example, twisting 

or deforming in hyphae were observed in all fungi and cell leakages were only seen in fungus 

R.p..  

 Throughout the eight weeks of the wood durability test, the wood treated with 1% 

EPL has the least wood mass loss of -0.44% (without leaching test) and 10.20% (after 

leaching test) in average. These results compared to wood treated with 10% and 15% EPL 

treatments, it showed relatively lower wood mass loss percentage. For example, the 10% and 

15% of EPL treatments showed the wood mass loss percentage was 10% and 12% at without 

leaching test, while 15% and 16% after leaching test, respectively. Furthermore, the 10% and 

15% treatments of EPL without leaching test also showed higher mass loss than 1% 

treatment, indicating the EPL leached out during the incubation period. However, lower mass 

loss rates were obtained at 10% and 15% of EPL after the leaching test. The results addressed 
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that the remaining EPL compounds in the wood cubes could achieve adequate protection 

efficacy. Therefore, this study reported that an appropriate amount of EPL application was a 

critical requirement for protecting wood against common wood-decaying fungi. The thermal 

stability of EPL treated wood was also evaluated by TGA and we find that that EPL-treated 

wood could tolerate higher temperatures than the wood without EPL treatment.   

 Ensuring that EPL is effectively fixed in the wood cells without leaching out from 

wood cubes will be a priority for further experiments. In this preliminary study, EPL-treated 

wood was only exposed in the malt-agar substrates with stable and high moisture contents. 

However, wood in the actual application typically is applied in an even harsher environment, 

such as heavy rain, snow, and wind. Therefore, an alternative method of fixing the EPL in the 

wood cells could be applied by controlling temperatures under 120-C but higher 60-C or 

adding additives. This alternative method might be used to evaluate the potential fixation of 

EPL compounds in wood cells without leaching when exposed to a severe environment.  

  

 

 

 

 



54 

References 

 

Abdel-Hadi, A., & Magan, N. (2009). Influence of physiological factors on growth, 

sporulation and ochratoxin A/B production of the new Aspergillus ochraceus grouping. 

World Mycotoxin Journal, 2(4), 429–434. https://doi.org/10.3920/WMJ2009.1156 

Agarwal, U. P., Ralph, S. A., Baez, C., & Reiner, R. S. (2021). Contributions of Crystalline 

and Noncrystalline Cellulose Can Occur in the Same Spectral Regions: Evidence Based 

on Raman and IR and Its Implication for Crystallinity Measurements. 

Biomacromolecules, 22(4), 1357–1373. https://doi.org/10.1021/acs.biomac.0c01389 

Agency, P., Street, M., Street, M., S-, R., Epa, U. S., & Street, M. (1988). facilities that have 

changed formulations . Once the standard is met , the waste generated at that facility 

from processes that do not use chlorophenolic formulations will no longer meet the 

listing description . However , the waste may meet the descripti. 53(251). 

Almeida, G., & Hernández, R. E. (2006). Changes in physical properties of tropical and 

temperate hardwoods below and above the fiber saturation point. Wood Science and 

Technology, 40(7), 599–613. https://doi.org/10.1007/s00226-006-0083-8 

Altgen, M., Hofmann, T., & Militz, H. (2016). Wood moisture content during the thermal 

modification process affects the improvement in hygroscopicity of Scots pine sapwood. 

Wood Science and Technology, 50(6), 1181–1195. https://doi.org/10.1007/s00226-016-

0845-x 

Amato, G., Grimaudo, M. A., Alvarez-Lorenzo, C., Concheiro, A., Carbone, C., Bonaccorso, 

A., … Musumeci, T. (2021). Hyaluronan/poly-l-lysine/berberine nanogels for impaired 



55 

wound healing. Pharmaceutics, 13(1), 1–11. 

https://doi.org/10.3390/pharmaceutics13010034 

American Wood Protection Association - AWPA. (2017). U1-17 - Use Category System: 

User Specification for Treated Wood. (M), 67. 

Anagnost, S. E. (1998). LIGHT MICROSCOPIC DIAGNOSIS OF WOOD DECAY. 19(2), 

141–167. 

AWPA Technical Committee P-6. (2017). Laboratory Method for Evaluating the Decay 

Resistance of Wood-Based  Materials Against Pure Basidiomycete Cultures: Soil/Block 

Test. AWPA Standard Methods. 

Bankar, S. B., & Singhal, R. S. (2013). Panorama of poly-ε-lysine. RSC Advances, 3(23), 

8586–8603. https://doi.org/10.1039/c3ra22596h 

Bankhead, P. (2014). Analyzing fluorescence microscopy images with ImageJ. ImageJ, 

(May), 1–195. 

Barbero-López, A., Hossain, M., & Haapala, A. (2020). Antifungal Activity of Organic 

Acies and Their Impact on Wood Decay Resistance. Wood and Fiber Science, 52(4), 

410–418. https://doi.org/10.22382/wfs-2020-039 

Binbuga, N., Ruhs, C., Hasty, J. K., Henry, W. P., & Schultz, T. P. (2008). Developing 

environmentally benign and effective organic wood preservatives by understanding the 

biocidal and non-biocidal properties of extractives in naturally durable heartwood. 

Holzforschung, 62(3), 264–269. https://doi.org/10.1515/HF.2008.038 

Blanchette, R. A. (1983). An Unusual Decay Pattern in Brown-Rotted Wood. Mycologia, 



56 

75(3), 552–556. https://doi.org/10.1080/00275514.1983.12023720 

Blin, T., Purohit, V., Leprince, J., Jouenne, T., & Glinel, K. (2011). Bactericidal 

microparticles decorated by an antimicrobial peptide for the easy disinfection of 

sensitive aqueous solutions. Biomacromolecules, 12(4), 1259–1264. 

https://doi.org/10.1021/bm101547d 

BURDON, J. J. (1991). Fungal pathogens as selective forces in plant populations and 

communities. Australian Journal of Ecology, Vol. 16, pp. 423–432. 

https://doi.org/10.1111/j.1442-9993.1991.tb01072.x 

Buzón-Durán, L., Martín-Gil, J., Pérez-Lebeña, E., Ruano-Rosa, D., Revuelta, J. L., 

Casanova-Gascón, J., … Martín-Ramos, P. (2019). Antifungal agents based on chitosan 

oligomers, ε-polylysine and Streptomyces spp. Secondary metabolites against three 

botryosphaeriaceae species. Antibiotics, 8(3), 1–13. 

https://doi.org/10.3390/antibiotics8030099 

Cabanillas, H. E., & Jones, W. A. (2009). Effects of temperature and culture media on 

vegetative growth of an entomopathogenic fungus Isaria sp. (Hypocreales: 

Clavicipitaceae) naturally affecting the whitefly, bemisia tabaci in Texas. 

Mycopathologia, 167(5), 263–271. https://doi.org/10.1007/s11046-008-9176-2 

Chabannes, M., Ruel, K., Yoshinaga, A., Chabbert, B., Jauneau, A., Joseleau, J. P., & 

Boudet, A. M. (2001). In situ analysis of lignins in transgenic tobacco reveals a 

differential impact of individual transformations on the spatial patterns of lignin 

deposition at the cellular and subcellular levels. Plant Journal, 28(3), 271–282. 

https://doi.org/10.1046/j.1365-313X.2001.01159.x 



57 

Chaves-Lopez, C., Nguyen, H. N., Oliveira, R. C., Nadres, E. T., Paparella, A., & Rodrigues, 

D. F. (2018). A morphological, enzymatic and metabolic approach to elucidate 

apoptotic-like cell death in fungi exposed to h- and α-molybdenum trioxide 

nanoparticles. Nanoscale, 10(44), 20702–20716. https://doi.org/10.1039/c8nr06470a 

Chheda, A. H., & Vernekar, M. R. (2015). A natural preservative ε-poly-L-lysine: 

Fermentative production and applications in food industry. International Food Research 

Journal, 22(1), 23–30. 

Chirenje, T., Ma, L. Q., Clark, C., & Reeves, M. (2003). Cu, Cr and As distribution in soils 

adjacent to pressure-treated decks, fences and poles. Environmental Pollution, Vol. 124, 

pp. 407–417. https://doi.org/10.1016/S0269-7491(03)00046-0 

Chittenden, C., & Singh, T. (2009). In vitro evaluation of combination of Trichoderma 

harzianum and chitosan for the control of sapstain fungi. Biological Control, 50(3), 

262–266. https://doi.org/10.1016/j.biocontrol.2009.04.015 

Choat, B., Brodie, T. W., Cobb, A. R., Zwieniecki, M. A., & Holbrook, N. M. (2006). Direct 

measurements of intervessel pit membrane hydraulic resistance in two angiosperm tree 

species. American Journal of Botany, 93(7), 993–1000. 

https://doi.org/10.3732/ajb.93.7.993 

Chopite pedro. (2016). How do tracheids and vessels differ? Retrieved from Quora website: 

https://www.quora.com/How-do-tracheids-and-vessels-differ 

Colin-Belgrand, M., Ranger, J., & Bouchon, J. (1996). Internal nutrient translocation in 

chestnut tree stemwood: III. Dynamics across an age series of Castanea sativa (Miller). 

Annals of Botany, 78(6), 729–740. https://doi.org/10.1006/anbo.1996.0183 



58 

Costa, B. de O., & Nahas, E. (2012). Growth and enzymatic responses of phytopathogenic 

fungi to glucose in culture media and soil. Brazilian Journal of Microbiology, 43(1), 

332–340. https://doi.org/10.1590/S1517-83822012000100039 

Crivellaro, A., Wiedenhoeft, A. C., & Ruffinatto, F. (2015). Review of macroscopic features 

for hardwood and softwood identification and a proposal for a new character list. IAWA 

Journal, 36(2), 208–241. https://doi.org/10.1163/22941932-00000096 

Cruz, G., Monteiro, P. A. S., Braz, C. E. M., Seleghin, P., Polikarpov, I., & Crnkovic, P. M. 

(2013). Thermal and Morphological Evaluation of Chemically Pretreated Sugarcane 

Bagasse. World Academy of Science, Engineering and Technology, 78(June), 1324–

1329. Retrieved from http://waset.org/publications/15832 

Delzon, S., Douthe, C., Sala, A., & Cochard, H. (2010). Mechanism of water-stress induced 

cavitation in conifers: Bordered pit structure and function support the hypothesis of seal 

capillary-seeding. Plant, Cell and Environment, 33(12), 2101–2111. 

https://doi.org/10.1111/j.1365-3040.2010.02208.x 

Dietenberger, M. A., & Hasburgh, L. E. (2016). Wood Products: Thermal Degradation and 

Fire. In Reference Module in Materials Science and Materials Engineering. 

https://doi.org/10.1016/b978-0-12-803581-8.03338-5 

Domec, J. C., & Gartner, B. L. (2002). How do water transport and water storage differ in 

coniferous earlywood and latewood? Journal of Experimental Botany, 53(379), 2369–

2379. https://doi.org/10.1093/jxb/erf100 

Donaldson, L. A. (2001). Lignification and lignin topochemistry - An ultrastructural view. 

Phytochemistry, 57(6), 859–873. https://doi.org/10.1016/S0031-9422(01)00049-8 



59 

Dong, Y., Qin, Y., Wang, K., Yan, Y., Zhang, S., Li, J., & Zhang, S. (2016). Assessment of 

the performance of furfurylated wood and acetylated wood: Comparison among four 

fast-growing wood species. BioResources, 11(2), 3679–3690. 

https://doi.org/10.15376/biores.11.2.3679-3690 

Donohoe, B. S., Decker, S. R., Tucker, M. P., Himmel, M. E., & Vinzant, T. B. (2008). 

Visualizing lignin coalescence and migration through maize cell walls following 

thermochemical pretreatment. Biotechnology and Bioengineering, 101(5), 913–925. 

https://doi.org/10.1002/bit.21959 

Drummen, G. P. C. (2012). Fluorescent probes and fluorescence (microscopy) techniques-

illuminating biological and biomedical research. Molecules, 17(12), 14067–14090. 

https://doi.org/10.3390/molecules171214067 

Duarte, S., Fernandes, I., Nogueira, M. J., Cássio, F., & Pascoal, C. (2013). Temperature 

alters interspecific relationships among aquatic fungi. Fungal Ecology, Vol. 6, pp. 187–

191. https://doi.org/10.1016/j.funeco.2013.02.001 

Dubey, M. K., Pang, S., & Walker, J. (2012). Changes in chemistry, color, dimensional 

stability and fungal resistance of Pinus radiata D. Don wood with oil heat-treatment. 

Holzforschung, 66(1), 49–57. https://doi.org/10.1515/HF.2011.117 

Duran, R., Cary, J. W., & Calvo, A. M. (2010). Role of the osmotic stress regulatory pathway 

in morphogenesis and secondary metabolism in filamentous fungi. Toxins, 2(4), 367–

381. https://doi.org/10.3390/toxins2040367 

Ebringerová, A., & Thomas, H. (2005). Hemicellulose. (August), 1–67. 



60 

Echard, J. P., Thoury, M., Berrie, B. H., Séverin-Fabiani, T., Vichi, A., Didier, M., … 

Bertrand, L. (2015). Synchrotron DUV luminescence micro-imaging to identify and 

map historical organic coatings on wood. Analyst, 140(15), 5344–5353. 

https://doi.org/10.1039/c5an00483g 

Elmsly, T. a, & Dixon, J. (2008). Growth rates of ripe rot fungi at different temperatures. 

New, 8, 77–83. 

Esteves, B., Marques, A. V., Domingos, I., & Pereira, H. (2013). Chemical changes of heat 

treated pine and eucalypt wood monitored by ftir. Maderas: Ciencia y Tecnologia, 

15(2), 245–258. https://doi.org/10.4067/S0718-221X2013005000020 

Esteves, Bruno, Videira, R., & Pereira, H. (2011). Chemistry and ecotoxicity of heat-treated 

pine wood extractives. Wood Science and Technology, 45(4), 661–676. 

https://doi.org/10.1007/s00226-010-0356-0 

Fernández-Costas, C., Palanti, S., Charpentier, J. P., Sanromán, M. Á., & Moldes, D. (2017). 

A Sustainable Treatment for Wood Preservation: Enzymatic Grafting of Wood 

Extractives. ACS Sustainable Chemistry and Engineering, 5(9), 7557–7567. 

https://doi.org/10.1021/acssuschemeng.7b00714 

Fink, H. P., Philipp, B., Paul, D., Serimaa, R., & Paakkari, T. (1987). The structure of 

amorphous cellulose as revealed by wide-angle X-ray scattering. Polymer, 28(8), 1265–

1270. https://doi.org/10.1016/0032-3861(87)90435-6 

Freeman, B. M. H., & Mcintyre, C. R. (2008). Copper-Based Wood Preservatives. 

58(10523), 6–27. 



61 

Freeman, M. H., & McIntyre, C. R. (2008). A comprehensive review of copper-based wood 

preservatives with a focus on new micronized or dispersed copper systems. Forest 

Products Journal, 58(11), 6–27. 

Freeman, M. H., Nicholas, D. D., & Schultz, T. P. (2006). Nonarsenical wood protection: 

Alternatives for chromated copper arsenate, creosote and pentachlorophenol. 

Environmental Impacts of Treated Wood, (January 2005), 19–36. 

Fromm, J. H., Sautter, I., Matthies, D., Kremer, J., Schumacher, P., & Ganter, C. (2001). 

Xylem water content and wood density in spruce and oak trees detected by high-

resolution computed tomography. Plant Physiology, 127(2), 416–425. 

https://doi.org/10.1104/pp.010194 

Gao, C., Yan, T., Du, J., He, F., Luo, H., & Wan, Y. (2014). Introduction of broad spectrum 

antibacterial properties to bacterial cellulose nanofibers via immobilising ε-polylysine 

nanocoatings. Food Hydrocolloids, 36, 204–211. 

https://doi.org/10.1016/j.foodhyd.2013.09.015 

Gao, Q., Yan, D., Wang, D., Gao, S., Zhao, S., Wang, S., & Liu, Y. (2019). Variations in 

Nuclear Number and Size in Vegetative Hyphae of the Edible Mushroom Lentinula 

edodes. Frontiers in Microbiology, 10(September), 1–12. 

https://doi.org/10.3389/fmicb.2019.01987 

Geornaras, I., & Sofos, J. N. (2005). Activity of ε-polylysine against Escherichia coli 

O157:H7, Salmonella typhimurium, and Listeria monocytogenes. Journal of Food 

Science, 70(9). https://doi.org/10.1111/j.1365-2621.2005.tb08325.x 

Goodell, B. (2003). Brown-rot fungal degradation of wood: Our evolving view. ACS 



62 

Symposium Series, 845, 97–118. https://doi.org/10.1021/bk-2003-0845.ch006 

Guney, M., Zagury, G. J., Dogan, N., & Onay, T. T. (2010). Exposure assessment and risk 

characterization from trace elements following soil ingestion by children exposed to 

playgrounds, parks and picnic areas. Journal of Hazardous Materials, Vol. 182, pp. 

656–664. https://doi.org/10.1016/j.jhazmat.2010.06.082 

Highley, T. L., & Dashek, W. V. (2020). Biotechnology in the Study of Brown- and White-

Rot Decay. Forest Products Biotechnology, 25–46. 

https://doi.org/10.1201/9781482272734-4 

Highley, T. L., & Murmanis, L. L. (1987). Micromorphology of degradation in western 

hemlock and sweetgum by the white-rot fungus coriolus versicolor. Holzforschung, 

41(2), 67–72. https://doi.org/10.1515/hfsg.1987.41.2.67 

Hiraki, J. (2000). ε-Polylysine ; its development and utilization. Fine Chemical, 29, 18–25. 

Hiraki, Jun. (1999). Process for Producing Epsilon-Poly-L-Lysine with immobilized 

Streptomyces albulus. (19), 4–7. Retrieved from 

https://patents.google.com/patent/US5900363A/en 

Hong, Y. J., Lee, M. S., & Kim, J. C. (2011). PH-dependent release of alginate beads coated 

with polylysine. Journal of Industrial and Engineering Chemistry, Vol. 17, pp. 410–

414. https://doi.org/10.1016/j.jiec.2010.09.026 

Hyde, K. D., Xu, J., Rapior, S., Jeewon, R., Lumyong, S., Niego, A. G. T., … Stadler, M. 

(2019). The amazing potential of fungi: 50 ways we can exploit fungi industrially. 

Fungal Diversity, 97(1), 1–136. https://doi.org/10.1007/s13225-019-00430-9 



63 

Idnurm, A., & Heitman, J. (2005). Light controls growth and development via a conserved 

pathway in the fungal kingdom. PLoS Biology, 3(4), 0615–0626. 

https://doi.org/10.1371/journal.pbio.0030095 

Isikhuemhen, O. S., Mikiashvili, N. A., Senwo, Z. N., & Ohimain, E. I. (2014). 

Biodegradation and Sugar Release from Canola Plant Biomass by Selected White Rot 

Fungi. Advances in Biological Chemistry, 04(06), 395–406. 

https://doi.org/10.4236/abc.2014.46045 

Jansen, S., Lamy, J. B., Burlett, R., Cochard, H., Gasson, P., & Delzon, S. (2012). 

Plasmodesmatal pores in the torus of bordered pit membranes affect cavitation 

resistance of conifer xylem. Plant, Cell and Environment, 35(6), 1109–1120. 

https://doi.org/10.1111/j.1365-3040.2011.02476.x 

Johansson, J. (2017). Value-added Decking and Cladding-A Case Study of the Swedish 

Market. 1994. Retrieved from http://biobus.swst.org. 

John C.S., Chang Karin, K. F. (1995). Growth evaluation of fungi. 

https://doi.org/https://doi.org/10.1016/1352-2310(95)00062-4 

Khazaei, J. (2008). Water absorption characteristics of three wood varieties. Cercetări 

Agronomice În Moldova, 41(2), 134. 

Kreisel, H. (Hanns). (1961). (Basidiomycetes mit Ausschlussder Rost- und Brandpilze). 

Fischer. 

Lande, S., Høibø, O., & Larnøy, E. (2010). Variation in treatability of Scots pine (Pinus 

sylvestris) by the chemical modification agent furfuryl alcohol dissolved in water. Wood 



64 

Science and Technology, 44(1), 105–118. https://doi.org/10.1007/s00226-009-0272-3 

Larjavaara, M., Muller-landau, H. C., Larjavaara, M., & Muller-landau, H. C. (2016). Linked 

references are available on JSTOR for this article : Rethinking the value of high wood 

density. 24(4), 701–705. 

Lau, K., McLean, W. G., Williams, D. P., & Howard, C. V. (2006). Synergistic interactions 

between commonly used food additives in a developmental neurotoxicity test. 

Toxicological Sciences, 90(1), 178–187. https://doi.org/10.1093/toxsci/kfj073 

Leblon, B., Adedipe, O., Hans, G., Haddadi, A., Tsuchikawa, S., Burger, J., … LaRocque, A. 

(2013). A review of near-infrared spectroscopy for monitoring moisture content and 

density of solid wood. Forestry Chronicle, 89(5), 595–606. 

https://doi.org/10.5558/tfc2013-111 

Leng, E., Zhang, Y., Peng, Y., Gong, X., Mao, M., Li, X., & Yu, Y. (2018). In situ structural 

changes of crystalline and amorphous cellulose during slow pyrolysis at low 

temperatures. Fuel, 216(September 2017), 313–321. 

https://doi.org/10.1016/j.fuel.2017.11.083 

Li, J., Delgado-Baquerizo, M., Wang, J. T., Hu, H. W., Cai, Z. J., Zhu, Y. N., & Singh, B. K. 

(2019). Fungal richness contributes to multifunctionality in boreal forest soil. Soil 

Biology and Biochemistry, 136(June), 107526. 

https://doi.org/10.1016/j.soilbio.2019.107526 

Lichtenegger, H., Reiterer, A., Stanzl-Tschegg, S. E., & Fratzl, P. (1999). Variation of 

cellulose microfibril angles in softwoods and hardwoods - A possible strategy of 

mechanical optimization. Journal of Structural Biology, 128(3), 257–269. 



65 

https://doi.org/10.1006/jsbi.1999.4194 

Lin, L., Gu, Y., & Cui, H. (2018). Novel electrospun gelatin-glycerin-ε-Poly-lysine 

nanofibers for controlling Listeria monocytogenes on beef. Food Packaging and Shelf 

Life, 18(July), 21–30. https://doi.org/10.1016/j.fpsl.2018.08.004 

Lindberg, M. (1992). S and P intersterility groups in Heterobasidion annosum. 

https://doi.org/doi.org/10.1111/j.1439-0329.1992.tb01334.x 

Lion, C. (2006). Composition for preventing periodontal disease. Retrieved from JP Patent 

P2006-151877A 

Liverpool, L. (1987). TRANSLOCATION OF SOLUTES I N F U N G I. 

Lloyd, T., & Wyman, C. E. (2003). Application of a depolymerization model for predicting 

thermochemical hydrolysis of hemicellulose. Applied Biochemistry and Biotechnology - 

Part A Enzyme Engineering and Biotechnology, 108(1–3), 53–68. 

https://doi.org/10.1385/ABAB:105:1-3:53 

Maeda, S., Sasaki, C., & Kunimoto, K. K. (2011). Characterization of microbial poly(ε-L-

lysine) and its derivatives by solid-state NMR. ACS Symposium Series, 1077(Dc), 317–

335. https://doi.org/10.1021/bk-2011-1077.ch019 

Maldonado, R., Stinus, L., & Koob, G. F. (1996). Historical Aspects (pp. 1–9). pp. 1–9. 

https://doi.org/10.1007/978-3-662-22218-8_1 

Mali, T., Kuuskeri, J., Shah, F., & Lundell, T. K. (2017). Interactions affect hyphal growth 

and enzyme profiles in combinations of coniferous wood-decaying fungi of 

Agaricomycetes. PLoS ONE, 12(9), 1–21. https://doi.org/10.1371/journal.pone.0185171 



66 

Mathew, S., & Abraham, T. E. (2008). Characterisation of ferulic acid incorporated starch. 

Chemical Science and Technology Division. 

https://doi.org/https://doi.org/10.1016/j.foodhyd.2007.03.012 

Mbarga, P. P., Mala, A. W., & Mbolo, M. M. (2020). Vascular Tissue Analysis as a Decisive 

Tool for Tropical Hardwood Identification: The Case Study of Ekop Species in 

Cameroon. International Journal of Forestry Research, 2020. 

https://doi.org/10.1155/2020/6387369 

McKendry, P. (2002). Energy production from biomass (part 1): Overview of biomass. 

Bioresource Technology, 83(1), 37–46. https://doi.org/10.1016/S0960-8524(01)00118-3 

Mead, P. S., Slutsker, L., Dietz, V., McCaig, L. F., Bresee, J. S., Shapiro, C., … Tauxe, R. V. 

(1999). Food-related illness and death in the United States. Emerging Infectious 

Diseases, 5(5), 607–625. https://doi.org/10.3201/eid0505.990502 

Messner, K., Fackler, K., Lamaipis, P., Gindl, W., Srebotnik, E., & Watanabe, T. (2003). 

Overview of white-rot research: Where we are today. ACS Symposium Series, 845, 73–

96. https://doi.org/10.1021/bk-2003-0845.ch005 

Mok, W. S. L., & Antal, M. J. (1992). Uncatalyzed Solvolysis of Whole Biomass 

Hemicellulose by Hot Compressed Liquid Water. Industrial and Engineering Chemistry 

Research, 31(4), 1157–1161. https://doi.org/10.1021/ie00004a026 

Mondal, M. I. H., & Ahmed, F. (2020). Cellulosic fibres modified by chitosan and 

synthesized ecofriendly carboxymethyl chitosan from prawn shell waste. Journal of the 

Textile Institute, 111(1), 49–59. https://doi.org/10.1080/00405000.2019.1669321 



67 

Montenegro-Montero, A., Canessa, P., & Larrondo, L. F. (2015). Around the Fungal Clock: 

Recent Advances in the Molecular Study of Circadian Clocks in Neurospora and Other 

Fungi. In Advances in Genetics (Vol. 92). https://doi.org/10.1016/bs.adgen.2015.09.003 

Moreira, L. M., Leone, F. de P., Vieira, R. A. M., & Pereira, J. C. (2013). A new approach 

about the digestion of fibers by ruminants. Revista Brasileira de Saude e Producao 

Animal, 14(2), 382–395. https://doi.org/10.1590/S1519-99402013000200008 

Muktham, R., K. Bhargava, S., Bankupalli, S., & S. Ball, A. (2016). A Review on 

1&lt;sup&gt;st&lt;/sup&gt; and 2&lt;sup&gt;nd&lt;/sup&gt; Generation Bioethanol 

Production-Recent Progress. Journal of Sustainable Bioenergy Systems, 06(03), 72–92. 

https://doi.org/10.4236/jsbs.2016.63008 

Muto, M. (2009). Chemical technology for preservation of food products; food preservative, 

e-poly-L-lysine. Boukin Boubai, 37, 765–772. 

M. R., . A. B. A., . M. A. H., & . M. I. A. K. (2000). Influence of pH on Kojic Acid 

Fermentation by Aspergillus flavus. Pakistan Journal of Biological Sciences, 3(6), 977–

982. https://doi.org/10.3923/pjbs.2000.977.982 

O’Sullvian, A. C. (1997). Cellulose: the structure slowly unravels. Cellulose, 4(3), 173–207. 

Retrieved from http://link.springer.com/article/10.1023/A:1018431705579 

Oliva, J., Stenlid, J., & Martínez-Vilalta, J. (2014). The effect of fungal pathogens on the 

water and carbon economy of trees: Implications for drought-induced mortality. New 

Phytologist, 203(4), 1028–1035. https://doi.org/10.1111/nph.12857 

Otjen, L., & Blanchette, R. A. (1985). Selective delignification of aspen wood blocks in vitro 



68 

by three white rot basidiomycetes. Applied and Environmental Microbiology, 50(3), 

568–572. https://doi.org/10.1128/aem.50.3.568-572.1985 

Pandey, K. K., & Theagarajan, K. S. (1997). Analysis of wood surfaces and ground wood by 

diffuse reflectance (DRIFT) and photoacoustic (PAS) Fourier transform infrared 

spectroscopic techniques. Holz Als Roh - Und Werkstoff, 55(6), 383–390. 

https://doi.org/10.1007/s001070050251 

Patel, A. K., Michaud, P., Petit, E., De Baynast, H., Grédiac, M., & Mathias, J. D. (2013). 

Development of a chitosan-based adhesive. Application to wood bonding. Journal of 

Applied Polymer Science, 127(6), 5014–5021. https://doi.org/10.1002/app.38097 

Payen, A. (1838). M’emoiresur la composition du tissupropre des plan- teset du ligneux. C 

Comptes Rendus Hebdomadaires Des S’eances de L’Acad’emie Des Sciences, 7(1052–

1056). 

Popescu, C. M., & Hill, C. A. S. (2013). The water vapour adsorption-desorption behaviour 

of naturally aged Tilia cordata Mill. wood. Polymer Degradation and Stability, Vol. 98, 

pp. 1804–1813. https://doi.org/10.1016/j.polymdegradstab.2013.05.021 

Preston, A. F. (2000). wood preservation. Forest Products Journal, 12. 

Preston, A. F. (2003). Can Understanding the Mechanisms of Biodegradation Help 

Preservative Development? In ACS Symposium Series: Vol. 845. Wood Deterioration 

and Preservation (pp. 22–372). https://doi.org/doi:10.1021/bk-2003-0845.ch022 

Ramage, M. H., Burridge, H., Busse-Wicher, M., Fereday, G., Reynolds, T., Shah, D. U., … 

Scherman, O. (2017). The wood from the trees: The use of timber in construction. 



69 

Renewable and Sustainable Energy Reviews, 68(October 2015), 333–359. 

https://doi.org/10.1016/j.rser.2016.09.107 

Rayner, A. D. M., & Boddy, L. (1988). Fungal decomposition of wood. John Wiley & Sons, 

p. 587. 

Richards, O. W. (1942). The effective use and proper care of the microtome. Spencer Lens 

Company, Buffalo, N.Y. 

Riquelme, M., Aguirre, J., Bartnicki-García, S., Braus, G. H., Feldbrügge, M., Fleig, U., … 

Fischer, R. (2018). Fungal Morphogenesis, from the Polarized Growth of Hyphae to 

Complex Reproduction and Infection Structures. Microbiology and Molecular Biology 

Reviews, 82(2), 1–47. https://doi.org/10.1128/mmbr.00068-17 

Ritter, M., Skog, K., & Bergman, R. (2011). Science supporting the economic and 

environmental benefits of using wood and wood products in green building 

construction. 15. Retrieved from 

http://www2.fpl.fs.fed.us/products/publications/display_publications_for_specific_autho

r.php?employee_id=10 

Robson, G. (1999). Molecular Fungal Biology. Mycological Research, Vol. 104, pp. 164–

184. Cambridge: Cambridge University Press. 

Rocha, O., Ansari, K., & Doohan, F. M. (2005). Effects of trichothecene mycotoxins on 

eukaryotic cells: A review. Food Additives and Contaminants, 22(4), 369–378. 

https://doi.org/10.1080/02652030500058403 

Rodrigues, B., Morais, T. P., Zaini, P. A., Campos, C. S., Almeida-Souza, H. O., Dandekar, 



70 

A. M., … Goulart, L. R. (2020). Antimicrobial activity of Epsilon-Poly-l-lysine against 

phytopathogenic bacteria. Scientific Reports, 10(1), 1–9. https://doi.org/10.1038/s41598-

020-68262-1 

Rowell, R. M. (2006). Chemical modification of wood: A short review. Wood Material 

Science and Engineering, Vol. 1, pp. 29–33. 

https://doi.org/10.1080/17480270600670923 

Rowell, R. M., & Banks, W. B. (1985). Water Repellency and Dimensional Stability of 

Wood. Forest Prod. J, 1–24. 

Sandberg, D., Kutnar, A., & Mantanis, G. (2017). Wood modification technologies - A 

review. IForest, 10(6), 895–908. https://doi.org/10.3832/ifor2380-010 

Schmitz, H. (1929). Laboratory Methods of Testing the Toxicity of Wood Preservatives: 

With a Suggested Improvement of the Agar Plate Method. Industrial and Engineering 

Chemistry - Analytical Edition, 1(2), 76–79. https://doi.org/10.1021/ac50066a010 

Schultz, T. P., & Nicholas, D. D. (2008). Introduction to developing wood preservative 

systems and molds in homes. ACS Symposium Series, 982, 2–8. 

https://doi.org/10.1021/bk-2008-0982.ch001 

Schultz, T. P., & Nicholas, D. D. (2010). Chemical Wood Preservative Systems in North 

America. 

Service, F., & Simpson, W. T. (1993). Specific Gravity , Moisture Content , and Density 

Relationship for Wood. Gen Tech Rep FPLGTR76 Madison WI US Department of 

Agriculture Forest Service Forest Products Laboratory 13 P, Gen. Tech., 13. Retrieved 



71 

from 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.155.4926&amp;rep=rep1&a

mp;type=pdf 

Shih, I. L., Shen, M. H., & Van, Y. T. (2006). Microbial synthesis of poly(ε-lysine) and its 

various applications. Bioresource Technology, 97(9), 1148–1159. 

https://doi.org/10.1016/j.biortech.2004.08.012 

Shima, S., Matsuoka, H., Iwamoto, T., & Sakai, H. (1984). Antimicrobial action of E-poly-L-

lysine. Journal of Antibiotics, 37(11), 1449–1455. 

https://doi.org/10.7164/antibiotics.37.1449 

Shima, S., & Sakai, H. (1977). Polylysine Produced by Streptomyces. Agricultural and 

Biological Chemistry, 41(9), 1807–1809. https://doi.org/10.1271/bbb1961.41.1807 

Shima, S., & Sakai, H. (1981). Poly-l-lysine produced by streptomyces. Part iii. chemical 

studies. Agricultural and Biological Chemistry, 45(11), 2503–2508. 

https://doi.org/10.1080/00021369.1981.10864930 

Sivapalasingam, S., Friedman, C. R., Cohen, L., & Tauxe, R. V. (2004). Fresh produce: A 

growing cause of outbreaks of foodborne illness in the United States, 1973 through 

1997. Journal of Food Protection, 67(10), 2342–2353. https://doi.org/10.4315/0362-

028X-67.10.2342 

Sjostrom, E., & Westermark, U. (1999). Chemical Composition of Wood and Pulps : 1–2. 

Sofos, J. N. (2002). Approaches to pre-harvest food safety assurance. Food Safety Assurance 

in the Pre-Harvest Phase, Vol 1, pp. 23–48. 



72 

Srokol, Z. W. (2009). Reaction Pathways During Hydrothermal Upgrading of Biomass. 134. 

Stewart, C. M. (1966). Excretion and heartwood formation in living trees. Science, 

153(3740), 1068–1074. https://doi.org/10.1126/science.153.3740.1068 

Stilwell, D. E., & Gorny, K. D. (1997). Contamination of soil with copper, chromium, and 

arsenic under decks built from pressure treated wood. Bulletin of Environmental 

Contamination and Toxicology, 58(1), 22–29. https://doi.org/10.1007/s001289900295 

Svedberg, A., & Lindström, T. (2012). Improvement of the retention-formation relationship 

using three-component retention aid systems. In Nordic Pulp and Paper Research 

Journal (Vol. 27). https://doi.org/10.3183/npprj-2012-27-01-p086-092 

Terziev, N., & Nilsson, T. (1999). Effect of soluble nutrient content in wood on its 

susceptibility to soft rot and bacterial attack in ground test. Holzforschung, 53(6), 575–

579. https://doi.org/10.1515/HF.1999.095 

Thulasidas, P. K., & Bhat, K. M. (2007). Chemical extractive compounds determining the 

brown-rot decay resistance of teak wood. Holz Als Roh - Und Werkstoff, 65(2), 121–

124. https://doi.org/10.1007/s00107-006-0127-7 

Thybring, E. E., Kymäläinen, M., & Rautkari, L. (2018). Experimental techniques for 

characterising water in wood covering the range from dry to fully water-saturated. Wood 

Science and Technology, 52(2), 297–329. https://doi.org/10.1007/s00226-017-0977-7 

Tondi, G., Wieland, S., Lemenager, N., Petutschnigg, A., Pizzi, A., & Thevenon, M. F. 

(2012). Efficacy of tannin in fixing boron in wood: Fungal and termite resistance. 

BioResources, 7(1), 1238–1252. 



73 

Treseder, K. K., Marusenko, Y., Romero-Olivares, A. L., & Maltz, M. R. (2016). 

Experimental warming alters potential function of the fungal community in boreal 

forest. Global Change Biology, 22(10), 3395–3404. https://doi.org/10.1111/gcb.13238 

Ung, Y. T., & Cooper, P. A. (2005). Copper stabilization in ACQ-D treated wood: Retention, 

temperature and species effects. Holz Als Roh - Und Werkstoff, 63(3), 186–191. 

https://doi.org/10.1007/s00107-004-0555-1 

USFDA. (2004). Agency Response Letter GRAS Notice No. GRN 000135. In GRAS Notice 

No. GRN 000135, Administration, U.S.F.a. d., Ed. Washington, D.C.,. 

Vasileva, E., Li, Y., Sychugov, I., Mensi, M., Berglund, L., & Popov, S. (2017). Lasing from 

Organic Dye Molecules Embedded in Transparent Wood. Advanced Optical Materials, 

5(10), 1–6. https://doi.org/10.1002/adom.201700057 

Viitanen, H. A. (1997). Modelling the time factor in the development of mould fungi - The 

effect of critical humidity and temperature conditions on pine and spruce sapwood. 

Holzforschung, 51(1), 6–14. https://doi.org/10.1515/hfsg.1997.51.1.6 

Wang, Y., Li, J., & Ren, T. (2009). Tribological study of a novel borate ester containing 

dialkylthiophosphate group as multifunctional additive. Industrial Lubrication and 

Tribology, 61(1), 33–39. https://doi.org/10.1108/00368790910929511 

Watanabe, U. (1998). Liquid penetration of precompressed wood VI: Anatomical 

characterization of pit fractures. Journal of Wood Science, 44(2), 158–162. 

https://doi.org/10.1007/BF00526263 

Williams, A. C., Timmins, P., Lu, M., & Forbes, R. T. (2005). Disorder and dissolution 



74 

enhancement: Deposition of ibuprofen on to insoluble polymers. European Journal of 

Pharmaceutical Sciences, 26(3–4), 288–294. https://doi.org/10.1016/j.ejps.2005.06.006 

Wills, R. B. H., McGlasson, W. B., Graham, D., & Joyce, D. C. (2017). Effects of 

temperature. Postharvest: An Introduction to the Physiology and Handling of Fruit, 

Vegetables and Ornamentals, pp. 52–66. https://doi.org/10.1079/9781845932275.0052 

Yang, D., Wei, K., Li, J., Peng, G., & Tyree, M. T. (2020). Inferring the role of pit 

membranes in solute transport from solute exclusion studies in living conifer stems. 

Journal of Experimental Botany, 71(9), 2828–2837. https://doi.org/10.1093/jxb/eraa058 

Yang, J. (2004). Genomic Approaches to Heartwood Formation in Hardwood Tree Species, 

Black Locust. 

Yasuhiro, Hiramoto, S., Murao, M., Horio, Y., Miyazaki, T., Kodama, T., & Nakabou, Y. 

(2003). Ε-Polylysine Inhibits Pancreatic Lipase Activity and Suppresses Postprandial 

Hypertriacylglyceridemia in Rats. Journal of Nutrition, 133(6), 1887–1891. 

https://doi.org/10.1093/jn/133.6.1887 

Yoshida, T., & Nagasawa, T. (2003). ε-poly-L-lysine: Microbial production, biodegradation 

and application potential. Applied Microbiology and Biotechnology, 62(1), 21–26. 

https://doi.org/10.1007/s00253-003-1312-9 

Yuan, X., Zhang, J., Zhang, R., Liu, J., Wang, W., & Hou, H. (2019). Ultrasound-assisted 

preparation, characterization, and antibacterial activity of montmorillonite modified by 

ε-polylysine hydrochloride. Materials, 12(24). https://doi.org/10.3390/ma1224148 

Zagury, G. J., Dobran, S., Estrela, S., & Deschênes, L. (2008). Inorganic arsenic speciation in 



75 

soil and groundwater near in-service chromated copper arsenate-treated wood poles. 

Environmental Toxicology and Chemistry, 27(4), 799–807. https://doi.org/10.1897/07-

305.1 

Zhang, B., Huang, H. J., & Ramaswamy, S. (2008). Reaction kinetics of the hydrothermal 

treatment of lignin. Applied Biochemistry and Biotechnology, 147(1–3), 119–131. 

https://doi.org/10.1007/s12010-007-8070-6 

Zhang, L., Li, R., Dong, F., Tian, A., Li, Z., & Dai, Y. (2015). Physical, mechanical and 

antimicrobial properties of starch films incorporated with ε-poly-l-lysine. Food 

Chemistry, 166, 107–114. https://doi.org/10.1016/j.foodchem.2014.06.008 

Źivković, V., Prša, I., Turkulin, H., Sinković, T., & Jirouš-Rajković, V. (2008). Dimensional 

stability of heat treated wood floorings. Drvna Industrija, 59(2), 69–73. 

Zou, T., Oukacine, F., Le Saux, T., & Cottet, H. (2010). Neutral coatings for the study of 

polycation/multicharged anion interactions by capillary electrophoresis: Application to 

dendrigraft poly-l-lysines with negatively multicharged molecules. Analytical 

Chemistry, 82(17), 7362–7368. https://doi.org/10.1021/ac101473g 

 

 

 

 

 



76 

 

 

 

Appendices 

The raw data of wood durability test related to formal and preliminary experiments. 
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Appendix 1: The first- preliminary experiment of Epsilon Poly-L-lysine (EPL) treatments 1 mg, 10 mg, 100 

mg at day 14th. 
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Appendix 2: The second preliminary experiment of Epsilon Poly-L-lysine (EPL) treatments, 1mg, 4mg, 7mg, 

10mg at day 14th. 
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Appendix 3: The final determination of Epsilon Poly-L-lysine (EPL) concentration, 1 mg, 2mg, 3mg, 4mg at 

day 14th. 
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Appendix 4: Raw data of EPL fights against fungal growth rate  
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Appendix 5: Wood cubes after 8 weeks exposing to fungal culture bottle (without leaching test) 
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Appendix 6:   Wood cubes after 8 weeks exposing to fungal culture bottle (with leaching test) 
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Appendix 7:  The composition of RGB light on southern pine and poplar treated with control and EPL 

under fluorescence microscopy. 
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Appendix 8:  Raw data of wood durability test (retention, mass gain, mass loss) 
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